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Abstract

Detection of pathogenic bacteria is an inherent part of environmental and industrial
safety. In spite of good selectivity of conventional methods, they are time-consuming
and labor-intensive. Biosensors are good candidates for real-time monitoring and fast
detection of pathogenic agents.

The first part of this Thesis resumes the state of the art of whole cell bacteria detection
including conventional and biosensor methods. We summarize recent developments in
biosensing technologies for bacteria detection in aqueous solutions and food matrices
based on different transduction methods (optical, electrochemical and acoustic). Their
advantages and disadvantages are discussed and compared.

In the second part, studies towards the development of the proposed biosensor: di-
amond coated Love wave surface acoustic wave sensor as a transducer and Escherichia
coli binding proteins as a bioreceptor, are presented. Theoretical simulations of LW-SAW
sensors are carried out for three different piezoelectric substrates — ST-cut quartz, 36°YX
LiNbO3 and 36°YX LiTaOg3, that can support the propagation of shear waves. Phase ve-
locity v, and electromechanical coupling coefficient K? dispersion curves were simulated
and v, was compared to experimental results for the diamond/SiOs/ST-cut quartz and
diamond /Si0,/36°YX LiTaOj structures. Experimental results have shown disagreement
with the theoretical ones which is attributed to the different mechanical properties used
in simulations and real samples.

Two different approaches of sensitivity enhancement were studied - experimental depo-
sition of diamond grains on LW-SAW sensors instead of continuous layer and simulation
study of use of diamond phononic metamaterials on surface of LW-SAW sensors. A short
simulation chapter is dedicated also to the use of diamond and silicon carbide layers
as a passivation layer for package less sensors and the usability of both materials were
confirmed.

E.coli binding his-tagged proteins gpl7, gpl2 and ORF26 were successfully produced
and purified. Immunofluorescent assays confirmed that ORF26 and gpl7 bind specifical-
ly to the E.coli cells, gpl2 showed binding also to the Salmonella cells. Two different
approaches of attachment of these proteins to the boron doped diamond surface has been
successfully developed: 1/ direct electrodeposition of nickel nanoparticles and 2/ elec-

trochemical grafting followed by EDC/NHS chemistry for attachment of NTA acid that



chelates nickel ions. Further experiments must be carried out to confirm bacteria binding
on biosensors. The last part is devoted to the study of boron doped diamond coated QCM
sensors for the biosensing applications. We successfully deposited BDD layers on the QCM
crystals, but the functionalization of the layers followed by attachment of the bacteria was
not successfully finished so far and it needs further attention and development.

Even though the work did not lead to the development of the working diamond-based
biosensors, it laid important building stones. Sensitivity of diamond-coated LW-SAW
sensors is not reduced that much as was expected from the theoretical simulations, as the
Young modulus of thin CVD diamond layer grown at low temperature is much lower than
for the bulk diamond. The his-tagged tail fibers were successfully produced and two dif-
ferent protocols for their attachment to the boron doped diamond layers were developed.
Also the deposition of low temperature BDD layers on QCMs sensors were successfully
achieved. Results of this Thesis are promising for development of biosensors with dual-

read out system - coupled electrochemical and acoustic detection.
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Abstrakt

Detekce patogennich bakterif je nedilnou sou¢asti environemtalni a primyslové bezpe¢nos-
ti. Navzdory dobré selektivité, jsou konven¢éni metody ¢asové narocéné a vyzaduji special-
izovany personal a laboratorni vybaveni. Biosenzory jsou dobrymi kandidaty pro moni-
torovani v realném case a rychlou detekci patogennich agens.

Prvni ¢ast této prace shrnuje soucasny stav detekce celych bakterialnich bunék véetné
konven¢nich metod a biosenzorti. Je shrnut nejnovéjsi vyvoj v technologiich biosenzort
pro detekci bakterii ve vodnich roztocich a potravinovych vzorcich zaloZenych na riznych
transdukénich metodéach (optickych, elektrochemickych a akustickych). Jsou také disku-
tovany jejich vyhody a nevyhody a jednotlivé metody jsou porovnany.

Ve druhé casti je vénovana pozornost vyvoji navrhovaného biosenzoru - diamantem
pokryty senzor s povrchovymi Loveho akustickymi vlnami (LW-SAW) jako prevodnik
signalu a bakteriofagové proteiny vazajici se na bunky FE. coli jako bioreceptor. Teo-
retické simulace LW-SAW senzort byli provedeny pro tfi rizné piezoelektrické substréaty
- kiemen (ST-fez), tantalat litny a niobat litny, které podporuji $iFeni horizontalnich
vin. Byli provedeny simulace disperznich kiivek fazové rychlosti a elektromechanického
vazebniho koeficientu a fazova rychlost byla porovnana s experimentalnimi vysledky pro
diamantem pokryté senzory z kiemene a tantalatu litného s oxidem kfemicitym jako ve-
douci vrstvou. Experimentalni vysledky se neshoduji s teoretickymi, coz je vysledkem
rozdilnych mechanickych vlastnosti materialii pouzitych v simulacich a realnych vzorcich.

Dva rtizné zptisoby zvyseni citlivosti navrhovanych biosenzorii byly studovény - exper-
imentélni depozice diamantovych zrn na LW-SAW senzory misto spojité vrstvy a simulace
pouziti diamantovych fononovych metamateriali na povrchu LW-SAW senzori. Kratka
kapitola je také vénovana pouziti vrstvy diamantu a karbidu kfemiku jako pasiva¢ni vrstvy
pro senzory bez nutnosti ochranného obalu, kdy byla potvrzena pouzitelnost obou mater-
iala.

Byli aspésné vyrobeny proteiny s his-tag znackou gp17, gpl12 a ORF26 vazajici bakter-
ialni bunky FE.coli. Imunofluorescencni test potvrdil, ze ORF26 a gpl7 se specificky vazou
na bakterie E.coli, zatimco protein gpl2 se vazal i na bunky bakterie Salmonella. Dva
riizné pristupy navazani téchto proteint s his-tag znackou na bérem dotované diamantové
vrstvy byli Gspésné vyvinuty: 1/ pfima elektrodepozice nikelnatych nanocastic a 2/ elek-

trochemicka funkcionalizace néasledovana chemii EDC/NHS pro navazani kyseliny NTA,



ktera chelatuje ionty niklu. Pro potvrzeni tspésného navazani bakterii na funkcionali-
zované vrstvy musi byt provedeny dalsi experimenty. Posledni ¢ast je vénovana studiu
QCM senzori s borem dotovanymi diamantovymi vrstvami pro biosenzorické aplikace.
BDD vrstvy byli tispésné nadeponované na QCM krystaly, ale funkcionalizace vrstev s
néaslednym prichycenim bakteridlnich bunék nebyla dosud tuspésné dokoncena a vyzaduje
dalsi pozornost a vyvoj.

Prestoze tato prace nevedla k vyvoji fungujicich biosenzoru na béazi diamantt, polozi-
la dilezité stavebni kameny. Citlivost LW-SAW senzortu s diamantovym povlakem neni
snizena natolik, jak se ocekavalo z teoretickych simulaci, protoze Youngiv modul tenké
CVD diamantové vrstvy je mnohem nizsi nez u objemového diamantu. His-tagované
proteiny byly dspésné vyrobeny a byly vyvinuty dva rizné protokoly pro jejich pripo-
jeni k borem dotovanym diamantovym vrstvam. Uspésné bylo také dosazeno depozice
nizkoteplotnich BDD vrstev na senzory QCM. Vysledky této prace jsou slibné pro vyvoj
biosenzorti s dudlnim odecitacim systémem - spfazenou elektrochemickou a akustickou

deteket.

Klicova slova:
Povrchové akustické viny, Loveho viny, Detekce bakterii, Biosenzory, CVD diamant,

Borem dotovany diamant, Proteiny s his-tag znackou, Bioreceptor
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Motivation

Detection and identification of pathogens is an important goal in food safety, medicine,
public health or national security. Rapid detection of pathogens in medical samples can
mean the difference between life and death of patients. Pathogen detection in food, water
or air samples is an important part to maintain public health [1,2]. It is estimated, that
about 15 % of total mortality in the world is caused by infectious diseases. It became
even bigger problem with change of the modern lifestyle, when the spread of the disease
around the world is accelerated [3|. Bioterrorism is also huge concern, as food and water
can be an excellent carrier of the pathogenic bacteria [4]. Each of us has experienced
the need for fast, inexpensive and selective pathogen detection method, when we came
through the global pandemic of the disease COVID-19 in recent years and this pandemic
paralyzed the world and greatly affected our lives.

Water-borne diseases are caused mainly by viruses, fungi, bacteria and protozoan
parasites [5]. Escherichia coli, Salmonella typhimurium, Campylobacter jejuni, Legionel-
la pneumonia or Staphylococcus aureus are few bacteria strains, that can cause serious
health problems. Among them, E. coli is reported to cause large scale life loss [6]. E. coli
O157:H7 strains produce Shiga toxins, that can cause stomach pain, diarrhea, inflamma-
tion or even extreme instances like hemorrhagic enteritis and hemolysis, mainly found in
babies and young children. Quality water monitoring is based on the testing of presence
of F.coli cells, as it is still the best indicator of fecal contamination. According to WHO,
water is considered as intermediate risk, when it contains only 10 to 100 viable E.col:
cells per ml [7].

A detection method for water quality monitoring should be quick, sensitive, selective
and ideally real-time. As conventional detection methods are time-consuming and labor
intensive, researchers are focusing on the development of biosensing methods. In gen-

eral, biosensors should be inexpensive, easy to operate, label-free with minimal sample
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processing, selective with the ability to distinguish between bacterial serotypes. The key
requirement for close-to-real-time monitoring is the stability of the bioreceptor [1,6].

In this Thesis, we propose the use of Love wave-SAW biosensor with integrated CVD
diamond layer as an interface for the attachment of bacteriophage tail fibers as bioreceptor
for the bacteria detection in water. LW-SAW sensors can monitor cells behavior in liquids
in the simple and non-invasive way with avoiding contact of the liquid with electrodes,
and they are a promising probing method in biology and biomedical research. The pro-
posed structure should also fulfill the requirements stated above. Acoustic wave devices
are easy to fabricate and the use of Love waves allows sensing in liquids. Additionally,
LW-SAW sensors possess the highest sensitivity among acoustic sensors [8]. Diamond has
advantageous good chemical inertness together with multiple various surface functional-
ization possibilities. Reported prolonged stability of attached biomolecules is important
to ensure close-to-real-time monitoring [9-11]. The specificity of the sensor is addressed

by the functionalization of the diamond surface using bacteriophage tail fibers.

This Thesis is divided into four main chapters. The first chapter is theoretical and
reviews the state of the art of whole cell bacteria detection, including the biosensor with
bacteriophages or bacteriophage tail fibers as bioreceptor, then the acoustic-wave sensors
are discussed with focus onto Love-wave acoustic devices. The last subchapter is devoted
to diamond, its properties, synthesis and use in the biosensing technology.

Chapter 2 establishes the Thesis objectives.

Chapter 3 presents the main methods used within this Thesis. It describes models in
COMSOL Multiphysics software used for FEM simulations, SAW devices fabrication and
characterization and diamond layers deposition and characterizations.

Chapter 4 resumes the experimental results of presented thesis. It consists of eight
different subchapters and each of them is devoted to the different topic. Subchapter 1
describes FEM simulations of LW-SAW devices properties after diamond coating, sub-
chapter 2 gives experimental details on LW-SAW devices with continuous and discrete
diamond coating. Subchapter 3 provides FEM simulations focused on enhancing the sen-
sitivity of LW-SAW devices by using the diamond phononic metamaterials. Subchapter
4 is a shorter chapter giving the FEM simulations on use of diamond and silicon carbide

layer as passivation layer for LW-SAW sensing technology. Subchapter 5 gives the ex-
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perimental results on the behavior of diamond-coated LW-SAW sensors fabricated with
different piezoelectric substrates and guiding layer materials. Subchapter 6 describes
the fabrication of our bioreceptor - bacteriophage tail fibers. Subchapter 7 focuses on
functionalization of diamond surface via attachment of produced bacteriophage tail fibers
from previous chapter. The last subchapter 8 is devoted to the fabrication of boron doped
diamond-coated QCM sensors for the biosensing applications.

Chapter 5 resumes the conclusions of this work and provides guidelines for future

development.
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1 Introduction and state of the art

1.1 State of the art of bacteria detection

To date, there are a plethora of reports on biosensors for pathogen detection. This review
focuses on detection of whole-cell pathogenic bacteria in liquid environments. After a
brief description of bacteria and conventional methods of their detection, we review the
main biosensor’s transduction methods including optical, electrochemical and acoustic
ones. The last subchapter focuses on the use of bacteriophages and their tail fibers as a

biorecognition element.

1.1.1 Bacteria

Bacteria are ubiquitous microorganisms which are present in air, soil, water, as well as
on the human skin and in the gastrointestinal tract. Despite the fact, that the majority
of them are not pathogenic, but harmless and useful [12|, they are the major cause of
infectious diseases [13].

Bacteria are single-cell prokaryotic organisms. The chromosomal apparatus is not
separated from the cytoplasm by the membrane and consists of a circular double-stranded
deoxyribonucleic acid (dsDNA). This chromosomal DNA contains information that is
necessary for the cell life. The bacterial cell may also contain another type of dsDNA
— plasmids. They can carry the important information, for example, for an antibiotic
resistance. The surface of the bacterial cell is formed by the cell wall composed mainly
of peptidoglycan (murein) [12,14]. According to the amount of peptidoglycan (5 — 90 %)
in the cell wall mass, we can distinguish between Gram—positive and Gram-negative
bacteria. Gram—positive bacteria have more peptidoglycan, and their cell wall is much
thicker and more robust than at Gram—negative bacteria [13,15].

The bacterium FEscherichia coli is used as a model organism in this study. It belongs to
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1.1 State of the art of bacteria detection

Figure 1.1: Schematic of the prokaryotic cell [13]

the large family of gram-negative bacteria called Enterobacteriaceae. Most of the E. coli
strains are non-pathogenic and they are common commensals of the human intestine.
However, some of the E. coli strains are pluripotent pathogens that can cause various
diseases, such as diarrhea, the hemolytic-uremic syndrome or dysentery. They are also a

major cause of the nosocomial infections [13,16].

1.1.2 Conventional methods of bacteria detection

The detection and identification of bacteria have been traditionally performed by conven-
tional microbiological techniques, namely, optical microscopy and cell culture, immuno-
logical tests, biochemical assays and genetic analysis. Microscopy involves staining of
bacteria followed by observation of staining pattern and its morphology. This technique
is relatively quick, but not very specific [1]. Culture methods are based on the growing
ability of bacteria on selective culture media. Although these methods provide reliable
results, they can take several days up to weeks [17]. The enzyme-linked immunosorbent
assay (ELISA) is a widely accepted immunological test. It is based on the interaction
of the targeted molecule with primary antibody followed by the addition of secondary
antibody to form a “sandwich.” The development is done by reaction of the chromogenic
substrate with an enzyme linked to the secondary antibody [18|. Genetic analysis, such as
polymerase chain reaction (PCR), is an extremely sensitive technique based on the iden-
tification of bacterial genetic material. Targeted bacterial sequences are paired with the
preselected genetic probe. Despite its selectivity, it is still a time-consuming and expensive
procedure. Real-time PCR analysis can be completed within several hours but requires

expensive equipment and reagents [1|. All these mentioned techniques are time-consuming
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1.1 State of the art of bacteria detection

and require sample preparation, particular reagents, skilled personnel and therefore are
expensive [1,2].

Nowadays, there is an urgent demand for the cost-effective, efficient, rapid and sensitive
analytical techniques to detect pathogens [1,5]. Sensitivity and selectivity are key features
for detection of water-born pathogens, as the presence of even single pathogenic bacteria

may cause an infection [5].

1.1.3 Biosensors for whole bacterial cell detection

Biosensors are devices comprising biorecognition element coupled with a signal trans-
ducer. The transducer converts the biological event into measurable electrical, optical
or mechanical signal. Most common biorecognition elements are enzymes, antibodies,
aptamers, oligonucleotide probes, cell-surface molecules and phages, but any molecule
which recognize or attach bacteria can be used as a bioreceptor [1,2,5,9]. In general,
biosensors should be inexpensive, easy to operate, small and label-free [1]. Key require-
ments for bacterial biosensors are given in Table 1.1. The important unit in microbiology
is colony forming unit per milliliter (CFU/ml), that is used to estimate the number of

viable bacteria cells in a sample.

Table 1.1: Requirements for an ideal bacterial biosensor [1, 6]

Parameter Value or quality

Sensitivity Better than 103 CFU/ml

Assay time 5 - 10 min for a single test

Sample processing Label-free with minimal sample processing, no reagent addition
needed

Specificity Ability to distinguish different serotypes of bacteria in the presence
of other microorganism or cells

Size Compact, hand-held, portable, design for field use

Stability Biorecognition element must be stable at temperatures up to 45 °C

for several months
Viable cell count Should discriminate between live and dead cells

Skill of operator No specialist training needed

Two main classes of biosensors have been developed for bacteria detection: 1) biosen-

sors based on detection of bacteria’s DNA, RNA or intracellular proteins, and 2) biosensors
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1.1 State of the art of bacteria detection

targeting whole bacteria cells. The main disadvantage of the first type is that they require
sample preparation to achieve bacterial lysis to liberate targeted bacterial components,
which is time-consuming and increase costs [1,2,5,19|. The following review focuses on

the detection of whole bacteria cells.

Optical biosensors

In optical biosensors, a change in optical properties is detected, e.g., absorption, emission,
refractive index variations, upon binding of the bacteria. The most common types of
optical biosensors are based on surface plasmon resonance (SPR), evanescent field sensing
via functionalized optical fiber, fluorescence, chemiluminescence or colorimetry. Optical
biosensors are often divided into two categories — labeled and label-free biosensors [1,5,17].

SPR is an optical technique which uses plane-polarized light propagating through a
glass prism at a fixed (resonant) angle. The light excites surface plasmon waves at the
deposited thin noble metal layer. This metal layer is functionalized by bioreceptors. When
target biomolecule is trapped by bioreceptors, variation in refractive index occurs. It is
determined as a change of the resonance angle of the surface plasmon [1,5,20], see Figure
1.2. However, detection of live bacteria by SPR technique yields lower sensitivity caused
by limited penetration of bacteria by the electromagnetic field and low difference between
refractive index of bacteria cytoplasm and aqueous solution [21]. Another disadvantage
is the need for relatively large equipment [22]. Enhancement of the sensitivity can be

achieved by localized surface plasmon resonance by using noble metal nanoparticles [23].

Figure 1.2: Principle of SPR sensor, a) a simplified diagram of Kretschmann configuration for SPR
sensor, b) change in SPR angle caused by variation of refractive index [24]

Another type of optical biosensors is using the evanescent field. This electromagnetic
field is generated at the interface fiber/sample by propagation of light within a core-only
high-index (nfiper > Msampie) Optical fiber by total internal reflection. Evanescent field
decays exponentially with the distance from the interface and can excite, e.g., fluores-
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1.1 State of the art of bacteria detection

cence in fluorescently-labeled biomolecules attached to the fiber surface [5], see Figure
1.3. Colorimetric sensors are attractive optical sensors because it is possible to observe
the presence of pathogenic bacteria in the sample through a color change by the naked
eye. Their major disadvantage is low sensitivity, that can be enhanced for example by
pre-concentration of cells [22]. Fluorescence and chemiluminescence biosensors represent
a powerful analytical technique with high sensitivity, easy read-out, and ease of operation.
These technologies have evolved from typical immunoassays, where the target molecule
is trapped by immobilized biorecognition element. A secondary reagent, such as a flu-
orescently labeled antibody, is captured to the target molecule and generate the optical
signal. The main disadvantage is a requirement for sample labeling with the fluorescent

reagent. It adds time and cost to the test [1].

Figure 1.3: U-bent optical fiber for enhancement of penetration depth of evanescent field [25]

Table 1.2 shows examples of several studies carried out on optical sensors for whole
bacteria detection. Sensitivity lower or equal to 103 CFU/ml have been achieved using
SPR, evanescent wave absorbance as well as fluorescence detection technique. Most of
the studies were carried out in different liquid solution (NaCl, PBS buffer, LB media)
containing only the bacteria strain to be detected. Few studies, such as [26] and [27],
demonstrated the bacterial detection in the complex sample with the LOD equal or lower
to 10> CFU/ml. Vaisocherova et al. [26] reported detection time lower than 80 min
without bacteria enrichment using gold nanoparticles to enhance SPR signal. Ohk et
al. [27] reported the detection of three different pathogens in complex food samples within

24 hours, that is still a shorter time than the one needed using conventional methods.
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1.1 State of the art of bacteria detection

Electrochemical biosensors

Based on their operation mechanism, electrochemical sensors are classified into voltam-
metric, potentiometric, amperometric and impedance-based biosensors. Advantages of
the electrochemical sensors are their fast response, possibility to operate in turbid solu-
tions and possible miniaturization. However, the main difficulty to apply electrochemi-
cal biosensors for the detection of foodborne pathogens is the complexity of food sam-
ples [5,38].

Amperometric/voltammetric sensors detect an analyte by determining the change in
current or potential, that is caused by oxidation or reduction reactions in the electro-
chemical system. In amperometric sensors, the current is measured at the fixed potential.
In voltammetric sensors, the current is measured when the applied potential is changed
under controlled variations. Different voltammetric techniques have been used for analysis
of environmental samples, such as cyclic voltammetry (CV), differential pulse voltamme-
try (DPV) or square wave voltammetry (Figure 1.4a) [5,38|. Nowadays, amperometric
sensors are commonly used for the detection of glucose limit in blood [1|. Potentiomet-
ric sensors measure the electrical potential between working and reference electrode in
an electrochemical cell. Ideally, there should be no significant current flow between these
electrodes. The potential difference is generated by the accumulation of the charge density
at the surface of working electrode, that is usually ion-selective electrode (ISE), see (Fig-
ure 1.4b). The potential of the reference electrode is kept invariant during measurement.
Within the impedance-based biosensors, an advanced technique known as electrochemi-
cal impedance spectroscopy (EIS) is often used for electrochemical measurements. Low
voltage sinusoidal potentials are applied to the electrochemical system and the resulting
current is measured as a function of excitation frequency (Figure 1.4c). Electrochemi-
cal parameters, such as charge transfer resistance, bulk solution resistance, double layer
capacitance, can be obtained by fitting of obtained data into an equivalent circuit [5,38|.

All reported electrochemical sensors (see Table 1.3) have a limit of detection lower
than 10> CFU/ml, which makes them more sensitive than optical sensors. Most of these
sensors are label-free, without the addition of a secondary antibody, which makes the

detection time shorter and also their price lower.
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Figure 1.4: Schematic of electrochemical sensors: a) voltammetric sensor, b) ISFETs potentiometric
biosensor, ¢) impedimetric sensor [38]
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1.1 State of the art of bacteria detection

Acoustic biosensors

Acoustic sensors are based on the perturbation of the acoustic waves by the attachment
over their surface. Perturbation of the acoustic wave caused by the addition of mass to
the surface results in a change of the operating frequency of the sensor. This change in
the frequency can be measured with high precision [2,5|. Acoustic devices are promising
among the label-free sensors because of their ability to obtain pure mass and viscosity of
the deposited layer [49]. Particular types of acoustic sensors are discussed more deeply in

the section 1.2 Overview of Acoustic-Wave sensors.

Figure 1.5: SAW biosensor. Analyte molecules present in a liquid bind to the immobilized antibodies on
the sensor surface. The velocity of the SAW is influenced and hence the output signal is generated [50]

Table 1.4 presents examples of the few studies carried out on acoustic devices as
biosensors. Acoustic devices can achieve sensitivity lower than 10> CFU/ml. For both
reported QCM sensors with a low limit of detection were used gold nanoparticles for signal
enhancement. Salam et al. [51] proposed a QCM sensor, that is able to detect 10 CFU/ml
within 12 minutes. Acoustic devices have not been studied as extensively as optical and
electrochemical biosensors, however, they offer good sensitivity and fast detection times

as well as simplicity of manufacturing.
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1.1 State of the art of bacteria detection

For these reasons, SAW sensors were studied for bacterial detection in combination

with a new and emerging type of bioreceptor: bacteriophage tail fiber proteins.

1.1.4 Bacteriophages as a sensing element

Bacteriophages

Bacteriophages are viruses that infect bacteria and replicate within them. The majority
of all known bacteriophages belongs to the Caudovirales order, and they have the similar
structure — genetic information (double-stranded DNA) encapsulated in an icosahedral
capsid with attached a tail with fibers [59]|. Figure 1.6 shows the structure of bacteriophage

T7, member of Caudovirales order [13].

Figure 1.6: a) schematic picture and b) cross-section of bacteriophage T7 [13]

Bacteriophages replicate only within the living bacterial host. The first step is based
on the electrostatic attraction of positively charged bacteriophage’s tail fibers towards the
negatively charged bacteria surface. Recognition of host bacteria is then done via specific
receptor binding proteins [60]. After bonding to the host bacteria, bacteriophages insert
their nucleic acid via their tail into the bacterial cell and use the intercellular machinery
host cells to reproduce [14]. Several hundreds of new virions are reproduced within a
single bacterial cell, and at some point, the bacteria cell is disrupted, and new virions are
released. This bacteriophages reproduction is called the lytic cycle, as shown in Figure
1.7. A second reproduction cycle of phages called lysogenic cycle exists. Lysogenic phages
insert their genome in host DNA. Integrated DNA is called prophage. It is not infectious
and replicates as a part of bacteria chromosome until some stress starts the production

of bacteriophages [13,14,61,62].
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Figure 1.7: Lytic cycle of bacteriophage: 1) bonding of virion to the bacteria-host cell, 2) penetration
into the host cell, 3) insertion of nucleic acid via tail into the host cell, 4) replication of bacteriophage’s
nucleic acid, 5) synthesis of bacteriophage’s proteins, 6) maturation of virions, 7) release of new virions
from host cell [13]

Phage-based bacterial detection

Bacteriophages have become an interesting alternative to antibodies in the field of bacteria
detection for several reasons. One of the main advantages of bacteriophages is their high
specificity to their host bacteria. It is possible to choose a bacteriophage that selectively
detects a single species or even a single bacterial strain. Additionally, some of them
are robust, and they can keep their activity even after exposure of organic solvents or
high temperatures (up to 76 °C). Another advantage is the simplicity of their production
[61,63].

There are several strategies of bacteriophage-based bacteria detection. First, the lysis
of infected bacteria releases its intracellular compounds, which can be used as a marker of
bacteria presence. Capture of bacteria by immobilized phages on the sensor’s surface can
be detected as the variation of the surface physical properties. Bacteriophages can also be
immobilized on nanoparticles and used for separation of bacteria from complex samples
and/or as a tool for bacteria detection. All mentioned ways of using bacteriophages for
bacteria detection are summarized in Figure 1.8 [61].

For biosensing applications, several approaches to attach bacteriophages to the sen-
sor’s surface have been discussed in the literature: physical adsorption of virions on the
surface, covalent bonding, entrapment of virions into porous matrices or utilization of
specific interactions — biotin-streptavidin or electrostatic interaction [62,64|. Several con-
ditions must be fulfilled to obtain a functional bacteriophage coated surface. Immobilized

bacteriophages must retain their infectivity. Even though bacteriophages are more robust
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1.1 State of the art of bacteria detection

Figure 1.8: Different ways of using bacteriophages for bacteria detection [61]

than commonly used biorecognition elements (antibodies, aptamers, enzymes, etc.), they
can be inactivated by harsh conditions (pH, chemical, temperature) or by drying. Anoth-
er requirement is high surface density and uniform distribution of the bacteriophages as
well as proper arrangement of asymmetric bacteriophages to retain availability of virion’s
receptors. Another crucial issue is the prevention of bacteriophages desorption during
sensor operation [62,63]. Several examples of biosensors using bacteriophages as sensing

element are listed in Table 1.5.

To overcome the issues of the orientation of immobilized bacteriophages, bacteriophage
might be replaced by their receptor binding proteins (RBPs). These proteins are long tail
fibers or short tail spikes attached to the baseplate of tailed bacteriophages. There are
just a few studies on bacteriophage tail fibers and short tail spike attachment on a solid

surface. Available examples are given in Table 1.6.
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1.1.5 Comparison of biosensing techniques and their challenges

As mentioned before, the main requirements for reliable pathogen detection and analysis
are the sensitivity and the specificity that include the ability to distinguish even between
bacterial strains, reproducibility of biosensor and reliability of the obtained results as well
as detection speed, low cost, and ease of use [5].

Electrochemical sensors thank to their high robustness, ease of preparation and low
cost became a “workhorse” within biosensors. Their problem is the possibility of the influ-
ence of the obtained signal by electroactive interferents, e.g., unwanted redox reactions.
Optical sensors are getting the main alternative transducer to the electrochemical sen-
sors, but they are dealing with the problem of reducing their size [5|. Acoustic sensors,
particularly SAW sensors, are easy to fabricate, easy to use and they can be easily minia-
turized. Compared to another type of sensors, they can be easily designed as passive
wireless sensors [81]. Table 1.7 summarizes the advantages and disadvantages of most
studied transduction methods — optical, electrochemical and acoustic.

All of the types of biosensors mentioned in this review have to face the same challenges.
1/ The difficulty to achieve specificity and sensitivity in the complex samples such as blood
or food. Nonspecific interactions and adsorptions limit the sensitivity, reliability and also
lifetime of the biosensor. This can be overcome by a careful choice of the bioreceptor and
proper surface functionalization. The sensitivity of the sensors can be enhanced using
functionalized nanoparticles and/or pre-concentration steps. 2/ The difficulty to reduce
the size and cost of some systems, such as SPR or QCM |[1,5].

Real-time detection of bacteria in drinking water brings other challenges. One problem
is, how to deal with the large volumes of water to be analyzed. Another problem is how
to achieve that the possibly present bacteria will get close enough to the sensor’s surface
to be captured by the bioreceptor. A possible solution is passing the liquid through the
charged membrane to filter the bacteria or pre-concentration step using functionalized
magnetic nanoparticles.

Generally speaking, there is a great effort by scientists to develop a biosensor for
bacteria detection in real-world aqueous solutions. But there are still many challenges to

be addressed before possible commercialization of such type of sensors.
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1.2 Overview of Acoustic-Wave sensors

Surface acoustic waves (SAWs) and bulk acoustic waves (BAWs) are two of MEMS tech-
nologies of industrial relevance and can been found in a myriad of devices. Acoustic RF
filters, for instance, are integral parts of wireless communication systems. SAW devices
have been also adapted as sensors which can be configured to operate both passively and
wirelessly.

Acoustic devices can be divided into three groups depending on their propagation
mode — devices using Bulk Acoustic Waves (BAW) and Surface Generated Acoustic Waves
(SGAW), that contain Surface Acoustic Waves (SAW) and Acoustic Plate Modes (APM)
devices [82]. Classification of acoustic wave devices is shown in figure 1.9. Table 1.8
summarizes key parameters of different acoustic devices and gives the advantages and
disadvantages of each type.

As all of the acoustic devices use piezoelectric substrates to generate acoustic waves,
the brief descricption of piezoelectricity is given in next section followed by discussion of
two types of acoustic sensors relevant for this thesis - QCM sensors belonging to BAW
devices and Love wave SAW sensors from the family of surface generated acoustic wave

devices.

Figure 1.9: Classification of different acoustic wave modes (reproduced from [82]). The two types of BAW
sensors are Thickness Shear mode (TSM)- Quartz Crystal Microbalance (QCM) and Film Bulk Acoustic
Wave (FBAR). SAW group include Rayleigh SAW, Surface Transverse Wave (STW), Shear-Horizonatal
SAW (SH-SAW) and Love wave SAW (LW-SAW). APM devices include Flexural Plate Wave (FPW),
Shear-Horizontal APM (SH-APM) and Layer-Guided APM (LG-APM).
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1.2.1 Piezoelectricity

The direct piezoelectric phenomenon was discoverd by brothers Pierre and Paul-Jacques
Curie in 1880 followed by the discovery of inverse piezoelectric effect by Gabriel Lippman
in 1881. The word piezoelectricity, that means "electricity by pressure”, is derived from
the Greek word piezein with meaning to press or squeeze [88,89|.

Direct piezoelectric phenomenon refers to the ability of some materials to produce
an electric charge when the mechanical stress is applied. The reciprocal phenomenon
when the applied electric field to a piezoelectric material cause a mechanical stress is
called the converse piezoelectric effect. Piezoelectric materials always exhibit both of
them. A molecular model of piezoelectricity is shown in the figure 1.10. When the
piezoelectric material is not under applied mechanical stress, the external effect of negative
and positive charges is reciprocally cancelled resulting in electrically neutral molecule.
When the mechanical stress is applied, the internal structure of molecule is deformed
causing the separation of positive and negative charges and hence the small dipoles are

generated [88,89).

Figure 1.10: A molecular model of piezoelectricity, reproduced from [88]

Piezoelectric constitutive equations

Mathematically, the coupling between electric and mechanical parameters is expressed
in the form of a connection between the material strain and its permittivity at constant

strain. These equations are called piezoelectric constitutive equations and are given below:

Tyj = cjuSk — enij Ex, (1.1)

35



1.2 Overview of Acoustic-Wave sensors

D; = €iSu + €. B, (1.2)

where T;; is tensor of mechanical stress, Sy is strain tensor, Ej, is vector of electric field
intensity, D; is vector of electric field induction, cZ-Ejkl is elasticity tensor in the absence of
electric field (E = 0), e;x is piezoelectric coupling tensor and efj is dielectric tensor in the
absence of strains (S = 0) [88,90,91].

If we want to write piezoelectric and elastic tensors in the matrix form, we need to
use Voight-Kelvin notation for index substitution, see table 1.9. This notation allows
us to represent the 4*"-rank tensor of elasticity ¢ as 6x6 matrix, the 3"%rank tensor of
piezoelectric coupling e as 3x6 matrix, the 2"%-rank tensor of dielectric constants € as
3x3 matrix and the 2"%-rank tensors of strain S and stress T as 6x1 vectors. Using the
Voight-Kelvin notation and writing out the components, the piezoelectric constitutive

equations will appear as follows.

Table 1.9: Voight-Kelvin notation for index substitution

Indexes in tensor - 45, kI Voight indexes - p, ¢

11 1
22 2
33 3
23 or 32 4
31 or 13 5)
12 or 21 6
E FE E _E LE _E
T i1 G2 G Ciu G5 Cig S1 €11 €21 €31
E E E _E E _E
1 Co1 Cyp Coz Coy Co5 Cop Sy €12 €22 €32 g
1
E E E _E _E _E
13 |1 C32 C33 O3y C35 C3p S3 €13 €23 €33 g (1.3)
p— - 2 .
E FE E _E ,E _E
T Cy1 Gy Cyz Cyq Cys Cyp Sy €14 €24 €34 >
3

C51 Cra Cs3 G514 Cs5 Cse €15 €25 €35

E
Ts [C61 C62 C63 Co4 Co5  Coo S6 €16 €26 €36
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Si
S2 s S s

D, €11 €12 €13 €14 €15 €16 8 €11 €12 €13 Ey
3

_ S S S

Dy| = |ea1 €2 €23 e €25 €96 + €91 €99 €93 E, (1'4)
Sa s s S

Ds €31 €32 €33 €34 €35 €36 €31 €32 €33 E;
Ss
Se

For each cut of particular piezoelectric material, we obtain unique set of piezoelectric,

elastic and dielectric constants, that can be written in elasto-piezo-dielectric matrix:

E E [E E _E _E
11 CGa CG3 Gy G Ceg | €11 €21 €31

E E E E _E _E
Cy1 Gy Co3 Cyy Cy5 Cy | €12 €22 €32

E [E [E _E _E _E
C31 C39 C33 C34 C35 C36 | €13 €23 €33

E E E _E _E _E
Cp1 Cig Ca3 Cyn Cys Cye | €14 €24 €34

E [E _E _E _E _E
Cs1 Cs2 Cs3 Csq C55 Csg | €15 €25 €35 (1.5)

E [E E _E _E _E
Cs1 Co2 Ce3 Coa Cos Co6 | €16 €26 €36

s s _S

€11 €12 €13 €14 €15 €1 | €11 €1y €13
s s _S

€21 €22 €23 €24 €25 €26 | €51 €5y €53

s s _S
€31 €32 €33 €34 €35 €35 | €37 €3y €53

where the elasticity matrix ¢ is in the order 10 N/m?, the piezoelectric constants
e are generally between 0.1 to 10 C/m? and the permittivity e at constant strain is in
values of 1072 F/m. The knowledge of these parameters is essential for the modelling
of the behavior of piezoelectric devices [90,92]. As all of the piezoelectric substrates are
anisotropic, values in elasto-piezo-dielectric matrix will vary depending on the cut of the
crystal, because the cut change the reference system in the calculation and the matrix
coefficient must be recalculated in the new reference system.

Piezoelectric materials are crystalline materials. Atomic structure of crystals is deter-
mined by the lattice and the atomic group assigned to each nodes. There are 14 Bravais
lattices, 7 crystal systems and 32 point symmetry classes of crystals, as is shown in the

figure 1.11 and table 1.10.
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Table 1.10: The 7 crystal systems and 14 Bravais lattices [8§]

Figure 1.11: The 7 crystal systems and 14 Bravais lattices, reproduced from [88]

The constitutive matrices vary for each class of anisotropy. Based on the crystal
symmetry, the number of independent material constants is different. In this work, four
piezoelectric materials were used - lithium tantalate, lithium niobate, quartz and zinc
oxide. Lithium tantalate and lithium niobate belongs to the trigonal system with the 3m
symmetry class, quartz belongs to the same crystal system with the symmetry class 32
and zinc oxide has hexagonal system with 6 mm class. [88,92] Components of constitutive
matrices for beforementioned materials are shown in the figure 1.12. Symmetry with
respect to the main diagonal is not indicated. The three numbers at the bottom right
of the matrices represent the numbers of independent elastic, piezoelectric and dielectric
constants. Tables 1.11 and 1.12 give the values of elastic or piezoelectric and dielectric
constants respectively for materials used in this work. It is important to note, that
it is necessary to make a transformation of the constitutive matrices according to the

coordinate system given by the particular cut of the piezoelectric material.
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Figure 1.12: The components of constitutive matrices for trigonal system and symmetry classes 32 and
3m and hexagonal system and symmetry class 6 mm, [92]

Table 1.11: Elastic constants of materials employed in creation of elastic waves [92]

. Stiffness (in 10'° N/m?)
Material System Class

11 C12 c13 €33 C44  Ce6 Cl6  Cl4

Silice (SiO3) | isotropic material - 7.85 1.61 - - - - - -

ZnO* hexagonal 6mm | 20.97 12.11 10.51 21.09 4.25 - - -
LiNbOg* trigonal 3m 20.3 5.3 7.5 245 6.0 - - 0.9
LiTaOg* trigonal 3m 23.3 4.7 8.0 275 94 - - -1
Quartz* (SiO2) trigonal 32 8.67 0.7 1.19 10.72 5.79 - - -1.79

* piezoelectric material

Table 1.12: Piezoelectric and dielectric constants of materials employed in creation of elastic waves [92]

) Piezoelectric constants (C/m?) Permittivity (107! F/m) Density p
Material (10° kg /m?)
e11 e el ez e es3 | en €33 &/m
Zn0O -0.59 - -0.61 - - 1.14 | 7.38 7.83 5.676
LiNbO3 - - 3.7 25 02 1.3 | 38.9 25.7 4.7
LiTaO3 - - 2.6 16 =0 19 | 36.3 38.1 7.45
Quartz 0.171  -0.0406 - - - - 3.92 4.1 2.648

Electromechanical coupling coefficient

Electromechanical coupling coefficient K2 provides the information on the ability of piezo-

electric materials to generate elastic waves [92]. It is the measure of the efficiency of the
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piezoelectric substrate in converting the electric signal into mechanical energy, that results
in propagation on acoustic waves [91].

K? can be defined in terms of elastic, piezoelectric and dielectric constants and the
value depends on the appropriate cut of the crystal [83,91]. The example of the K?

variation as a function of different crystal cut of LiNbOj is shown in figure 1.13.

2 6%1
K= — (1.6)

C11€33
K? can be also derived experimentally using the equation:
2Aw

K*(%) = ——— - 100, (1.7)

where |Awv| is the change in the SAW velocity caused by shorting the free piezoelectric
surface by thin highly conductive metal film and v is unperturbed SAW velocity [91].

Figure 1.13: Variation of the coupling coefficient K? of lithium niobate as a function of the direction in
the plane YZ, reproduced from [92]

1.2.2 Bulk acoustic wave devices

Quartz Crystal Microbalance (QCM)

The best-known representative among the BAW devices is Quartz Crystal Microbalance
(QCM). It has two metallic circular electrodes on both parallel surfaces of the piezoelec-
tric material, most commonly AT-cut quartz crystal. Acoustic waves are generated by
applying the high frequency signal on electrodes, with waves propagating within the bulk
of crystal [93]. Advantages of QCMs are the simplicity of manufacturing, good tempera-
ture stability and the possibility to operate in a harsh environment and liquids. Typical
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resonant frequency is in the range from 5 to 30 MHz for the fundamental mode and is
inversely proportional to the QCM thickness, the sensitivity might be increased by fabri-
cation of very thin and fragile plates. For this reason, their sensitivity is limited [89] and

relative sensitivity to mass loading is given by equation:

—2 1
ST‘ = fO = - )
Ppv ppho

(1.8)

v

T ho is quartz crystal thickness, v is

where fy is resonant frequency given by fy =

the acoustic velocity and p, is the piezoelectric material density [83].

1.2.3 Surface generated acoustic wave devices

SAW-based sensors are highly sensitive because the acoustic energy is strongly confined
close to the surface of the device. The acoustic wave is generated by interdigital trans-
ducers electrode (IDTs) by conversion of the electrical signal and propagates across the
transducer’s surface to another IDTSs, that convert acoustic wave back to the electrical
signal via the piezoelectric effect. There exist several types of SAW sensors: Rayleigh-
SAW sensor, Lamb wave sensor, and Love wave sensor. Rayleigh-type SAW sensor suffer
from high attenuation due to particle displacement perpendicular to the surface causing
that acoustic energy is radiated in the liquid. They are not suitable for bacterial detection
in aqueous solutions or buffer solutions [50,94,95|. Lamb devices are composed of thin
membrane deposited on the piezoelectric substrate and waves are guided in the free upper
and lower surfaces of the membrane. They can operate in liquids as the Lamb waves ve-
locity is lower than the compressional velocity of sound in liquids and therefore only minor
energy dissipation occurs. Their disadvantage is the thin and fragile membrane necessary
to achieve high sensitivity [86,96]. Particle motion of Rayleigh, Lamb and Love waves
are shown in the figure 1.14. Love waves will be discussed in the following subchapter

devoted to the LW-SAW sensors.

Love-Wave Surface Acoustic Wave (LW-SAW)

Love wave sensors use primarily shear-horizontal polarized waves (SH-SAW) or a surface
skimming bulk wave (SSBW) depending on the piezoelectric material. Both waves have

shear horizontal particle displacement, where the particle movement is in parallel to the
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Figure 1.14: Schematic representation of different types of surface acoustic waves: A) Rayleigh waves in
isotropic semi-infinite medium where i) is decrease in the longitudinal component u;, and the transverse
component ur as a function of the depth and ii) undulation of the surface as the wave passes, B) Lamb
waves, where 1) represents deformation of the plate in symmetric mode and ii) is deformation of the plate
in antisymmetric mode and C) Love waves, reproduced from [92]

surface. This prevents radiation losses to the liquid [8,94|, see Figure 1.5. They are
considered to be the most sensitive ones among the acoustic devices [96]. Love waves
are obtained by trapping the shear waves in the guiding layer deposited on piezoelectric
substrate and the guiding layer has to have lower acoustic velocity than the piezoelectric
substrate, see figure 1.14C) [97]. The LW-SAW sensors consist of three main elements -
piezoelectric substrate, guiding layer and IDTs electrodes that are sandwiched between
the beforementioned materials. This important elements will be discussed in the following

sections.

Interdigital electrodes
Interdigital electrodes (ITDs) were firstly proposed for generation of SAW by White and
Voltmer in 1965 [98]. IDTs consists of two metal comb-like structure, one acting as
generator and second as receiver. Center-to-center distance between two consecutive
electrode fingers is called a period p and the overlap between the fingers is the acoustic
aperture W. The simplest IDTs electrodes consist of two fingers per period, where the
finger width is equal to the space between them (p/4), shown in the figure 1.15a). One
finger is connected to the ground and second one to the RF signal [82,99].

Figure 1.15B) shows typical frequency response of IDTs. The highest electrical ampli-
tude Ay occurs, when the acoustic wavelength X is equal to the IDTs period p. Bandwidth

B of the IDTs frequency response is influenced by number of finger pairs N, where higher
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Figure 1.15: Schematic representation of different IDTs electrodes, a) simple IDT electrode with shown
period p and acoustic aperture W, b) frequency response of an IDT, where Ay is electrical amplitude,
B is the bandwith and f; is synchronous frequency c¢) double-IDTs electrodes with split fingers and d)
single IDTs electrodes with two grating reflectors, reproduced from [82]

N results in narrower B. Practically, the maximum N is recommended equal to 100 as
higher N causes losses associated with mass loading and scattering from the electrodes.
Inherent loss of 3 dB in the frequency response is caused by propagation of the acoustic
waves to both direction from the IDTs electrodes, that is caused by the symmetry of
IDTs electrodes. In two-port devices, such as LW-SAW sensors, the inherent loss value is
6 dB. [82]

There are several second-order effect, that affect transducer frequency response and
are significant in practice. For a single-electrode IDTs, scattered unwanted waves are in
phase and cause very strong, so called Bragg reflections. This phenomenon occurs at
the resonance condition A = p. To avoid Bragg reflection, split electrodes are used (see
figure 1.15¢)). The disadvantage of split electrodes is an increase in lithographic resolution
needed for their fabrication [91]|. Triple-transit signal is another second-order effect, that
occurs in two-port devices, as so LW-SAW sensors. The output IDT generates a reflected
wave, that is reflected second time by the input IDT. This reflected wave travels to the

output IDT after traversing the substrate three times, resulting in output signal known
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as triple transit echo. The path difference between the main and doubly reflected wave
results in amplitude and phase ripple [91]. Unwanted reflections can be reduced by using
reflectors, metal gratings with the same configuration (space periodicity) as IDT, see
figure 1.15d) [82].

Piezoelectric substrates
When choosing a material as the substrate for Love Wave devices, there are several impor-
tant properties that need to be taken into account. First of them is the electromechanical
coupling coefficient (K?). Higher K2 leads to the lower insertion loss, which implies higher
sensitivity of LW-SAW device [82]. Second important parameter is temperature coeffi-
cient of frequency (TCF), which gives the temperature stability of the substrate. The
minimization of the temperature influence on the sensor’s response can improve the limit
of detection [100]. The third property is the ability to excite shear horizontal polarized
acoustic wave required for the operation of LW-SAW sensors in the liquid media [82]. For
sensors operating in aqueous solutions, dielectric constant € is another important parame-
ter. In order to minimize a capacitive shortcuts of the electrical field of the IDTs, ¢ should
be close to the dielectric constant of water (e, ~ 80) [86].

36°YX LiNbOj substrate has very high coupling factor, but it has also the highest TCF
and the substrate breaks extremely easily when exposed to abrupt thermal shock, which
makes it difficult to handle during fabrication process including high temperature diamond
deposition. The 36°YX LiTaOs substrate possesses low insertion loss and large K2, which
provide advantages over the other substrates, such as quartz cuts. The main shortcomings
of LiTaOj3 substrate are 1) its poor thermal stability caused by high TCF and 2) it excites
leaky waves, which leads to the increase of damping in liquid environment [101]. Quartz
is the only common substrate material that offers cuts generating purely shear horizontal
polarized waves. Most used quartz cuts that can generate pure SH waves are AT-cut and
ST-cut. Both of them possess weak coupling coefficient. [82] From the fabrication point
of view, Curie temperature needs to be taken into account. It is the temperature point,
where phase transition from ferroelectric to paraelectric phase occurs and the material
loses their piezoelectric properties [102]. Properties of the discussed piezoelectric materials
are listed in the following table 1.13, dielectric constants are listed in the table 1.12.

Guiding layers
In the LW-SAW sensors, guiding layers play the crucial role in the improvement of the
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Table 1.13: Properties of piezoelectric substrates materials

Material Cut Vs K? TCF Curie tem- Ref
(m/s) (%)  (ppm/°C)  perature (°C)

Quartz ST-cut (42.75°) 5060 1.9 40 573 [82,103|

Quartz AT-cut (32.25°) 5099 1.4 0-1 573 [82,103]

LiNbOj; 36°YX 4800 16 -75 to - 80* 1140 [82,102]

LiTaO3 36°YX 4160 5 -30 to -45 665 [82,104]

ZnO (11-20) 2650 1.1 59-42 [82, 105,
106]

* Approximate value, TCF - temperature coefficient of the frequency, vy - shear wave velocity

device performance, as it ensures higher sensitivity due to the wave entrapment closer to
the sensor’s surface [107|. The difference between the mechanical properties of piezoelec-
tric substrate and the guiding layer material is crucial for the wave confinement. For the

existence of Love modes, the shear wave velocity in the guiding layer (v, has to

_ M_L1/2)
PL

be lower than the shear wave velocity in the piezoelectric substrate (vg = ,;_::1/ %).
The guiding layer material has to possess a low acoustic velocity. The most used are

polymers, silicon oxide, gold or zinc oxide, their density p and shear wave velocity v, are

listed in the table 1.14.

Table 1.14: Properties of several guiding layer materials, [82]

Material wvs (m/s) p (kg/m?)

SiO; 2850 2200
ZnO 2650 5720
Au 1215 19300
PDMS 16 965
PMMA 1200 1180

Diamond 12820 3500 [105]

Polymers, such as PDMS, PMMA or novolac, are interesting from the sensitivity
point of view, as they have very low acoustic velocity. But they can cause high acoustic
damping due to their viscoelastic properties, which is clearly a disadvantage for biosensing
applications [8,107|. Gold is often used guiding layer. It provides strong wave guiding
and its surface can be easily modified by biomolecules, which is definitely advantage in
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biosensing applications [82].

Zinc oxide guiding layers are suitable for biosensing applications, as ZnQO is biocompat-
ible and biomolecules immobilized on ZnO retain their conformation. ZnO possesses lower
acoustic velocity than SiO,, which results in higher sensitivity of LW-SAW devices [108|.
Its deposition can be carried out at relatively low temperatures, low film stress and good
adhesion onto many different substrates. [109] Main shortcoming of ZnO for our applica-
tion is its weak chemical stability, when the layer is etched in hydrogen plasma used for
diamond deposition and also in the majority of photoresist developers.

Silicon oxide offers low damping, excellent chemical and mechanical resistance and
its acoustic velocity is sufficiently low. Its stability at higher temperatures is important
property for successful coating by NCD layer [8,110|. The main shortcoming of SiO,
material as guiding layer to obtain optimal sensitivity of LW-SAW sensor is, that it is
necessary to use thick SiO, films, which complicates the fabrication process [82]. Despite
this fact, we consider SiO5 material to be the most suitable guiding layer material for the
diamond-coated LW-SAW sensors.

The guiding layer on top of piezoelectric substrate affects the LW-SAW device’s prop-
erties, as it increases the electromechanical coupling coefficient K2 and it also has the
influence on the temperature behavior, as it modifies the TCF coefficient [82,111]. Guid-
ing layers brings one more advantage as it serves as protective coating of IDTs against

the liquid environment, which improves the sensor’s performance [108].
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1.3 Diamond

Diamond is one form of Carbon C, which is the element with the atomic number Z = 6
located in the fourth group of the periodic system. In the ground state, its electron con-
figuration is 71s22s?2p? |[112]. The 1s? state contains two strongly bounded core electrons.
Remaining four electrons in the 2s?2p? states are called valence electrons and are involved
in formation of chemical bonds. In crystalline state the 2s, 2p,, 2p, and 2p, orbitals are
formed, as is shown in the figure 1.16 a). Because the energy difference between 2s and
2p orbitals is smaller (4 eV) than the energy gain in forming the chemical bond, the
electronic wave-functions of these four electrons can mix with each other forming new hy-
brid orbitals. Carbon atoms forms three different hybrid orbitals - sp, sp? and sp® which
allows to form many different forms called allotropes. The carbon family of inorganic
carbon materials consists of diamond (sp® hybridization, see figure 1.16 b)), graphite (sp?

hybridization), fullerenes and carbines [112,113].

Figure 1.16: a) 2s and 2p orbitals in ground state of carbon atom and b) sp® hybridization of atomic
orbitals [112]

1.3.1 Properties

Diamond has the face-centered cubic lattice with sp*-hybridized tetrahedrally bonded
atoms. Covalent bond lengths of the carbon-carbon atoms is equal, thus diamond builds
strong three-dimensional network of covalent bonds. Due to this hexagonal structure,

diamond exhibits the highest hardness and thermal conductivity in comparison with any
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bulk material. Diamond has many other extraordinary properties, such as chemical in-
ertness, high wear resistance, optical transparency from ultraviolet to far-infrared, the
lowest thermal expansion coefficient. Intrinsic diamond is an electrical insulator, but can
become a wide-band-gap semiconductor when suitably doped. Moreover, diamond is bio-
logically inert and non-toxic material, which makes it suitable for various biosensing and
biomedical applications [114-116].

Different elements can incorporate in the diamond lattice resulting in wide variety of
crystallographic defects and color centers. The most common impurity elements are ni-
trogen and boron. The diamond type classification system divides diamonds into different
categories based on the presence or absence of nitrogen and boron impurities. There are
two main categories: 1) Type I diamonds contains sufficient amount of nitrogen, that is
detectable using IR spectroscopy and 2) Type II diamond do not contains IR detectable
amount of N impurities. Both types of diamond are further subdivided, as is shown in the
figure 1.17. In type I group belongs type Ia, that has aggregated nitrogen impurities and
is the most common natural diamond type. It contains up to 0.3 % of nitrogen. Type IaA
consists of pairs of aggregated N atoms and type IaB are made up of four N atoms and
vacancy V in the middle. Type Ib contains isolated single N impurities. This type is very
rare in nature (less than 0.1 %) but almost all of the synthetic diamond belongs here and
contains nitrogen concentration up to 500 ppm. Type II does not contain any nitrogen
impurities and is divided into two subgroups - Type Ila contains very little nitrogen and
is also very rare in nature. Type IIb contains even lower nitrogen concentration than type
ITa, but it has boron impurities, that makes the diamond p-type semiconductor with a

blue color. This type is extremely rare in the nature [114,115,117].

1.3.2 Diamond synthesis

Diamonds can be obtain from nature by mining, but they are in limited amount and
for high prices. But the exceptional properties of diamond suitable for many applica-
tions led to the discovery of different ways to synthesize diamond artificially. Diamond is
metastable (kinetically stable, but thermodynamically unstable) material and the conver-
sion from graphite to diamond is extremely difficult at room temperature and pressure,
as graphite is thermodynamically stable allotrope of carbon in these conditions. There is

large activation barrier between these two phases that needs to be overcome to form dia-
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Figure 1.17: Schematic configuration of the diamond lattice impurities according to the diamond type
classification system, reproduced from [117]

mond from graphite. Nowadays, two methods are commonly used to synthesize diamond
from graphite - high-pressure high-temperature (HPHT) method and chemical vapor de-
position (CVD) method. These methods will now be discussed. Figure 1.18 shows the
phase diagram of carbon. It also shows the conditions used for different methods of

synthesis. [114, 116]

HPHT synthesis

HPHT method was used in 1954 by General Electric for the first time and it has been
used to synthesize "industrial" diamond for decades. This method is used to produce
diamond crystals ranging from nanometers to millimeters sizes. In this method, graphite
is compressed in the hydraulic press at pressure of tens to thousands of atmospheres and
the temperature over 2000 K in the presence of suitable metallic catalyst. HPHT-grown
diamond are almost all of type Ib and they are used mainly in the industry such as cutting

tools or for polishing and grinding in optics. [114,116,117]
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Figure 1.18: The phase diagram for carbon, reproduced from [114]

Chemical vapor deposition

Chemical vapor deposition method is used to grow either polycrystalline diamond thin
films or epitaxial diamond layers. CVD-grown diamonds are most commonly type Ila
and are typically almost colorless or light brown [117]. This method is using conditions at
which diamond is not thermodynamically stable, so it is also called metastable synthesis
[115]. The CVD growth occurs in a low vacuum reactor using activated process gases
(commonly methane CHy diluted in hydrogen H,) at the temperature usually higher
than 800 °C. Diamond thin films are grown from nucleation sites on the substrate by
atom-by-atom and layer-by-layer process. The process involves decomposition of process
gases and chemical reactions. This process is presented in the figure 1.19. Different
approaches can be used to activate process gases, such as thermal activation (using a
hot filament), electric discharge (e.g. DC, RF or microwave) or a combustion flame
(oxyacetylene torch) [114,116]. In this work, diamond layers were grown using microwave
plasma enhanced chemical vapor deposition methods (MW-PECVD).
Diamond doping
During the CVD diamond growth process, different precursors gases can be added to the
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Figure 1.19: Schematic of physical and chemical processes occurring during the CVD diamond deposition,
reproduced from [116]

reactant mixture to incorporate dopants in the growing layer, such as nitrogen, boron,
phosphorous or some other metallic ions. The different dopants change the mechanical,
electrical or electrochemical properties of the resulting diamond film [114]. Doping with
nitrogen, silicon or nickel leads to the formation of luminescent color centers in diamond,
which are used in photonics and quantum applications. Diamond layers are semiconduc-
tive when doped with boron (p-type semiconductor), phosphorous or nitrogen (n-type
semiconductor) [114]. The activation energy of boron-doped diamond is 0.37 €V and the
band gap is 5.47 eV, for the phospohorous-doped diamond the activation energy is 0.57 V.
Carrier mobility decreases with increasing number of incorporated boron or phosphorous
atoms, which causes reduction of the diamond film resistivity. For boron concentrations
higher than 10!, conduction by free holes in valence bands is dominant. The metal-
insulator transition and superconductivity arise at the boron concentration higher than
3-10%° atoms/cm?®. The resistivity of such heavily boron-doped 100 film is 10 m{2/cm or
less at room temperature. In comparison, the resistivity of heavily phosphorous-doped

diamond 111 film (10?° P atoms/cm?) is 70 2/cm. [118]
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1.3.3 Surface terminations

Surface functionalization via attachment of different biomolecules is important part of
producing biosensing devices. Surface termination of diamond layers is starting point
for further functionalization and will be briefly discussed here. As-grown fresh CVD
diamond has hydrogen terminated surface, this H-termination is very stable and makes
the diamond layer very hydrophobic. Hydrophobicity of H-terminated diamond layer
can be an issue for further functionalization processes. The H-layer can be removed
by annealing in vacuum providing surface with unsaturated dangling bonds. Second
important termination is oxygen-terminated surface, which can be obtained from oxygen
plasma, ozone (Os) treatment or wet chemical treatment. By plasma treatment, the
"ketone" (O atom si double-bonded to C atom (C=0)) and "carbonyl" (O atom bridges
to surface C atoms (C-O-C)) termination is likely obtained. Chemically oxidized atoms
provides hydroxyl (-OH) or carboxyl (-COOH) termination. These groups makes the
diamond surface hydrophilic. Several methods have been developed to introduce different
groups on its surface, such as termination of diamond by halogens, fluorine and chlorine,
or amino groups (NHj). Halogen termination can be achieved by UV irradiation of the
sample in the suitable environment (e.g. Cly for chlorinated surface) Anyway, to obtain
amino groups on the surface, the halogen termination is starting point. Diamond surface
terminations give sufficient options for activation and introduction of biomolecules to its
surface. Standard chemical methods (cross-linking) can be applied to couple biomolecules

to the amino-, hydroxyl or carboxyl terminated diamond surfaces. [13,119-121|

1.3.4 Diamond in biosensing

Thanks to it chemical inertness, biocompatibility and low toxicity, diamond is promising
material in many engineering, medical and biotechnology applications. It can be used
either in the form of nanoparticles, or thin nanocrystalline coating. Despite its chemical
inertness, diamond surface can be functionalized with different surface termination (as dis-
cussed above) in order to attach different drugs or biomolecules [122]. Bio-applications of
diamond are very wide, this part will discuss the use of diamond in biosensing technology.

Development of biosensors involves integration biomolecules within microelectronic

devices. This needs to develop an interface compatible with microelectronic fabrica-
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tion methods that also enables biofunctionalization and provides stability and selectiv-
ity when exposed to biological environment [123|. Protocols for biofunctionalization of
microelectronic-compatible materials, such as silicon, glass or gold, has been well devel-
oped. However, the interface between these materials and biomolecules is not stable and
its degradation is problem mainly for real-time and long-term monitoring [123,124]. Dia-
mond became a competitive material, as it is compatible with microelectronic processing
methods and provides stable immobilization of biomolecules, such as DNA [125,126] or
aptamers [127] via covalent attachment [128]. Radadia et. al. showed that proteins
attached to the UNCD surfaces has extended stability and retain their activity at phys-
iological conditions compared to glass surfaces [129]. Recently, Zhang et. al developed
diamond solution-gate field-effect transistor using H-terminated diamond functionalized
with specific antibody for detection of SARS-CoV-2 N-protein [130].

As diamond possesses also extraordinary electrochemical properties, such as low back-
ground current and wide potential window, it was successfully used to develop electro-
chemical biosensors [131]. In addition to its excellent properties, diamond showed less
propensity to fouling during electrochemical measurement in comparison to other con-
ventional electrodes materials, such as metallic electrodes, metal oxides or glassy carbon
electrodes. The electrode fouling is problem, that can cause passivation of the electro-
chemically active surface and thus deterioration of sensing performance [132]. Bijnens et.
al. developed a fast and label-free immunosensor for C-reactive protein (CRP) detection
using H-terminated NCD layer functionalized with anti-CRP antibodies [133]. BDD elec-
trodes were also used to eliminate water’s micropollutants and resistant bacteria. It was
shown, that the electrochemical oxidation treatment using BDD electrode was able to
decrease analyzed pharmaceutical and drugs concentrations by more than 51 %, and for
coliform bacteria and staphylococci the efficiency reached almost 100 % in the Slovakia
and Czech Republic wastewater [134]. BDD electrodes are often used for inactivation
of bacteria in water, see review of Martinez-Huitle and Brillas [135]. EIS method was
successfully used to detect SARS-CoV-2 virus using N protein antibody-modified BDD
electrodes [136]. BDD electrodes are also used for dopamine and melatonin detection,
that are neurotransmitters and their detection is important in investigation of neurode-

generative diseases. [137,138]
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1.3 Diamond

Diamond-based acoustic sensors for biosensing

This Thesis studies the acoustic sensors with integrated diamond coating for biosensing
applications. As was written in the previous section, diamond is widely used in bio-
applications, but there are only few studies on diamond-based biosensors. In the acoustic
technology, diamond is more often used in high-frequency applications as a substrate due
to the very high diamond’s acoustic velocity [139].

The idea of integrating of diamond with acoustic devices for the biosensing is not
new, but the low Curie temperature of quartz was long time an issue for the NCD layer
depositions [140]. Prochazka et. al showed that intrinsic diamond coated QCMs with
H-NCD or O-NCD termination possesses enhanced sensing performance for bovine serum
albumin and fibronectin proteins in comparison to bare QQCM sensors [140]. Manai et.
al developed BDD diamond micro-cantilever for odorant detection in liquid phase by
immobilization of two olfactory receptors - mouse M17 and chimpanzee OR7D4 [141].
SAW resonator coated with diamond nanoparticles with Major Urinary Proteins from
mouse as recognition element was developed for artificial olfaction applications [142]|. To
my knowledge, there has been no previous studies on the integrating of diamond coating

with LW-SAW sensors for biosensing application for bacteria detection.
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2 Aims of the Thesis

This work aims to carry out essential research on diamond-coated LW-SAW sensors to

determine their suitability for pathogenic bacteria detection in aqueous solutions.

The research directions are more particularly specified as follows:

1. Theoretical investigation of diamond-coated LW-SAW sensors

e To study the effect of different materials on the properties of diamond-coated
LW-SAW sensors, such as phase velocity, electromechanical coupling coefficient

and sensitivity
e To discuss the possibilities to obtain high sensitive LW-SAW sensor with dia-
mond coating
2. Fabrication and characterization of diamond coated LW-SAW sensors
e To fabricate LW-SAW sensors, study its properties and evaluate the accuracy
of theoretical results
e To fabricate LW-SAW sensors with different types of diamond coatings and
discuss their properties
3. Functionalization of diamond surface
e To produce N-terminated His-tagged bacteriophage’s tail fibers and study their
binding to the bacterial host cells

e To attach produced tail fibers to the diamond surface
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3 Methods

This chapter covers the main methods used within this Thesis and it contains several parts,
that can be divided like follows: 1) Numerical simulation tool for the design of acoustic
wave structures: This chapter presents a numerical simulation tool used for designing
and studying acoustic wave structures. This tool allows for modeling and predicting
the behavior of acoustic waves in specific structures. 2) SAW devices fabrication and
characterization methods. This chapter explores different material options and deposition
methods to optimize the performance of acoustic wave structures. 3) CVD diamond layers

deposition and characterization.

3.1 Theoretical simulations

3.1.1 Basic COMSOL model

To investigate the propagation of elastic waves in multilayered structures, we utilize a solid
mechanics piezoelectric model in the COMSOL Multiphysics software. This advanced
model enables us to simulate and analyze the behavior of elastic waves in intricate layered
systems. By leveraging this model, we can gain valuable insights into various aspects
such as wave polarization, localization, and guiding within the structure. Additionally,
considering the piezoelectric properties of the materials involved allows us to explore the
electrical response and characteristics of practical designs. Overall, this approach provides
us with a comprehensive understanding of the dynamics and interactions involved in wave
propagation in multilayered structures.

In this work, we are specifically interested in surface or guided acoustic waves, where
the penetration depth is typically close to the wavelength or less. To operate within
the desired frequency range of a few hundred MHz, the wavelength will be kept in the
range of 10 pm to 20 pm. With this in mind, a basic unit cell model consists of 60 pm-
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3.1 Theoretical simulations

height piezoelectric substrate (quartz, LiNbOs, LiTaO3) covered by a guiding layer. Euler
angles for ST-cut quartz were chosen to obtain 90 degrees rotated substrate around z-axis,
since fast shear waves (5060 m/s) propagate along the z-axis (y-axis of ST-cut quartz
substrate) and Rayleigh waves cannot be generated because of zero electromechanical
coupling coefficient. The substrate was divided into two parts: the lower part includes
damping material to prevent surface waves from propagating downwards, while the upper
part allows for the propagation of surface waves on the top surface. This configuration
enables to focus the analysis on the desired surface wave phenomena while mitigating
unwanted effects from the bottom surface.

Floquet periodic conditions are a mathematical framework used to model and analyze
elastic waves in periodic structures. These conditions allow us to study wave behavior
in an infinitely repeating structure by imposing periodicity constraints on the wave so-
lutions. In the context of elastic waves, Floquet periodic conditions involve expressing
the displacement and stress fields as a combination of a plane wave and a periodic func-
tion. The periodic function accounts for the repeating nature of the structure, while the
plane wave component represents the wave propagation direction. By applying Floquet
periodic conditions, we can analyze the dispersion properties, band structures, and wave
propagation characteristics in periodic elastic structures. This framework is particularly
useful in understanding the interaction of waves with periodic boundaries and the forma-
tion of bandgaps, which are frequency ranges where certain wave modes are prohibited
from propagating through the structure. Overall, Floquet periodic conditions provide a
powerful tool for studying elastic wave phenomena in periodic structures, enabling us to
explore their unique properties and design novel devices based on wave manipulation.

Floquet periodic conditions (expressed by equation (3.1)) were applied along the y-axis
and z-axis to obtain whole crystal by repetition of the unit cell.

- _ = gk (r,—re)
Ugst = UgpcC B dst Tered, (31)

—

where v, and ugs—~ were displacement vectors of the source and the destination, 7./,

src
and 7, were vectors of the source and the destination, k7 was wave vector fixed to pi/a,
which was the boundary of the irreducible Brillouin zone. From the relations k = = and
k= 27” we could deduce that A is fixed to 2a. The basic model is shown in the figure 3.1.

To distinguish between bulk (BAW) and surface acoustic waves (SAW), the wavelength
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3.1 Theoretical simulations

Figure 3.1: Basic COMSOL model used for theoretical calculations: a) whole structure, b) detail of the
upper part with the guiding and diamond layers ¢) top view with shown periodic conditions

normalized energy depth (NED) was calculated to select surface modes:

[[f, 5T3;55(—2)dadydz

NED =
n [[f, 37555 dedydz

(3.2)

where T;; and S;; are the stress and strains components, star symbol denotes complex
conjugate. D means that we integrate across whole domain, A\ is the wavelength. For the
continuous guiding layer, n = 1. The average depth of the acoustic energy is less than a
wavelength for surface acoustic modes resulting in NED < 1,. As SAW includes SH type
and Rayleigh type waves, the Rgy was calculated to distinguish between them, according

to equation 3.3:

[, vsaviydadydz
fffv (ugu} + vy vy + wow;)drdydz

Ry = (3.3)

where u,, v, and w, are displacement component in z, y and z direction respectively,
vgg 18 SH component of the displacement, V denotes the whole volume of unit cell.

Complex conjugate is marked with the star symbol (*) [143].
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3.1 Theoretical simulations

3.1.2 Model with IDTs electrodes

For some simulations, model with IDTs electrodes were used. The unit cell model was the
same as described above, only electrodes were added on top of the piezoelectric substrate.

One electrode was set to potential 1 V and the second one was grounded.

Figure 3.2: COMSOL model with IDTs electrodes: a) whole structure, b) detail of the IDTs electrode
and c¢) top view with shown parameters of wavelength A and acoustic aperture W

3.1.3 Phononic crystal model

A 30 pm-height 90ST-cut quartz substrate |[Euler angles = (90°, 132.75°, 0°), LH 1978
IEEE] for generation of fast shear (SH) waves propagating along the x-axis was used.
To calculate the dispersion curves of the band structure, unit cell of the PnMs with the
square array period with lattice constant a, resulting in the wave wavelength A = 2a,
was constructed in COMSOL Multiphysics software. The irreducible Brillouin zone (BZ)
was square bounded by I'-X-M-Y-I" and the band structures were calculated only in the
I'-X direction. The model setup was then the same as described in previous section 3.1
Theoretical simulations. The NED was calculated according to equation 3.2, where for

the pillar PnMs n = 1 + h,/X because of the pillar height, and SH ratio was calculated
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3.1 Theoretical simulations

according to equation 3.3. COMSOL model of different configurations used in this study
is shown on the Figure 3.3, where a is lattice constant, hg;os is thickness of guiding silica

layer, r is pillar radius and h,, is height of the pillar.

Figure 3.3: Different configurations of COMSOL model for calculation of phononic crystals band struc-
tures: a) 90ST-cut quartz substrate with silica guiding layer, b) quartz substrate with silica guiding layer
and diamond or SiO; PnMs and ¢) quartz substrate directly with diamond or SiOy PnMs

3.1.4 Transmission model

The phononic band structures show the resonance and polarization of the PnCs. To bet-

ter understand the band structures, the transmission spectra of 3D PnCs were calculated

in COMSOL Multiphysics.

The simulation was realized by using the SAW device model consisting of two parts
of IDTs and PnC located between the IDTs electrodes. As the model was symmetrical
along the y-axis, the boundary periodic conditions were applied to the y-axis reducing
the model to only one period. To avoid undesired reflections, the model was surrounded
by perfectly matched layer and lateral and bottom sides were kept fixed. To obtain the
fast shear acoustic waves, 20 pairs of 200 nm thick IDTs aluminum electrodes were added
on top of the piezoelectric 90ST-cut quartz substrate. To excite the acoustic waves in
the quartz substrates, the harmonic voltage Vo = 1 V was applied on the even fingers of
the IDTs acting as a transmitter. Odd fingers were grounded. Generated acoustic waves
confined in the SiO4 guiding layer propagated through the phononic crystals, consisted of
10 pillars, to the second set of IDTs fingers acting as a receiver. The output signal was
obtained by averaging voltage variations between the even and odd IDTs fingers, where
odd fingers were grounded and even fingers were set to zero surface charge accumulation.

The transmission spectra were calculated at the fixed wavelength and the width of the
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3.1 Theoretical simulations

IDTs was calculated according to the relation L;pr = A L where v was the velocity

4= af
of the Love waves resulting from the dispersion relation of the Love waves and f was the

frequency of the pillar resonance obtained from the band structure.

Figure 3.4: Model of the SAW device used for the calculation of the transmission through PnC

The dispersion curve for velocity of Love waves as a function of the frequency was
calculated using COMSOL Multiphysics for the 90ST-cut quartz substrate with 1.5 or 2
thick pm SiOy guiding layer. To obtain exact velocity for the pillar resonance frequency,

the dispersion curve was fitted using Matlab software, as is shown in the figure 3.5.

Figure 3.5: Dispersion curve of the velocity of Love waves for two different SiOs guiding layer thicknesses
with shown fitted curve obtained in Matlab
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3.2 SAW device fabrication & characterization

3.2 SAW device fabrication & characterization

Piezoelectric wafers were purchased from Krystaly, Hradec Kralové. Schematic pictures
of the fabricated LW-SAW sensors with IDTs electrodes, a guiding layer and thin NCD
layer is shown in figure 3.6. For the fabrication of LW-SAW sensor used in this Thesis,
the simple IDT geometry was chosen. It means that IDTs consist of alternating polarity
(single finger) with unapodized fingers (equal finger’s length) and with equal finger width

and gap resulting in metallization ratio 0.5.

Figure 3.6: Structure of diamond coated LW-SAW sensor: a) cross-section, b) top view

LW-SAW sensors were fabricated using conventional microtechnology techniques at
Institute of Physics CAS and at CEITEC (Central European Institute of Technology) in
cooperation with Ing. Imrich Gablech, Ph.D., as described below. SAW device fabrication
at IoP was done to test device’s design one by one, larger scale production was done at
CEITEC in their clean room lab, as their equipment is more suitable for work with wafer

size samples.

3.2.1 SAW device fabrication at IoP

Metal deposition

Prior to aluminum metal deposition, piezoelectric substrates were cleaned by sonication
in acetone, isopropyl alcohol and hot deionized water for 5 minutes each followed by
cleaning in mixture of sulfuric acid HySO4 (98%) and hydrogen peroxide (30%) (mixture
ratio 1:1) for 10 minutes and rinsed 5x in the deionized water. 200 nm thick aluminum
layers were deposited by a sputtering method in homemade magnetron sputtering system.

Used deposition conditions are written in table 3.1.

62



3.2 SAW device fabrication & characterization

Table 3.1: Used conditions for Al layers deposition by magnetron sputtering

Pressure Gas Power Voltage Distance target Target Deposition
- substrate diameter rate
0.5 Pa Ar, 16 sc- 420 W 450 V 10 cm 100 mm 100
cm nm/min

Patterning of IDTs electrodes

Interdigital transducers (IDTs) electrodes were patterned using optical photolithography
technique followed by chemical wet etching. The design of the mask was done in the
CleWin5 software. Negative photoresist ma-N 1410 (purchased from Micro resist tech-
nology GmbH) was deposited on metal coated piezoelectric substrates by spin coating
at 3000 rpm for 30 s followed by baking at 110 ° for 150 s on a hot plate. Exposure of
photoresist was done using laser writing MicroWriter (from Durham) apparatus followed
by hard baking at 120 ° for 150 s. Exposure conditions are given in the table 3.2. The
exposed pattern was developed in ready-to-use developer ma-D 533/S (purchased from
Micro resist technology GmbH) for 40 s and thoroughly rinsed in deionized water and
dried using the cleaned and dry compressed air. The final pattern was obtained by wet
chemical etching of aluminum layer in the mixture of H3PO, : CH3COOH : HNOj3 : H,O
with the mixing ratio 19:1:1:2 for 4 minutes. Then the samples were rinsed in isopropyl

alcohol and DI water before being dried using cleaned and dry compressed air.

Table 3.2: Used exposure conditions for negative photoresist ma-N 1410 at MicroWriter photolithography
apparatus

Laser di- Laser wave- Quality of Focus cor- Exposure Exposure
ameter length exposure rection mode dose
1 pm 405 nm 0.5 pm/pixel 0.4 X raster 300 mJ/cm?

Deposition of guiding layers

To obtain SAW sensor with Love waves, two materials were used as a guiding layers -
silicon oxide and zinc oxide.

Deposition of Si0, guiding layers
Amorphous silicon oxide layers were deposited in cooperation with J. Bulit at IoP by ra-
diofrequency magnetron sputtering method or at Institute of Electronics, Microelectron-

ics and Nanotechnology (IEMN), Lille, France using low temperature plasma enhanced
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3.2 SAW device fabrication & characterization
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Figure 3.7: Scheme of a process for patterning IDTs electrodes followed by guiding and diamond layer
deposition

chemical vapor deposition (PECVD) Plasmalab 80 plus deposition system from Oxford
Instruments. Used conditions are reported in table 3.3. IDTs pads were mechanically

protected during all the depositions.

Table 3.3: Amorphous SiO5 layers deposition conditions

SiO; (IEMN) SiO, (IoP)
150 scem SiHy, 10 scem Ar, 2 scem Oq
700 sccm NyO

Gas composition

Power MW, 20 W RF, 200 W
Process pressure 1.3 mbar 1 Pa
Substrate temperature 300 °C RT
Growth rate 67.5 nm/min 8 nm/min

Deposition of ZnO guiding layers
Zinc oxide layers were deposited in cooperation with Ing. Petr Novdk Ph.D. from Uni-
versity of West Bohemia in Pilsen. The deposition was performed in a BOC Edwards TF
600 coating system equipped with two magnetrons connected to a radio-frequency (RF)
and direct-current (DC) power supplies. The films were deposited from metallic Zinc
target (3 inches in diameter) placed on RF magnetron and samples were placed in the
center of a rotating holder, but not directly opposite to the sputtering target. This layout
allows eliminating the influence of the high-energy negative ions accelerated by cathode

sheet voltage. These high energy ions lead to deterioration of structure. The distance
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3.2 SAW device fabrication & characterization

between the target and substrate was 150 mm and the substrate holder was on a floating
potential. The mixture of argon and oxygen was used to ensure complete oxidation of the
film, thereby simulating oxygen-rich conditions. The substrates were heated on 350 °C to
ensure good crystalline quality and strong preferential orientation. Conditions used for

Zn0 layers deposition are listed in the table 3.4.

Table 3.4: Conditions used for deposition of zinc oxide layers using magnetron sputtering

RF power Discharge Gas composition Pressure Temperature
(W) voltage (V) (Pa) (°C)

O, (sccm)  Ar (scem)
600 860-1060 4 3 1 350

3.2.2 SAW device fabrication at CEITEC

SAW devices were fabricated using physical vapor deposition (PVD) for Ti/Al electrodes
and plasma-enhanced chemical vapor deposition (PECVD) for SiOy guiding layer.

Metal deposition

For metal deposition, the substrate was loaded in ion-beam sputtering instrument equipped
with two Kaufman ion-beam sources (IBS). Primary IBS was used for deposition and the
secondary IBS was used for substrate pre-cleaning to remove adsorbed impurities on wafer.
The pre-cleaning procedure was done for 5 minutes with Ar ions at low energy of 36 eV.
Such low energy is safe for substrate and cannot cause damage or changes of electrical
and mechanical parameters. Then was used primary IBS for deposition of 3 nm thick Ti
adhesion layer using Ar ions with energy of 600 eV. This step was followed by deposition
of 200 nm thick Al layer employing Ar ions with energy of 900 eV.

Patterning of IDTs electrodes

Shaping of interdigitated electrodes was done using UV lithography employing positive
photoresist and etching using BCl3 /Cl, plasma mixture in RIE instrument. The photore-
sist was then removed using dimethylsulfoxid (DMSO) for 10 minutes at 80 °C, rinsed by

demineralized water and dried by compressed nitrogen.
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3.2 SAW device fabrication & characterization

Figure 3.8: Scheme of ion-beam sputtering instrument with two Kaufman ion-beam sources (IBS)

Deposition of SiO, guiding layer

Such cleaned wafer was then placed to the PECVD instrument for deposition of 2.5 um
thick SiO, layer. Windows on pads for electrical connections were opened using the same
type of photolithography and photoresist as in previous step. Consequent etching of SiO,
was done using mixture of CHF3/Ar plasma using RIE method. When the etching of
SiOy was done, wafer was cleaned using the same procedure as is described before. Wafer

was then covered using positive photoresist and cut into single chips using dicing saw.

3.2.3 Frequency characterization

Fabricated LW-SAW sensors were characterized using a vector network analyzer Agilent
E8364B and Summit 9000 Analytical Probe Station with Infinity probes at Institute of
Physics, CAS, shown in the figure 3.9. Reflection S;; and Soy and transmission So; and Sqo

scattering parameters were measured in magnitude and phase at the room temperature.

Figure 3.9: Network analyzer with a probe station
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3.3 Diamond layers deposition & characterization

3.3 Diamond layers deposition & characterization

Thin nanocrystalline diamond (NCD) layers were deposited at a low temperature (< 500 °C)
to preserve piezoelectric properties of the quartz substrate using microwave linear antenna
plasma enhanced chemical vapor deposition (MW-LA-PECVD) apparatus for low tem-
perature deposition and AX5010 apparatus from Seki Diamond System for conventional
NCD deposition, see figure 3.10. Prior to NCD growth, LW-SAW samples were seed-
ed with nanodiamond particle water based colloids (NanoAmando®B from NanoCarbon
Research Institute Ltd., average mean crystal size of 4-6 nm) by spin coating for intro-
duction of diamond nucleation sites on the sample’s surface. The IDTs contact pads were
mechanically protected by clean lab tape as solid mask (F04xx tape from Semiconductor
Equipment Corp.) to ensure they would not be coated with insulating diamond. Condi-
tions for NCD layers deposition are reported in table 3.5. Deposition conditions of used

BDD layers are discussed and listed directly in the chapters in the results section.

Table 3.5: Intrinsic NCD layers deposition conditions at low temperature

NCD layer
Gas composition 92 % Ha, 5 % CHy, 3 % COq
MW power 2 - 2.75 kW
Process pressure 0.25 mbar
Substrate temperature 320 < T < 500 °C
Growth rate 20 nm/h

Figure 3.10: Apparatuses for CVD deposition of thin diamond layers, A) high temperature AX5010
deposition system from Seki Diamond System, Japan and B) MW-LA-PECVD apparatus from Leybold
Optics Dresden, Germany for low temperature deposition
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3.3 Diamond layers deposition & characterization

3.3.1 Morphology NCD layer characterization

The morphology and the roughness of the NCD layers were investigated by Atomic force
microscopy (AFM) using a Dimension Icon ambient AFM in Peak Force Tapping mode
with Tap150Al-g tips and Tescan FERA3 scanning electron microscope (SEM). AFM was

also used to measure thickness of the diamond layers.

3.3.2 Raman spectroscopy

The quality of diamond layers was investigated using Raman spectroscopy using Renishaw
InVia Raman microscope with a 488 nm excitation laser at a power of 25 mW at 20 °C.
Raman spectra were normalized to the diamond peak. Raman spectroscopy is widely used
to determine the quality of diamond, i.e. non diamond carbon concentration (sp? carbon)
as well as diamond dopants, such as boron (peak at 500 cm™!). In Raman spectra, sp?
carbon fraction is responsible for peaks at 1600 cm™* (G band) and 1345 cm™! (D band),
peaks at 1100 - 1150 ecm ™! and 1430 - 1470 cm ™! are attributed to the trans-polyacetylene
C-H chains at grain boundaries and surfaces, shown on figure 3.11. The diamond zone-
center phonon peak is located at 1332 cm ™! and is used as a signature of high crystalline

quality [144,145].

Figure 3.11: Raman spectra of CVD nanocrystalline diamond layers. Red line - CVD layer without
impurities, clear diamond peak at 1332 cm™!. Black line - NCD layer with a significant fraction of
non diamond carbon (D and G band attributed to sp? carbon, peaks attributed to trans-polyacetylene),
diamond peak at 1332 cm™! [13].

68



3.3 Diamond layers deposition & characterization

Raman spectra of BDD layers

When diamond layers are boron doped, new peaks appear in the Raman spectra - peak
at 500 cm~! and 1230 cm™! and the diamond zone-center phonon line is red shifted. The
intensity of boron-related peaks increases with the increasing boron concentration, see

figure 3.12, [146].

Figure 3.12: Raman spectra of BDD layers with different boron concentrations, reproduced from [146]
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4 Results and discussion

This chapter summarizes the work carried out within this Thesis. The development of
biosensors is complex task involving optimalization and fabrication of physical transducer,
production of biosensing elements and their immobilization on the surface of the transduc-
er. All these important steps of biosensor development are discussed within the following
eight chapters. Three of them are theoretical about FEM simulations of LW-SAW sensors,
two chapters describes experimental work on LW-SAW sensors, one chapter is devoted
to the production and purification of his-tagged bacteriophage tail fibers, one chapter
focuses on functionalization of boron doped diamond layers in order to attach produced
tail fibers to the BDD surface and last chapter summarizes work on the QCM sensors

with BDD layer and its functionalization.
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4.1 FEM simulations of the properties of diamond coat-

ed LW-SAW sensors

The aim of this chapter is to investigate the behavior of the LW-SAW sensors after the
addition of the diamond layer on top of the sensitive area of the sensor’s surface. Three
most commonly used piezoelectric substrates for LW devices were investigated - quartz,
lithium tantalate (LiTaOj3) and lithium niobate (LiNbO3) in combination with two mostly

used guiding layers materials - SiOy and ZnO.

4.1.1 Methods

Theoretical simulations were carried out using COMSOL Multiphysics software with mod-
el described in the section 3.1 Theoretical simulations, subsection 3.1.1 Basic COMSOL
model. The dispersion curves were calculated for guiding layer normalized thickness
hguia/ A between 0.01 and 1 by fixing A = 10 pm and varying the thickness of SiO, layer
for different thicknesses of the diamond coating hycp. The data calculated in COMSOL
Multiphysics were processed by script in Matlab in order to filter out BAW modes (equa-
tion 3.2) and to distinguish between Rayleigh and SH modes (equation 3.3).

The FEM analysis is used to compute eigenfrequencies of the acoustic modes, the

phase velocity was calculated using the basic equation:

v (m/s)=[-A (4.1)

where v is the phase velocity, f is the frequency of the acoustic mode and A is the acoustic
wave wavelength. The electromechanical coupling coefficient (K?) is theoretically given

by:

K* (%) =2- Ufree — Umetal 100, (4.2)
Vfree

where vfee and vy are the free surface and metalized (short-circuited) surface phase
velocities [83]. This equation was used to calculate the K? in this chapter. The surface

of the piezoelectric material was grounded for the calculation of the eigenfrequencies
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4.1 FEM simulations of the properties of diamond coated LW-SAW sensors

of short-circuited surface. The sensitivity was calculated by adding thin poly(methyl)
methacrylate (PMMA) layer on top of the model structure. As the density of the PMMA
is p = 1.18 g/cm3, the mass per unit area could be calculated and sensitivity was then

obtained by using the equation:

: Af
Sm = A, fo-Am’

(4.3)

where fj is unperturbed operational frequency, Af is the change in the operational fre-

quency caused by mass loading and Am is the mass per unit area [147].

4.1.2 ST-cut quartz LW-SAW sensors

Figure 4.1a) shows that the phase velocity is constant for hg;02/A below 0.04 for uncoated
LW-SAW sensor with SiO, guiding layer and decreases above this value. This is attribut-
ed to trapping of the acoustic waves in the SiO, guiding layer with slower shear velocity
(2850 m-s~!) than the piezoelectric substrate. The phase velocity increase with the thick-
ness of the NCD layer is attributed to the increasing stiffness of the sensor’s surface. The
highest sensitivity of LW-SAW sensor is obtained in the region of the largest dispersion
of the phase velocity. Figure 4.1c) shows that the optimal sensitivity is obtained for sili-
con oxide normalized thickness hg;o2/A between 0.1 and 0.5 and it is shifting the highest
sensitivity to higher hg;os/A values with higher diamond coating thicknesses. Within this
range of normalized thickness hg;o2/A, K? is decreasing from 0.25 to 0.1 %, (see figure
4.1b)). The last graph 4.1d) shows the sensitivity as a function of diamond normalized
thickness hnxcp/A for hgio2/\ equals to 0.15 and 0.3. Steep decrease in sensitivity is
observed for increasing hycp/ reaching zero sensitivity at hycp/A = 0.007 and 0.03 for
hsioa/A = 0.15 and 0.3 respectively, which confirms the graph 4.1c) and highlights the
importance of thin diamond coating.

The behavior of ST-cut quartz LW-SAW sensors with ZnO guiding layer is very similar
to the sensors with SiOs guiding layer. Figure 4.2a) shows that phase velocity dispersion
curves are decreasing since lower values of hz,o/A which shifts the highest sensitivity of
LW-SAW sensors to the lower and easily reachable hyz,0/\ values in fabrication process,
see 4.2¢). Highest sensitivity obtained for diamond uncoated sensors is at hz,o/A = 0.4

shifting to hz,0/\ = 0.8 for 100 nm thick diamond coating. K? is higher than for LW-
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4.1 FEM simulations of the properties of diamond coated LW-SAW sensors

Figure 4.1: Dispersion curves for a) phase velocity, b) K2, c) sensitivity as a function of silicon nor-
malized thickness hg;o2/ for different thicknesses of diamond coating for Diamond/SiOy/ST-cut quartz
structure and d) sensitivity as a function of diamond coating normalized thickness for two different silicon
normalized thickness hg;02/A

SAW with SiO layer due to piezoelectric properties of the ZnO layer, but it also decrease
with adding diamond coating, see 4.2b).

4.1.3 36°YX LiTaO3; LW-SAW sensors

For 36°YX LiTaO3/SiOs structure the phase velocity dispersion curves are constant to
the hgio2/A = 0.2, figure 4.3a). The cause may be that the LiTaO3 substrate does not
generate pure shear waves, but leaky waves and the thickness of the guiding layer needs
to be higher to trap and confine them. Phase velocity dispersion curves indicates, that
the highest sensitivity is shifted to high values of hg;02/A, see figure 4.3¢). Also the drop
of sensitivity after diamond coating is quite significant, as the diamond coated LW-SAW
sensors almost completely loose their sensitivity. K? also decrease after diamond coating,
but its value does not change much for different thicknesses of coating, figure 4.3b).

For the LiTaO3/Zn0O structure the phase velocity starts to decrease earlier, as for the
ST-cut quartz/ZnO. Also the ZnO layer enhances the K? which is higher than theoretical

5 % for uncoated LiTaO3 substrate, but again, is reduced after adding the diamond layer,
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4.1 FEM simulations of the properties of diamond coated LW-SAW sensors

Figure 4.2: Dispersion curves for a) phase velocity, b) K? and c) sensitivity as a function of zinc oxide
normalized thickness hz,o/A for different thicknesses of diamond coating for Diamond/ZnO/ST-cut
quartz structure

figure 4.4b). The highest sensitivity is obtained for hz,o/A = 0.2, but we can observe
the same sensitivity loose after adding diamond layer as for LiTaO3 with SiO, layer. This
property makes LiTaOg3 substrate not very suitable for application in biosensing using

diamond layer as interface for immobilization of biosensing elements.

4.1.4 36°YX LiNbO3; LW-SAW sensors

Simulations were also carried out for 36°YX LiNbOj substrate with SiO, guiding layer.
This substrate has the highest electromechanical coupling coefficient that after adding of
diamond layer remains higher than 15 % for particular hg;oo/A values, figure 4.5b). On
the other hand, the highest sensitivity is obtained at hg;oo/A = 0.25 for uncoated LW-
SAW and hg;o2/A = 0.4 for both studied thicknesses of diamond coating and the sensitive
range of hg;oe/A is very narrow, figure 4.5¢). To obtain the hg;o2/A = 0.4 experimentally,
we will need IDTs electrodes with small spatial periods or thick SiO4 layer, which is both

problematic.
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Figure 4.3: Dispersion curves for a) phase velocity, b) K2 and c) sensitivity as a function of silicon oxide
normalized thickness hg;o2/A for different thicknesses of diamond coating for Diamond/SiOs/36°YX
LiTaO3 structure

Figure 4.4: Dispersion curves for a) phase velocity, b) K2 and c) sensitivity as a function of zinc oxide
normalized thickness hzno/A for different thicknesses of diamond coating for Diamond/Zn0O/36°YX
LiTaOg3 structure
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Figure 4.5: Dispersion curves for a) phase velocity, b) K2 and c) sensitivity as a function of silicon oxide
normalized thickness hg;o2/A for different thicknesses of diamond coating for Diamond/SiO2/36°YX
LiNbO3 structure and d) sensitivity as a function of diamond coating normalized thickness for two
different silicon normalized thickness hg;02/A

4.1.5 Conclusions

This chapter was devoted to the FEM simulations of LW-SAW sensors using different
piezoelectric substrates and guiding layers materials. The aim of the chapter was to
choose the materials and distinguish the parameters of the diamond coated LW-SAW
sensors, such as guiding layer thickness, IDTs spatial period and diamond layer thickness,
to obtain sensor with the best performance and sensitivity. The results were used to
design sensors used in the following chapters.

In the design of LW-SAW sensor, it is necessary to take into account several limita-
tions inerrant to the sensor fabrication processes. The resolution of the optical lithog-
raphy method to pattern IDTs electrodes is approximately 2 pm (using the apparatus
MicroWriter at IoP), which limits the IDTs spatial period to 10 pm. Deposition of SiOs
guiding layer thicker than 3 pm is difficult due to high mechanical stress in the layer and
the possible delamination. Deposition of very thin NCD layer is also limited, due to the
necessary minimum thickness to obtain a coalesced and pin-hole free diamond layer.

The decrease of sensitivity with the addition of the continuous diamond layer on top
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of LW-SAW sensors using different piezoelectric substrates lead us to think about another
types of diamond coating, such as discrete diamond coating or phononic metamaterials
to increase the electromechanical coupling coefficient and the sensitivity of the LW-SAW

devices. These ideas will be discussed in following chapters.
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4.2 LW-SAW devices with continuous and discrete NCD
coatings

The current chapter is based on the following publication [148] and it is reprinted here
with a few changes. Simulations in previous chapter showed a high decrease in sensitivity
with the increasing thickness of the diamond coating. This study aims to investigate
the difference between continuous and discrete NCD layer coating on LW-SAW sensors

properties.

e L. Drbohlavova, L. Fekete, V. Bovtun, M. Kempa, A. Taylor, Y. Liu, O. Bou
Matar, A. Talbi, and V. Mortet. Love-wave devices with continuous and discrete
nanocrystalline diamond coating for biosensing applications. Sensors and Actuators,

A: Physical, 298, 2019

4.2.1 COMSOL simulations

Diamond/SiOy/ST-cut quartz structures have been simulated using COMSOL Multi-
physics software usign the basic model described in subsection 3.1.1 Basic COMSOL
model. The substrate consists of an 90ST-cut quartz crystal with Euler angles (90°,
132.75°, 0°) for shear wave propagation along the x-axis and particle displacement along
the y-axis. The thickness of the silicone oxide hg;0o and the Love wave’s wavelength A
were arbitrary fixed to 2 pm and 20 pm respectively, which corresponds to a normalized
SiOq thickness hg;o2/A of 0.1. This hg;o2/A was chosen due to the high electromechan-
ical coupling coefficient K2 (0.26 %) of LW-SAW sensors. The theoretical study of the
coalescence effect of diamond on the propagation of SH waves was carried out in three
steps: 1/ deposition of an increasing number (4, 9, 16, 36, 64, 144) of diamond grains
(modeled as cubes) with a fixed width (274 nm) and increasing thickness over the range of
45 nm to 200 nm (see Figure 4.11 a-b), 2/ followed by the connection of diamond grains
resulting in a decreasing number (64, 36, 16, 9, 4, 1) of grains but keeping the whole
surface covered (see Figure 4.11 c-d). The thickness of the diamond cubes increased over
the range of 210 to 420 nm. And finally, 3/ the growth of a fully coalesced diamond layer.
The results of this study were compared to the growth of a diamond layer and the effect
of a rapid coalescence. The NED, equation 3.2 was calculated to filter out BAW modes
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and the shear horizontal ratio (Rsy), equation 3.3 was used to distinguish waves with

shear horizontal polarization among the appearing SAW.

4.2.2 Love-wave device fabrication

LW-SAW sensors were fabricated at IoP on ST-cut quartz substrates with a 1.6 pm thick
amorphous SiO, layer and aluminum IDTs with a spatial period of 16 pm resulting in a
normalized SiO, thickness of 0.1. 200 nm thick IDTs were patterned by RF sputtering,
photolithography and wet etching, as is described in the chapter 3.2. Each consists of
110 finger pairs with an acoustic aperture of 840 pm and propagation length of 320 pm
between input and output IDTs electrode. Fabricated electrodes are shown on figure 4.6.
An amorphous SiO, layer was deposited by low temperature plasma enhanced chemical
vapor deposition using a Plasmalab 80 plus from Oxford Instruments at IEMN. IDTs pads

were mechanically protected during SiOs layer deposition.

Figure 4.6: Micrographs of fabricated aluminum IDTs a) without any coating, b) with amorphous SiO4
coating, ¢) with amorphous SiO5 and NCD layers

Consecutive depositions of nano-crystalline diamond (NCD) layers were carried out at
low temperature by MW-LA-PECVD apparatus [149] in order to determine the effect
of diamond grain size, coalescence and diamond thickness. Prior to NCD growth, LW-

SAW samples were seeded with nanodiamond particle colloids (NanoAmando®B from
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NanoCarbon Research Institute Ltd.) by spin coating, to produce high and low particle
densities, which act as nucleation sites for subsequent NCD growth, to enable growth of
thin coalesced NCD layers and non-coalesced NCD layers. The IDT contact pads were
mechanically protected by clean lab tape as solid mask (FO4xx tape from Semiconductor
Equipment Corp.) during spin coating to ensure they were not subsequently coated with
insulating diamond. All depositions (aluminum, SiO, and NCD) were carried out at tem-

peratures below 500 °C to preserve the piezoelectric properties of the quartz substrates.

4.2.3 Nanocrystalline-diamond layer characterization

NCD coatings were characterized by AFM and Raman spectroscopy. Figure 4.7 shows
AFM pictures of deposited NCD coatings using two different seeding colloids. Use of the
lower density colloid resulted in the growth of discrete NCD grains after the 15¢ deposition.
A coalesced NCD layer was formed only after the 6*" deposition, which corresponded to a
thickness of 236 nm. Use of the higher density colloid resulted in a coalesced NCD layer
after the 1% deposition (thickness of 30.8 nm).

Figure 4.7: AFM images of deposited NCD layers with different nucleation density: 1) deposition of
NCD grains (upper part, white bar indicates distance of 270 nm) and 2) deposition of closed NCD layers
(lower part, white bar indicates distance of 1 pum)

Raman spectra of coalesced NCD layers as well as discrete NCD grains are shown in

figure 4.8. The diamond zone-center phonon peak, located at 1332 cm™!, can be seen
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clearly for all NCD thicknesses, layers and grains while no significant sp? carbon fraction
can be observed. Peaks at 1100 cm ™! for NCD layer thicknesses of 30 nm is attributed to
the substrate, while peaks at 1480 and 1490 cm™! are related to acetylene C-H chains [145].

Figure 4.8: Raman spectra of a) coalesced NCD layers and b) NCD grains with different thicknesses

4.2.4 Love-wave device characterization

Transmission coefficient So; was measured as is described in the chapter 3.2.3. Responses
of delay lines coated by coalesced NCD layers and NCD grains with different thicknesses
are shown in figure 4.9. We can notice, first, several oscillations with presence of dips
in the filter band-pass instead of perfect sin-lobe response of a periodic transducer. This
behavior can be attributed to destructive interferences that occur in the presence of defects
like short-circuit between IDTs. For coalesced NCD layers, an increase in the operating
frequency f, can be clearly seen with increasing NCD layer thickness. It can be seen, that
insertion loss decreased after deposition of NCD layer. Conversely, the delay lines coated
by discrete NCD grains (see figure 4.95b) show a decrease in operating frequency f,, and
the insertion loss slightly increases. Once a coalesced NCD layer is formed (thickness

236 nm), f, increases and we can observe a 2 dB increase in insertion loss.
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Figure 4.9: Spectra of transmission coefficient So; for LW-SAW sensors coated by a) coalesced NCD
layer and b) NCD grains with different thicknesses. From a thickness of 236 nm, the NCD layer became
coalesced.

4.2.5 Phase velocity dispersion

Figure 4.10 shows the effect of NCD thickness on the experimentally recorded normalized
phase velocity that is compared with simulated results. Phase velocity was normalized
to 4373 m/s (minimum measured velocity) and 5060 m/s (propagation velocity value for
acoustic waves in ST-cut quartz substrates). For coalesced NCD layers the phase velocity
steeply increases for initial values of NCD thickness and becomes almost constant as it
approaches 5000 m/s. This result indicates that the Love waves are no longer trapped
within the SiO, guiding layer, but that they propagate only within the quartz substrate
(see figure 4.11e). However, after deposition of discrete NCD grains, the phase velocity
increases slightly for the first two depositions, this is attributed to annealing of the quartz
substrate and amorphous SiOs layer during diamond deposition, then the phase velocity
starts to decrease until the NCD layer coalesces. The additional mass on the surface of
the sensor created by isolated grains slows down the acoustic waves, which results in a
decrease in operating frequency. It can also be observed, that the phase velocity is lower
than for coalesced NCD coatings, which indicates improved confinement of Love waves in
the guiding layer, which can be clearly observed in the figure 4.11 and therefore ensure a
higher sensitivity for the discrete NCD grain coated LW-SAW sensors than for the sensors
with coalesced NCD layers.
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Figure 4.10: Normalized phase velocity of a Love waves as a function of NCD layer thickness from
simulation (solid lines) and from experimental measurements (dashed lines) for coalesced NCD layers
(circles) and discrete NCD grains (squares) on SiOy/ST-cut quartz structure.

Figure 4.11: Love wave mode shapes for SiOs/ST-cut quartz structures with different numbers of NCD
grains: a) 4 grains, hycp=45 nm, b) 64 grains, hycp=120 nm, c) 64 grains covering whole surface,
hyep=210 nm, d) 4 grains, hycp=300 nm and e) coalesced NCD layer with the same thicknesses.
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4.2.6 Band structure of SH modes

To explain results in depth, we calculated the band structure of SH modes (SH ratio > 0.5)
for each of the cases shown in Figure 4.11c. The result is shown in Figure 4.12, X points
are the irreducible Brillouin zone limit of the unit cell in the z direction (cell parameter
is fixed to 10 pm). The black continuous and broken lines correspond to the shear bulk
mode in quartz and SiO, substrates respectively. In the case of coalesced NCD layers,
the Love mode is located above the limit of the substrate shear mode. This means that
the mode radiates into the bulk of the substrate, which is confirmed by displacement field
distribution (see Figure 4.11e). For discrete NCD grain coating, the Love mode is below
the limit of the substrate shear mode, whilst approaching the limit of the Brillouin zone

which implies a good confinement of the mode in the SiO, layer.

Figure 4.12: Band structure of unit cell: geometrical parameters case (Figure 5¢) and cell parameter
fixed to 10 nm. a) coalesced NCD layer and b) discrete NCD grains

4.2.7 Conclusions

This chapter focuses on experimental and by finite element simulations investigation of the
effect of nucleation and the growth of diamond, in the form of nano-crystalline diamond, on
the properties of SiOy /ST-cut quartz LW-SAW sensors. We successfully deposited isolated
diamond grains as well as coalesced diamond layers. The phase velocity is increasing due
to the increasing rigidity of the surface of the sensor as well as deeper propagation of the
acoustic waves in devices with coalesced diamond layers. The phase velocity is decreasing
because of the prevailing effect of mass loading in devices with the growth of discrete

diamond grains. As the diamond layer becomes coalesced, the phase velocity steeply
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increases. An increase in phase velocity above 5060 m/s was not observed, confirming
that Love waves are not propagating within the deposited diamond layer, but that it
propagates within the quartz substrate. This result explains the sensitvity lost after
adding of diamond coating with higher thickness, as the waves are no longer surface waves,
but became a bulk waves. These results confirm the possible use of very thin diamond
coating of SiOy/ST-cut quartz LW-SAW sensors with two different types of diamond
layers. These structures can be used for biosensing applications following appropriate

diamond surface functionalization.
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4.3 Enhancing the sensitivity of SAW sensors using the
diamond surface phononic metamaterials

Part of this work has been presented on the international conference 2020 Virtual MRS
Spring/Fall Meeting & Exhibit, November 27" — December 4" as the poster presentation
and was nominated for the "Best poster Award".

Phononic metamaterials (PnMs) are analog to photonic and plasmonic in optics.
Based on phononic band-gap and local resonance mechanisms, these artificial materi-
als enabled advanced control of elastic waves in solid condensed matter including wave-
guiding, trapping, multiplexing, demultiplexing, etc. [150-155]. They offer the possibility
to confine and focus an acoustic wave in an ultra-small region of sub-wavelength dimen-
sions and to extend mechanical resonance lifetimes (high quality factor (Q)) [154, 156].
Therefore, combining diamond PnMs and shear surface waveguides is of great interest to
enhance the performance of diamond-SAW based biosensors.

The main objective of this study is to investigate the sensitivity of LW-SAW sen-
sors with diamond pillar PnMs using the finite element method (FEM, COMSOL Mul-
tiphysics). As an excitation of pillar discrete resonant modes depends on its geometrical
parameters (radius, thickness and shape) [157], the sensitivity is investigated as a function

of the pillar thickness for a set of different radii.

4.3.1 Band gap structure formation

As SAW devices with phononic metamaterials are not the main objective of this thesis,
only brief theory insight into the formation of the band structure will be given here.

Phononic crystal can be observed as an extension of the concept of crystal in solid
state physics. If we exchange the periodic atoms in crystals by elastic scatters, we get the
similar influence of PnCs on elastic waves as the influence of atomic potential to electrons.
From this point of view, we can use the same definitions and concepts of lattice and band
theories as in solid state physics [158]. At first, it is important to introduce the term
Irreducible Brillouin zone.

Crystals have a spatial periodicity and symmetry, thus its eigenvectors and eigenfre-

quencies has also certain symmetry. First Brillouin zone (BZ) in reciprocal space repre-
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sents the smallest space divided for each point I'. The first BZ can be further reduced,
if its space has certain symmetry for a group of points. The new smaller zone is called
irreducible Brillouin zone. In this work we used square lattice type, so direct lattice,
reciprocal lattice and BZ are shown in the figure 4.13. If we chose the wave vector k as a
horizontal axis and the eigenfrequencies as the vertical axis, we will obtain band structure
or dispersion diagram. To calculate band structure, k£ is required to transverse only the

boundary of irreducible BZ [158,159].

Figure 4.13: Direct and reciprocal lattice and its first and irreducible Brillouin zone for PnCs with square
lattice, a is the lattice constant, reproduced from [158]

Phononic band gaps are the ranges of wavelength and frequencies where the acoustic
waves cannot propagate through the crystal. PnCs band gaps can be classified into two
types - gaps caused by Bragg diffraction or local resonance. Gaps can cover whole Brillouin
zone, but can appear also only for a specific direction of the wave vector [158,159].

Bragg diffraction is caused by the constructive interference of reflected waves from two

parallel planes, that occurs if the path difference is an integer multiple of the wavelength:

nA = 2asind, (4.4)

where n is an integer, \ is the wavelength, a is lattice constant (distance between two
planes) and 6 is the angle between the incident wave and the crystal surface. In PnCs,
Bragg scattering occurs when the wavelength is similar to the lattice parameter a.

Second phenomenon participating in the band gap formation is local resonance, where
the wavelength corresponding to the frequency of the band gap is much higher than the
lattice constant a. Local resonance is caused by resonance of single scatterer and elastic
waves are attenuated sharply during the propagation. The local resonance band gap is
the result of coupling between the intrinsic vibration of the individual particle and the
propagating wave. The width of the band gap increases with the increasing filling factor

and the central frequency of the hybridization band gap is anti-proportional with the
87



4.3 Enhancing the sensitivity of SAW sensors using the diamond surface phononic
metamaterials

particle size [159].

Figure 4.14: Schematic of hybridization band gap formation, reproduced from [159]

4.3.2 Methods

Calculation of the band structures of PnMs was carried out in COMSOL Multiphysics
using model described in the chapter 3.1.3. The sensitivity was calculated at the X point
of the irreducible BZ by using the add mass option in COMSOL on the top face of the
PnMs and by using following equation [147]:

_Af/fo

Sm = Jim = Amy ' (4:5)

where fj is unperturbed operational frequency, Af is the change in the operational
frequency caused by mass loading and Am 4 is the mass per unit area. The sensitivity
was calculated as a function of different geometry parameters of diamond or SiO, PnMs
(pillar radius, height or filling factor r/a) on top of 2 pm continuous SiOy guiding layer
(model geometry shown in the figure 3.3b)).

Investigation of the effect of the pillar geometry was carried out at fixed lattice param-
eter a equal to 5 pm. Pillar radius r was varied in the range of 0.125 - 1.5 pm and height
was h, = 0.5 - 5 pm. Sensitivity as a function of the filling factor r/a was calculated for
changing lattice parameter @ = 1 — 5 pym and two different pillar radii » = 0.25 pm and
0.35 pm, that were fixed during the calculation. Pillar height h, was kept 750 nm for

both calculations.

4.3.3 Diamond PnMs on SiO; guiding layer

At first, the band structure was calculated to investigate different acoustic modes for the
diamond PnMS (7, = 250 nm, h, = 750 nm) on SiO, guiding layer (hg02 = 1.5 pm) with
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lattice period ¢ = 1 pm, and is shown in the figure 4.15).

Figure 4.15: a) Band structure of PuMs based on pillar along I'-X direction for 90ST-quartz + SiOq
layer + diamond pillar (blue denotes Rayleigh wave, green color means Love waves, gray lines are bulk
waves) and b) mode shapes of SH surface modes with shown u,, u, and u, deformation components

Gray area is the radiation zone, where the waves start to propagate in the substrate
bulk. Upper black dotted line is dispersion curve of the fast shear waves in the quartz
substrate, lower black dotted line denotes the dispersion curve for shear waves in silica
layer, calculated according to v = % Modes located between these two lines are guided
in silica layer. Color of modes is based on the SH ratio, blue color denotes Rayleigh
waves and green color refers to the Love waves. Rayleigh waves cannot be excited in real
90ST-cut quartz because of the zero electromechanical coupling coefficient for this type
of waves, only shear waves are coupled to electric field. When the frequency of the Love
wave match with the resonance frequency of the pillar, we obtain wave coupling resulting
in local resonance. These coupled modes are going below the dispersion curve for silica
layer (lower black dotted lines), which means localization of the acoustic energy in the
pillar. This is confirmed by u, displacement component of SH waves at the X point of the
BZ, shown in the figure 4.15b)). pl mode (f = 562.3 MHz) is localized flexion pillar mode
and p3 (f = 1789 MHz) is Love mode guided in the SiO, layer coupled with the pillar.
p2 (f = 1706 MHz) is indicated by petrol color in the band structure as it is the torsional
mode having also u, displacement component. Based on these results, the calculation of
the sensitivity was carried out for the slowest flexion pillar mode (pl), as the acoustic

energy is confined well in the pillar.
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Transmission spectrum was calculated for fixed wavelength resulting from the pillar
resonance frequency of the pl mode, f - 562.3 MHz. The geometry parameters were the
same as for band structure calculation (r, = 250 nm, h, = 750 nm, hg,02 = 1.5 pm and

a =1 pm).

Figure 4.16: a) Transmission spectra (S2; and phase) for 90ST-quartz + SiOs layer + diamond pillar for
pillar resonance at 562.3 MHz (black) and transmission for 90ST-quartz + SiO4 layer without PnMs (red)
for comparison, b) enlargement of the S»; flexion-mode-induced dips and c) w, displacement component
at the dips. The amplitudes of the pillar displacement are normalized to the maximum amplitude in the
SiO9 guiding film.

Transmission spectra showed appereance of the dips after adding of 10 diamond pillars
on top of the structure. The dip at 578.3 MHz refers to the local resonance of flexion
pillar mode, the bending of pillars can be seen at the figure 4.19¢), dip3. As the band
structure was calculated using the unit cell, the resonance frequencies of the pillars were
provided for an infinite system. However, during the transmission calculation, the system
of finite size is considered. From this reason, the transmission spectrum includes not only
the resonance modes of the pillars, but also the collective resonance modes arising from
the finite size of the system. This refers to the dips at 560.4 and 571.1 MHz. To better
understand the origin of all the peaks, it would be more appropriate to begin by examining
the interaction of the wave with an individual pillar and gradually increasing the number

of pillars. Another approach is to consider a multiple-cell configuration to calculate the
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band structure. These considerations account for the differences in resonance frequencies
obtained by the two calculation methods. However, within the scope of this study, we were
unable to undertake such an analysis due to its computational time-intensive nature. Our
primary focus was exclusively on investigating the sensitivity of first flexural resonance

mode to mass load effect.

Sensitivity as a function of filling factor r/a

As was mentioned before, sensitivity calculation was carried out for the slowest flexion

pillar mode according to equation 4.5.

Figure 4.17: Sensitivity as a function of filling factor r/a for diamond PnMs on 1.5 pm thick SiO5 guiding
layer, pillar radii » = 0.25 and 0.35 ym, h;, = 750 nm.

As can be seen from the graph 4.17, the sensitivity is steeply decreasing for very small
values of r/a, for r, = 0.25, r/a < 0.075, which is equal to ¢ = 3.3 pm, for r, = 0.35,
r/a < 0.125, resulting in ¢ = 2.5 pm. From these r/a values and higher, the sensitivity
remains constant, which means, that we don’t need to decrease lattice parameter a as
much as possible to obtain better sensitivity. This result is interesting from the fabrication
point of view, as fabrication of high density pillars is more complex. The 4.17 graph also

shows, that sensitivity is lower for pillar with higher radius r for fixed height h.
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4.3.4 SiOy; PnMs on SiO; guiding layer

For comparison with diamond pillars, the same work was done using SiO, pillar with the
same geometry parameters (r, = 250 nm, h, = 750 nm, hg;o2 = 1.5 pm and a = 1 pm).
At first, the band structure was calculated to see the acoustic modes and it can be seen

on the figure 4.18a).

Figure 4.18: a) Band structure of PnMs based on pillar along I'-X direction for 90ST-quartz + SiOq
layer + SiOq pillar (blue denotes Rayleigh wave, green color means Love waves, gray lines are bulk waves)
and b) mode shapes of SH surface modes with shown u,,u, and u, deformation components

As for the diamond pillar, pl mode (f = 456 MHz) is localized flexion pillar mode
and p3 (f = 1618.6 MHz) is Love mode guided in the SiO, layer coupled with the pillar,
p2 (f = 1100.5 MHz) torsional mode also with u, displacement component. p4 mode is
already above the dispersion curve for shear waves in silica layer (black line) and as can
be seen from mode shapes, the acoustic energy is located in the guiding layer.

The properties of PnCs are highly dependent on contrast in physical properties (elas-
ticity, acoustic velocity and density) of the matrix and inclusions material. The physical
properties of diamond and SiO, are shown in the table 4.1. Due to a great Young’s mod-
ulus and relatively low density, diamond has the highest acoustic velocity (v = \/E/p).
Higher eigenfrequencies of diamond pillars compare to silica ones are expected, as soft
materials are expected to have lower eigenfrequencies. This is confirmed by our results.
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Table 4.1: Relative physical properties of of diamond and silica, [159]

Diamond SiO,
Acoustic velocity v (m/s) 18 617 5640
Young’s modulus E (GPa) 1220 70
Density p (kg/m?) 3520 2200

Transmission spectrum was calculated for fixed wavelength corresponding to the pillar
frequency of the pl mode (f = 456 MHz) with the same geometry parameters as for band

structure calculation.

Figure 4.19: a) Transmission spectra (S2; and phase) for 90ST-quartz + SiO4 layer + SiO4 pillar for pillar
resonance at 456 MHz (black) and transmission for 90ST-quartz + SiOz layer without PnMs (red) for
comparison, b) enlargement of the Sy, flexion-mode-induced dips and c) u, displacement component at
the dips and peaks. The amplitudes of the pillar displacement are normalized to the maximum amplitude
in the SiOs guiding film.

As for the transmission spectra with diamond pillars, we can observe appearance of
the dips after adding SiO, pillar on top of the structure. The origin of all the dips in the
spectra was not examined in the detail and it is hard to explain them as they arise also
from the collective resonance modes. To confirm sensing abilities, transmission spectra
were simulated without and with added mass on top of the pillars. From figure 4.20 can be
clearly seen the frequency shift induced by added mass on top of the pillars. Sensitivity

was roughly estimated (frequency spectra were calculated with the 10 kHz step) using
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the equation 4.5. For the added mass per unit area of my4 = 1-107% g/cm?, calculated

sensitivity is S,, = —8863 cm?/g, for ma = 5-107% g/cm?, sensitivity S, = —9306 cm?/g.

Figure 4.20: Transmission spectra (S2; and phase) for 90ST-quartz + SiOs layer + SiOy pillar for pillar
resonance at 456 MHz without and with added mass. Inset is the enlargement of the pillar resonance
induced dip for better observation of the frequency shift

Sensitivity as a function of filling factor r/a

Effect of the filling factor r/a was studied in the same way as for diamond PnMs for
the same geometry parameters. From figure 4.21 can be seen, that the behavior is the
same as for the diamond pillars, the sensitivity is steeply decreasing for very small values
of r/a, otherwise it remains constant. As the calculation was performed for the same
pillar geometry parameters as the transmission spectra, we can compare the sensitivity
obtained from transmission calculation. For pillar with » = 250 nm and lattice parameter
a = 1 pm, the filling factor r/a equals to 0.25. From the graph 4.21, we can see, that the
sensitivity is around -9000 cm?/g, which is in good agreement with the values obtained

from transmission spectra calculation.

4.3.5 Conclusions

This chapter focused on the FEM simulations of LW-SAW sensors with phononic metama-

terials. This work builds on the results from the chapter 4.2, where we confirmed radiation
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Figure 4.21: Sensitivity as a function of filling factor r/a for SiO2 PnMs on 1.5 pm thick SiOs guiding
layer, pillar radii » = 0.25 and 0.35 pm, h;, = 750 nm.

of the Love mode into the bulk of the substrate for continuous diamond coatings and good
confinement of the Love mode in the SiO5 guiding layer, when the discrete diamond grains
were used. The aim of this chapter was to study confinement of the acoustic waves in the
PnMs and improvement of the sensitivity of such SAW sensors. In the band structure we
observed coupled modes going below the dispersion curve for silica layer, that confirmed
localization of the acoustic energy in the pillar for both studied materials (diamond and
SiOy) of pillars. Sensitivity was studied as a function of a filling factor r/a giving the
result, that the lattice parameter a does not need to be decreased as much as possible
to obtain better sensitivity of LW-SAW sensors with PnMs. Also the highest sensitivi-
ty obtained from these simulations for diamond PnMs is around 5000 cm?-g~!, which is
much higher than the sensitivity obtained from the simulations for continuous diamond
coating. Sensitivity for SiO, pillars is even higher around 9000 cm?-g~!. This theoretical
study is promising for the fabrication of highly sensitive LW-SAW sensors with diamond

PnMs for biosensing applications.
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4.4 Diamond and silicon carbide as passivation layers
for package less SAW sensors

This work has been presented on the international conference 2020 Virtual MRS Spring/Fall
Meeting & Exhibit, November 27" — December 4" as the poster presentation.

4.4.1 Motivation

SAWs find applications in life sciences, in structural health monitoring, etc. Their surface
is very sensitive to the changes of surrounding environment, which brings the need for the
packaging of the SAW devices. Currently, SAW devices are usually packaged in the bulky
hermetic enclosures, that are increasing both sensor’s size and price [160]. SAW devices
can also be operated in extremely confined environments such as implantable sensors to
monitor or to provide real time treatment. In this case, it makes sense to protect the
sensor surface and leave only the functionalized area visible for detection. This is true
for implantable sensors where space is a major constraint and therefore they require the
development of an intrinsically protected design. Also, this is true for biosensors where the
surface is continuously exposed to the analysed biofluid [161]. One solution can be using
of the package less structures, that are gaining popularity due to the need for reduction
of sensor’s dimension and complexity of the production [160, 162].

To achieve package less device, two concepts can be used: Isolated layer Acouctic Wave
(ILAW) and Waveguiging Layer Acoustic Wave (WLAW) principle. ILAW principle is
using combination of high and low acoustic impedance layers to form a Bragg mirror to
confine the acoustic waves. WLAW principle is based on guiding of the shear surface
wave in low acoustic velocity layer enclosed between semi-infinite substrate and high
acoustic velocity thin film materials [160]. The upper high acoustic velocity layer works
as an acoustically isolating layer, protecting the guided surface shear wave from undesired
mechanical damping and eliminate the need for packaging, as is shown in the figure 4.22.
With very high acoustic velocities, diamond (v = 12 820 m/s [139]) and silicon carbide
(SiC, v = 12 600 m/s, polycrystal 3C-SiC [163]) are excellent candidates for package
less SAW sensors applications. Both diamond and SiC also posses excellent mechanical

properties, chemical inertness and SiC layers have a significantly higher adhesion and
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wear resistance compared to the NCD layers [164, 165].

Figure 4.22: Illustration of the layered structure for WLAW devices

4.4.2 Methods

The theoretical investigation of the use of diamond and SiC as a passivation layer for SAW
devices was carried out using COMSOL Multiphysics FEM simulation software. Two
different piezoelectric materials were investigated, 90ST-cut quartz and 36°YX LiTaOj3 in
combination with two common guiding layer materials — zinc oxide (ZnQO) and silicone
oxide (SiO2). The calculations were carried out using the COMSOL model described in
the section 3.1.2 and shown in the figure 3.2. The acoustic wavelength was arbitrary fixed
to A = 10 pm, thickness of guiding layers hgyiq = 2 pm and 200 nm thick aluminum or
gold electrodes were used on quartz or LiTaOgs substrate respectively. Thickness of the

passivation layers was changed in the range of 100 - 4000 nm.

4.4.3 Results

The figure 4.23 a) shows, that 2 pm thick diamond or SiC layers are sufficient to confine the
acoustic wave in both guiding layers for the quartz substrate, as the sensitivity decrease
almost to 0 %. The figure 4.23 clearly shows the wave propagating in the guiding layers
with minimal displacement at the surface, which is confirmed by added mode shapes.
For the LiTaO3 substrate, the results (see figure 4.24) show that the sensitivity de-
creases to 0 % around normalized thickness of passivation layer h,,ss/A equal to 0.1, which
is the half of the thickness necessary for the Quartz substrate. On the other hand, the

wave confinment is more effective for the quartz substrate. This is due to the generation
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Figure 4.23: a) Sensitivity and b) wave displacement for the WLAW device with quartz substrate

of pure SH wave in quartz substrate in comparison to 36°YX LiTaOj3 substrate generat-
ing leaky waves. Also the velocity of SH waves in 90ST-cut quartz is higher than for the
LiTaOg3 substrate.

Figure 4.24: : a) Sensitivity and b) wave displacement for the WLAW device with LiTaO3 substrate

From the theoretical results can be seen, that both tested guiding layer materials -
SiO2 and ZnO are suitable for WLAW devices without any significant difference. But
the SiO4 layer is clearly more advantageous from a practical point of view as diamond
deposition on SiO, is not problematic on the contrary to ZnO which is etched away when
exposed to hydrogen plasma. To address this problem, one can use an additional thin

layer protecting zinc oxide during diamond deposition.
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4.4.4 Conclusions

In conclusion of this study focused on biocensor applications, our research has primarily
revolved around the use of protected surface acoustic waves (SAW). The incorporation of
a protective diamond or silicone carbide layer offers a significant advantage as it allows for
direct contact with the liquid without concerns about detrimental effects on the electrodes.
This notable advancement is of paramount importance in the fields of biotechnology and
biological detection, where the reliability and stability of sensors are crucial. By exploring
the design of a protected wave structure, we have opened new avenues for the development
of more robust and precise detection devices capable of addressing the challenges posed
by complex biological environments. This innovative approach holds exciting prospects
for medical, environmental, and industrial applications where reliable interaction with
liquids and biological samples is imperative. In summary, our research unveils promising
new perspectives for the future of biosensors and biological detection, with potentially

profound implications across various sectors.

99



4.5 Experimental investigation of the properties of diamond coated LW-SAW sensors

4.5 Experimental investigation of the properties of di-

amond coated LW-SAW sensors

To verify theoretical results obtained from FEM simulations, LW-SAW devices with dif-

ferent IDTs spatial periods were fabricated and characterized.

4.5.1 LW-SAW device fabrication

Sensors used in this chapter were fabricated in cooperation with Ing. Imrich Gablech,
Ph.D. from CEITEC Brno according to procedure described in the chapter 3.2.2 SAW
device fabrication at CEITEC. The photolithography mask for whole wafer fabrication
was prepared using scripting tool Nanolithography Toolbox from Center for Nanoscale Sci-
ence & technology (CNST) and National Institute of Standards and Technology (NIST).
Frequency characterizations of fabricated LW-SAW sensors were carried out as described
in chapter 3.2.3. All of the intrinsic nanocrystalline diamond layers depositions were done
at low temperature using MW-LA-PECVD apparatus, details on the NCD deposition and

characterization are discussed in the chapter 3.3.

4.5.2 ST-cut quartz LW-SAW sensors with SiO,; guiding layer

Fabrication was carried out using 90 degrees rotated ST-cut quartz substrate to support
excitation of SH waves, 200 nm thick aluminum electrodes and 2.5 pm thick amorphous
SiO, guiding layer. Sensors with different IDTs spatial periods were prepared to obtain
several silicon oxide normalized thicknesses hg;0a/A. The parameters of the IDTs (spatial
period A, acoustic aperture W, number of finger pairs N, propagation length d) and
resulting silicon oxide normalized thickness hg;o2/\ are listed in the table 4.2. There
were more IDTs pairs (4-6) with the same wavelength on each sensor and all of them were
measured.

To study the effect of diamond coating on LW-SAW sensors, NCD layers with thick-
nesses of 57 nm, 100 nm and 133 nm were deposited on the SiOs guiding layers. AFM
micrographs and Raman spectra of deposited NCD layers are shown in the figure 4.25.
AFM micrographs shows closed NCD layer and from Raman spectra the diamond (sp?)

1

zone-center phonon peak at 1332 cm™" can be seen clearly for all NCD thicknesses with
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Table 4.2: Parameters of IDTs used in diamond coated-LW-SAW sensor’s properties study

Afum) W(pm) N d(pm) hsioz/A

32 820 88 3200 0.078
28 370 88 3360 0.089
24 620 88 2880 0.104
20 270 88 2400 0.125
16 420 88 1920 0.156
12 160 88 1440 0.208
10 133 88 1200 0.25

no significant sp? carbon fraction.

Figure 4.25: A) AFM micrographs and B) Raman spectra of the NCD layers deposited on LW-SAW
sensors, where i) refers to 57 nm, ii) 100 nm and iii) 133 nm thin NCD layers, yellow bar indicates 1 pm

Phase velocity dispersion - theory vs experiment

Sensors with all spatial periods were frequency characterized before and after deposition
of thin NCD layers and phase velocity were calculated from resonant frequency using
simple equation 4.1. Figure 4.26a) shows example of the transmission coefficient Sy; for
sensor with spatial period A = 16 npm. Increase of resonant frequency after deposition

of 100 nm thick NCD layer can be clearly observed. Figure 4.26b) gives together the

101



4.5 Experimental investigation of the properties of diamond coated LW-SAW sensors

phase velocity dispersion curves obtained by simulations with the experimental data. It
can be seen, that the experimental and modeled phase velocity trends are very similar.
But the phase velocity from the experiment is lower than the calculated one, mainly for
the diamond-coated LW-SAW sensors. This shift is attributed to different mechanical

properties used in simulations than are in the real sensors.

Figure 4.26: a) Spectra of transmission coefficient Ss; for LW-SAW sensor without and with NCD layer,
A = 16 pm, hg;o2 = 2.5 pm and b) phase velocity dispersion curves obtained experimentally and from
simulations

After this experiment, simulations were repeated with changing Young’s modulus F of
SiO, guiding layer and diamond layer to obtain a better agreement with the experimental
data. At first, simulation for SAW structure without diamond was run with changing
Young’s modulus E of SiO, guiding layer in the range of 10 - 70 GPa. Then the data
were fitted in Matlab to find the exact value of Eg;0s for given phase velocity and SAW
wavelength from experiment. The same strategy was used to find the E of diamond
layer, just the corrected Eg;02 was used. Figure 4.27 shows the phase velocity dispersion
curves obtained from simulation with corrected Young’s modulus in comparison with
experimental data. Very good agreement of data can be seen for Fg;0o = 60 GPa and
Enxcp = 240 GPa. The value of Encp is much lower than previously used value of
1050 GPa of the single crystal diamond.

To support this result, the nanoindentation measurements were done on the nanocrys-
talline diamond layers in the cooperation with Mgr. Radim Ctvrtlik, Ph.D. from Joint
Laboratory of Optics, Institute of Physics, CAS and Palacky University in Olomouc. Me-

chanical properties were measured at room temperature using a fully calibrated NanoTest
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Figure 4.27: Phase velocity dispersion curves obtained experimentally and from simulations with corrected
Young’s modulus of SiOy guiding layer and thin NCD layer

instrument (MicroMaterials) equipped with diamond nanoindenter. Considering the very
small thickness of the NCD layers, the nanoindentation hardness and reduced modulus
were evaluated with a three sided pyramidal Berkovich indenter at a load of 0.6 mN.
57 nm, 100 nm and 133 nm thick NCD layers were measured on glass and silicone sub-
strates. Obtained values of hardness and reduced modulus are shown in the graph 4.28

and listed in the table 4.3.

Table 4.3: Hardness and reduced elastic modulus of thin NCD layers with different thicknesses on two
types of substrates

NCD thickness (nm) Substrate Hardness (GPa) Red. modulus (GPa)

57 Si 10.3 + 1.3 153 £ 12
57 glass 71407 90 + 9

100 Si 95+ 1.2 163 + 16
100 glass 8.9+ 1.2 101 £6
133 Si 11.7 £ 1.5 183 £ 35
133 glass 10.1 + 0.6 118 +£ 10

As the NCD layers are very thin and the indentation depth was around 20 pum, the
influence of the substrate cannot be avoided. The reduced elastic modulus for NCD layers

is lower than obtained from corrected simulations, which may reflect the influence of the
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Figure 4.28: Hardness and reduced elastic modulus of thin NCD layers with different thicknesses on two
types of substrates

substrate. Nanoindentation measurement done on the 310 nm thick NCD layers on silicon
substrates gave value of reduced elastic modulus equal to 249 £+ 20 GPa [166], which is

close to the value obtained from simulation.

Sensitivity study

According to simulations described in the chapter 4.1, sensitivity of LW-SAW sensors
should decrease after the NCD coating for all types of substrates and guiding layers.
First pilot study was carried out using LW-SAW sensors fabricated at IoP. They con-
sisted of 90ST-cut quartz substrate, 200 nm thick aluminum electrodes with two different
spatial periods A = 16 and 32 pm and 1.6 pm thick SiOs guiding layer. They were coated
by 100 nm thin NCD layers. Sensor’s sensitivity has been determined by measurement of
the frequency response as a function of the thickness of a thin polymer deposited on its
surface. The polymer consisted of a multi-layer of diluted lift-off resist (LOR) deposited
by spin coating at 5000 rpm for 30 s and subsequently baked for 110 °C for 150 s on a hot
plate. IDTs contact pads were also protected from LOR deposition by clean lab tape.
Figure 4.29 clearly shows a decrease in center resonant frequency with increasing LOR
thickness caused by mass loading. The frequency shifts of the uncoated and NCD coated
sensor are comparable for normalized thicknesses hg;o2/A = 0.05, which means that the
sensitivity is not changed by deposition of a 100 nm thin NCD layer. But we can observe

slight decrease in sensitivity for diamond coated sensors with hg;o2/A = 0.1 in comparison
104



4.5 Experimental investigation of the properties of diamond coated LW-SAW sensors

Figure 4.29: Relative center frequency shift as a function of the LOR thickness for ST-cut quartz/SiOq
sensors with 100 nm NCD thickness for two different silicon normalized thicknesses hg;02 = 0.1 and 0.05

with uncoated one. These results are not in agreement with theoretical calculations, as
the high decrease in sensitivity after NCD coating has been expected. Expected result
is, that the LW-SAW sensors with hgi02/A = 0.1 exhibit higher sensitivity of 1170 cm?/g
compared to 340 cm?/g of the sensor with hg;o2/A = 0.05.

To study the effect of the thickness of NCD layer on the sensor’s sensitivity, the
LW-SAW sensors described at the beginning of this chapter were used. 74 nm thick
photoresist layer was deposited by spin coating on the sensing area of sensors and the
frequency shift was measured. The mean values and standard deviations were calculated
from all measured electrodes pairs with the same spatial period and the mean values are
given in the graph 4.30. Relative frequency shift is increasing for the uncoated LW-SAW
sensors with increasing value hg;o2/A. These measurements are consistent with expected
results, as the IDTs with smaller spatial period, resulting in higher resonant frequency,
are used to obtain higher hg;02/\. From the same reason, we expected decreasing of
the sensitivity of diamond coated sensors for increasing values of hg;o2/\, because the
diamond normalized thickness hycp/A is increasing as well. This is fulfilled for 133 nm
thick NCD layer. Sensitivity of sensor with 100 nm thick NCD layer is almost constant
for the higher values of hg;p2/A.

To compare these results with theoretical simulations, new simulations were performed
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Figure 4.30: Relative center frequency shift as a function of the silicon normalized thickness for ST-cut
quartz/SiO4 sensors with different NCD thicknesses

that corresponds to the experimental approach. The thickness of silicon oxide guiding
layer was fixed to 2.5 pm with Young’s modulus Fg;0o = 60 and 70 GPa and the acoustic
wavelength was changing in the range of 2 - 240 pm, which gives the hycp/A in the range
0.0104 - 1.25. Thickness of NCD layer was fixed to 100 and 133 nm with Young’s modulus
Encp = 240 GPa. To calculate the sensitivity, 74 nm thick PMMA layer (p = 1.02 g-cm™3)
was added on the model’s surface. Graph 4.31 shows simulated relative frequency shift
curves compared to the values obtained from the experiment. The diamond normalized
thickness is changing for each wavelength. Hence for larger A, there is not an impact
of adding thin diamond layer on the sensitivity, as the hycp/A is very small, e.g. for
A = 240 pm, hyep/A = 0.000417. The influence of diamond layer on the sensitivity can be
seen for the values of hg;02/A 0.16 and higher, where the A = 15 nm and hycp /A = 0.0067.
As the hycp/A becomes higher, the impact of diamond layer is getting more significant
and reduces the sensitivity. Even though the frequency shift is smaller for higher values
of hgio2/ A for experimental data in comparison with simulations, the trends of simulated

and experimental data are in a good agreement.
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Figure 4.31: Comparison of relative center frequency shift obtained experimentally and from simulation
as a function of the silicon normalized thickness for ST-cut quartz/SiOs sensors with different NCD
thicknesses

4.5.3 36°YX LiTaO3 LW-SAW sensors with SiO, guiding layer

LW-SAW sensors were fabricated on black 36,YX LiTaOs substrates with 200 nm thick
aluminum electrodes and 2.5 pm thick amorphous SiOs guiding layer. Although black
36,YX LiTaOg3 substrate has ability to neutralize pyroelectric charges, the fabrication
of LW-SAW sensors using whole 4" wafer is complex and several wafers were damaged
during the fabrication process, as this substrate is very brittle. Parameters of the IDTs
and resulting normalized silicon oxide thicknesses hg;oa/A are listed in the table 4.4.
Deposition of NCD layers and their characterization was carried out in the same way
as was described in the chapter 4.5.2. NCD layers were deposited in three different
thicknesses - 55, 65 and 98 nm.

Phase velocity dispersion - theory vs experiment

Example of the transmission coefficient Sy; for sensor with spatial period A = 16 pm is
shown in the figure 4.32a), where small resonant frequency shift after NCD layer deposition
can be seen. Figure 4.32b) shows comparison of phase velocity dispersion as a function of

hsioa/A obtained experimentally and from simulations. Experimentally obtained phase
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Table 4.4: Parameters of IDTs used in diamond coated-LW-SAW sensors’ properties study on 36°YX
LiTaOg3 substrate

Afpm) W (pm) N d(um) hgiop/A

32 1400 20 3840 0.078
28 1100 20 3360 0.089
24 1100 20 2880 0.104
20 820 20 2400 0.125
16 700 20 1920 0.156
12 500 20 1440 0.208
10 410 20 1200 0.25

velocity is lower than the one from simulations. Also, the experimental data are scattered
and does not follow one line clearly. This phase velocity drop in experimental data
compared to simulation ones are possibly caused by different mechanical properties in real
sensors than in simulations as was discussed for ST-cut quartz/SiOs sensors in previous

section.

Figure 4.32: a) Spectra of transmission coefficient Sa; for LW-SAW sensor without and with NCD layer,

A = 16 nm, hg;o2 = 2.5 nm and b) phase velocity dispersion curves obtained experimentally and from
simulations

Nanoindentation measurement was carried out on the diamond layers deposited on
this set of samples and also on the SiO4 layer deposited on LiTaO3 samples. The nanoin-
dentation hardness and reduced modulus were evaluated at a load of 0.6 mN for NCD
layers and 10 mN for SiO, layers and results are shown in the figure 4.33 and table 4.5.
The values for NCD layer with thicknesses 55 and 65 nm are comparable to the values
obtained from nanoindentation measurement discussed in previous section, but for the
98 nm thick NCD layer were obtained unexpected low values even at several repeated

measurements. On the contrary, measured reduced modulus 82 GPa for SiO, layer is
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higher than the theoretical value 70 GPa. Low reduced modulus for NCD layer can ex-
plain small frequency shift observed on diamond-coated LW-SAW sensors in comparison

with uncoated ones.

Figure 4.33: Hardness and reduced elastic modulus of a) thin NCD layers on glass substrates and b) SiOq
layer on LiTaOg3 substrate

Table 4.5: Hardness and reduced elastic modulus of thin NCD layers on glass substrates and SiOq layer
on LiTaO3 substrate

NCD thickness (nm) Substrate Hardness (GPa) Red. modulus (GPa)

55 glass 7.7+ 0.9 93 + 6
65 glass 6.3 + 0.4 82 £+ 5
98 glass 0.1+0 3+£0
Si0, LiTaOg 8.6 £0.2 82+ 0
Si0, LiTaOg 85 +£0.3 82+ 3

The samples were sent to IEMN to France for more precise frequency characterization,
but those fragile samples were damaged during the transport and the planned sensitivity

study unfortunately could not be implemented.

4.5.4 LW-SAW sensors with ZnO guiding layer

Deposition of the ZnO layers described in the chapter 3.2.1 was carried out on SAW
sensors from 90ST-cut quartz and 36°YX LiTaO3 substrates.

Diamond deposition on ZnO layers

Deposition of diamond layer on the ZnO layer is problematic, as ZnO layer can be etched
during the deposition, therefore test samples were prepared at first. Three types of samples
were prepared: 1) Si substrate, 380 nm thick ZnO layer, 2) Si substrate, 380 nm thick ZnO
layer and 90 nm thin Al,O3 layer and 3) Si substrate, 380 nm thick ZnO layer and 50 nm

thin SiO4 layer. 150 nm thin NCD layers were deposited using standard conditions listed in
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the chapter 3.3 and characterization was carried out by AFM and SEM techniques. The
EDS measurement was carried out on the cross-section of samples to confirm presence
of ZnO layer after NCD deposition. Figure 4.34 shows not fully closed NCD layer on
Si/Zn0O samples and EDS measurement revealed, that unprotected ZnO layer was etched
during the NCD deposition process. On the Si/ZnO/Al,O3 sample can be seen, that only
few diamond grains are present on the Al,O3 surface, but EDS measurement confirmed
presence of ZnO under the Al,O3 layer. The best result was obtained for Si/Zn0O/SiOq
samples, where we can observe closed NCD layer and SiO, layer protected ZnO layer

against etching during the NCD growth.

Figure 4.34: A) SEM micrographs of NCD layers deposited on ZnO layer and B) cross-section view, i)
Si/Zn0, ii) Si/Zn0O/Alx03 and iii) Si/Zn0O/Si0O4, green bar indicates 500 nm, yellow bar 1 pm and red
bar is 5 pnm, yellow arrow shows NCD layer, red arrow ZnO layer, green arrow Al;Ogz, orange arrow SiOq
and blue arrow is the substrate
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Diamond coated-SAW sensors with ZnO guiding layer

1.9 pm thick ZnO guiding layer was deposited on the 90ST-cut quartz and 36°YX LiTaO3

sensors with aluminum electrodes with spatial periods A = 32, 24 and 16 pm.

Figure 4.35: AFM micrographs and XRD spectra of ZnO layers deposited on ST-cut quartz and 36°YX
LiTaO3 SAW sensors

XRD patterns show crystalline structure with dominant reflections from the (002)
plane, which confirms that the deposited ZnO layers are strongly textured along the
c-axis of the hexagonal crystalline lattice [109]. AFM micrographs show homogeneous
layers with a ZnO layer roughness rms = 49.2 nm for quartz substrate and rms = 53.1 nm
for LiTaO3 substrate. Prior the NCD growth, 50 nm thin SiO, protecting layer were
deposited at the room temperature on the ZnO layer.

LW-SAW sensors with ZnO layers were frequency characterized before and after 50 nm
thin SiO5 protection layer and NCD layer depositions. Spectra of the transmission coef-
ficient S9; are shown in the graph 4.36 for sensors with IDTs spatial period A = 32 pm.
Resonant peak can be clearly seen for sensors without guiding layer and with ZnO lay-
er. An increase in insertion loss is observed after the deposition of the thin SiO, layer.
To our surprise the LW-SAW sensors were not working anymore after the deposition of
NCD layer. The possible explanation is, that during the diamond deposition, the ZnO
layers became conductive by elimination of oxygen disorders, that acts as acceptors and

eliminates the free charge in the ZnO layers.
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Figure 4.36: Spectra of transmission coefficient Ss; for LW-SAW sensors with ZnO layers deposited on
a) ST-cut quartz and b) 36°YX LiTaOs substrates, A = 32 pm

4.5.5 Conclusions

This chapter was focused on fabrication and characterization of LW-SAW sensors made
from quartz and lithium tantalate piezoelectric substrates with SiO5 or ZnO guiding layers.
The aim of this chapter was to compare the experimental data with the one obtained from
simulation to verify the simulation model. The phase velocity obtained experimentally
was lower for 90ST-cut quartz/SiO, sensors and the difference between experimental and
simulation data were even bigger for diamond coated sensors. This resulted from different
mechanical properties of SiO; and diamond materials used in simulations and in real
sensors. The simulations were corrected to fit the experimental data giving the Young
modulus equal to 60 GPa and 240 GPa for SiO, and NCD layer respectively. To confirm
this result, the nanoindentation measurement was carried out giving even lower Young
modulus of NCD layer in the range of 90 - 120 GPa on glass substrate. As the NCD layers
are very thin, the influence of the glass (F = 70 GPa) and silicon (E = 168 GPa) cannot
be avoided, which is compared by higher reduced modulus values obtained on samples
with silicon substrates. This result is important as it shows that the obtained simulation
results for diamond coated sensors does not completely reflect their real behavior. This
was confirmed during the sensitivity study, as the expected big drop in sensitivity for
diamond coated LW-SAW sensors was not observed. We also observed a decrease in the
sensitivity after NCD deposition on top of ST-cut quartz/SiOs sensors for higher values
of hgioa/A.

We observed the same result on sensors fabricated on 36°YX LiTaOs substrate with
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Si0, layer. Phase velocity obtained experimentally was lower in comparison with the
simulation. Nanoindentation measurement revealed even lower Young modulus of NCD
layers equal to 80 - 90 GPa. As this values were measured on glass substrate, the real
values will be slightly higher. The sensitivity could not be carried out as the samples were
damaged during the transport to IEMN in France.

We also studied the LW-SAW sensors with ZnO as guiding layer on both piezoelectric
substrates. Deposition of thin NCD layers were successfully achieved using 50 nm thin
Si0, protecting layer. Unprotected ZnO layer is etched away during the diamond depo-
sition process. Diamond deposition of NCD layers were successful on LW-SAW sensors
with ZnO layer, but unfortunately the sensors were not working after this deposition.
The possible explanation is the elimination of oxygen disorders from ZnO layer during
the diamond deposition that caused conductivity of ZnO layer.

Important part of biosensor development is the proper choose of the biosensing ele-
ments. In this Thesis the bacteriophage’s tail fibers were chosen. The next chapter is
devoted to the description of their production, purification and also the specificity of their

binding to the host bacteria is studied.
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4.6 Bacteriophage’s tail fibers production

The six bacteriophage T7 tail fibers are homo-trimers of the gpl7 protein. They are re-
sponsible for the first specific, reversible attachment to its host F. coli lipopolysacharide
(LPS) using the C-terminal domains [167]. Gp12 proteins are short tail fibers of bacterio-
phage T4 and bind irreversibly to the host cell LPS core region [168] and ORF26 is the
tail fiber of bacteriophage T1 [169]. TEM pictures of T4 and T7 phages are shown in the
figure 4.37. His-tag is a affinity tag consisting of six polyhistidine residues and this tag
has strong interaction with immobilized metal ion matrices, transition metal ions such as
Co?*, Ni?*, Cu?* or Zn?*. This is advantageously used for the purification of peptides, as
they are efficiently retained on the metal ion matrices and can be easily eluted by either
adjusting pH of the column buffer or by adding free imidazole to the washing buffer [170].
Apart from its use in purification, his-tags can be used for protein immobilization to the

various surfaces with attached transition metal ions, which will be used in this Thesis.

Figure 4.37: TEM pictures of a) T4 and b) T7 bacteriophages, yellow bar refers to 50 nm and blue bar
refers to 100 nm

All of the proteins were obtained during a six months stay at the National Centre
of Biotechnology (CNB-CSIC) in Madrid, Spain within the research group Structural
Biology of Viral Fibers under the leadership of Mark J. van Raaij.

Production and purification of his-tagged proteins can be divided into four main steps:
1) transformation of the plasmid carrying the gens for the desired protein and also the
gens for antibiotic resistance in the suitable bacteria cells, 2) growth of the transformed
bacteria cells and protein expression, 3) harvesting of cells, their lysis and collecting
the protein and 4) protein purification. Simplified schematic of protein production and

purification process is shown in the figure 4.38.
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Figure 4.38: Schematic of protein production and purification

4.6.1 Production and purification of His-tagged gp17 protein

For expression of the gpl7 protein, E. coli strain BL21(DE3-) was freshly transformed
with the plasmid pET30a(+), containing gene for gpl7 expression, by thermic shock.
50 nl of bacteria cells were mixed with 3 pl of plasmids and putted to 42 °C for 45 sec-
onds followed by 2 minutes on ice. 250 pl of LB media was added and left shaking
at 37 °C for 1 hour. The culture was spread onto a plate with LB media containing
kanamycin and left at 37 °C overnight to let the transformed cells grown. Four 0.9 1
cultures (LB medium with kanamycin) with transformed cells were grown aerobically at
37 °C to an optical density of 0.6 - 0.8 measured at 600 nm. Cultures were then cooled
to 16 °C and the protein expression was induced by adding 900 pul of 1 mM isopropyl-/5-
D-1-thiogalactopyranoside (IPTG). Protein expression was carried out at 16 °C shaking
(120 rpm) overnight to achieve good protein folding. Cells were harvested by centrifu-
gation (6000 g, 5 °C, 10 minutes), resuspended in 40 ml of lysis buffer (50mM Tris-HCI
pH 8.0, 4% glycerol, 50mM ammonium chloride, 2mM EDTA, 150mM sodium chloride)
and lysed by sonication. Insoluble material was removed by centrifugation (15000 g, 4 °C,
30 minutes) and supernatant containing expressed protein was collected.

Purification of gpl7 protein was carried out by immobilized metal chromatography
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and anion exchange chromatography. 2 ml of nickel-nitriloacetic acid resin (NiNTA, Jena
Bioscience, Jena, Germany) was added to the supernatant and incubated for 30 min
on ice to let the His-tag bind to the Ni?*T ions in resin. The suspension was poured
into a column and washed with 50mM Tris-HCI] pH 8.5, 0.3M NaCl buffer. Elution of
protein was performed with a step gradient of imidazole in the same buffer (0.1, 0.15, 0.2,
0.25, 0.3, 0.4 and 1.0M imidazole) and all collected fractions were checked on SDS-PAGE

electrophoresis, as is shown on figure 4.39.

Figure 4.39: SDS-PAGE after Ni purification, lane MW is a mixture of molecular-weight marker proteins
(in kDa), lane FT (flow through), lane Wash(0.05mM imidazole) and lanes 0.1 - 0.4 indicate step gradient
of imidazole. Size of trimer of gpl7 is 66 kDa.

The eluted protein was dialyzed against 10mM Tris-HCI pH 8.5 overnight. Final pu-
rification was carried out by using fast protein liquid chromatography (FPCL) by loading
onto an UnoQ12 quaternary ammonium strong anion-exchange column (BioRad, Madrid,
Spain). The protein was eluted with a linear gradient of 0-1M NaCl in 10mM Tris-HCI
pH 8.5. The purified gpl7 protein was eluted around 0.25M NaCl and its purity was
checked by using SDS-PAGE, see figure 4.40. The washing of protein from NaCl was
done using concentration flask by centrifugation (5000 g, 15 °C, 20 min). Second washing
step was done using the washing buffer (10 mM Tris-HCI, pH 8.5) and centrifugation
(15 °C, 6000 g, 40 min) and repeated three times. The final concentration of gp17 protein

was checked using a Nanodrop spectrophotometer.

4.6.2 Production and purification of His-tagged gp12 protein

For production of gpl2 protein, the E. coli strain JM109(DE3) was freshly transformed

with the pCDFduet-gp12gp57 plasmid by using thermic shock method. Transformed
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Figure 4.40: SDS-PAGE of purified gpl7 protein. Lane MW is a mixture of molecular-weight marker
(in kDa) and lanes 1-6 are fractions containing gpl7

cells were putted on plate containing streptomycin antibiotics and grown overnight at
37 °C. Three 0.9 1 cultures (LB medium with streptomycin) were grown at 37 °C until
ODgoo reached 0.6. Then, the bacterial culture was cooled down on ice to 18 °C, protein
expression was induced by adding 900 pl of 0.1mM IPTG and incubated overnight at 18 °C.
Cells were harvested by centrifugation (6000 g, 5 °C, 10 min), supernatant was discarded
and pellet was resuspended in lysis buffer (50mM Na,HPO,4, 300mM NaCl, pH 8) and
lysed by sonication. Lysed bacteria were treated by 1 mM PMSF and incubated on ice for
15 minutes. Fractions were separated by several centrifugation (15 000 g, 15 °C, 45 min).
As gpl2 strongly bind to the bacteria cells residues, soluble fractions were discarded and
pellet was resuspended in Tris buffer and gently mixed for 30 min. This process was
repeated three times. Last pellet was resuspended in phosphate buffer (50mM NayHPOy,
300mM NaCl, pH 8) and centrifuged (15 000 g, 15 °C, 45 min). The soluble fraction was
kept and filtered through 0.45 pm PVDF filter and incubated overnight at 10 °C with
1% w/v glycerol.

For gp12 purification, the preparation was incubated with NiNTA agarose for 30 min-
utes on ice. The suspension was poured on the column and washed with three wash buffers:
WASH I (50mM NaH;PO4-Ho0, 300mM NaCl, 25mM imidazole, 1% glycerol (w/v),
0.05% TWEEN20 (v/v), pH 8, 15 ml), WASH II (50mM NaH,PO,-H,O, 300mM Na-
Cl, 25mM imidazole, 1% glycerol (w/v), 15 ml) and WASH III (50mM NaH,PO,-H5O,
300mM NaCl, 100mM imidazole, 1% glycerol (w/v), 10 ml). The protein was eluted
using 5x5 ml of elution buffer (50mM NaHy;PO4-H,0O, 300mM NaCl, 500mM imidazole,
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4% glycerol (w/v), pH 8). All of the collected fractions were checked on SDS-PAGE,
shown on figure 4.41. Prior loading to SDS-PAGE, protein samples were heated at 95 °C
for 5 minutes to obtain denaturated monomeric form. The buffer of chosen eluted frac-
tions (E1, E2 and E3) was exchanged to phosphate buffer using centrifuge concentrators
(5000 g, 5 °C) and final gp12 concentration was checked spectrophotometrically (using
Nanodrop).

Figure 4.41: SDS-PAGE of purified gpl2 protein. Lane MW is a mixture of molecular-weight marker (in
kDa), lane FT is flow through, W1 - W3 are washes and lanes E1 - E5 corresponds to 5 elution fractions,
heated gp12 (denaturated protein) as monomeric has size 57.5 kDa.

4.6.3 Production and purification of His-tagged ORF26 protein

For ORF26 protein production, the E. coli bacteria JM109 strain was freshly transformed
by plasmid pet28F1p26.296S578A by thermic shock. Transformed cells were placed on
plate (LB with kanamycin) and grown overnight at 37 °C. Four 0.91 cultures (LB with
kanamycin) were grown at 37 °C shaking till ODgy reached 0.7. Cultures were cooled
down on ice for 30 minutes and the protein expression was induced by adding 500 pl
IM IPTG to each and let shaking overnight at 16 °C. Cells were harvested by centrifuga-
tion (6000 g, 5 °C, 10 min), resuspended in lysis buffer (500mM NaCl, 20mM Tris-HCI,
10% glycerol, pH 8.5) and lysed by sonication. The released protein and bacterial cells
residues were separated by centrifugation (15 000 g, 4 °C, 30 min). Supernatant was in-
cubated with 2 ml of NINTA resin (for each 25 ml of supernatant) and shaked for 30 min
on ice. The suspension was poured into a column and washed with washing buffer (20mM
imidazole, 500mM NaCl, 10mM Tris-HCI pH 8.5). Elution of protein was performed with
a step gradient of imidazole in the same buffer (0.1, 0.15, 0.2, 0.25, 0.3, 0.4 and 1.0M
imidazole) and all collected fractions were checked on SDS-PAGE electrophoresis.

The eluted protein was dialyzed against 200nM NaCl, 10mM Tris-HCI pH 8.5 for 1 hour
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followed by dialization against 10mM Tris-HCI pH 8.5 overnight. Final purification was
carried out using FPLC method by loading onto an ResQ anionic column and the protein
was eluted with a linear gradient of 0-1 M NaCl in 10mM Tris-HCI pH 8.5. The washing
of protein from NaCl was done using the concentration flask by centrifugation (5000 g,
15 °C, 20 min) followed by washing using the 10mM Tris-HCI, pH 8.5 and centrifugation
(6000 g, 15 °C, 40 min) and repeated three times. The final concentration of obtained
ORF26 protein was checked using Nanodrop.

4.6.4 Immunofluorescence assay

Immunofluorescence assays were used to study produced protein’s binding to three dif-
ferent bacteria strains - Escherichia coli BL21(DE3-), Salmonella enterica subsp. en-
terica serovar Anatum A1l and Staphylococcus aureus RN9220 ASpA. Schematic of the

immunofluorescence assay principle is shown in the figure 4.42.

Figure 4.42: Schematic of the immunofluorescence assay

Materials

Chemicals. For the immunofluorescence assay the following chemicals were used: phos-
phate buffer saline (PBS) was prepared in laboratory of CNB, Paraformaldehyde (PFA,
16% in water) was used for cells fixation, ProLong Gold (Thermo Fisher) was used to
protect fluorescent dyes from photobleaching during fluorescence microscopy and Fetal

calf serum (FCS) was used for blocking to prevent non-specific adhesion of fluorescent
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dyes. DAPI (4',6-diamidino-2-phenylindole) is blue-fluorescent DNA stain used for bacte-
ria cells staining. Anti-His-tag rabbit antibody (Thermo Fisher) as primary antibody and
secondary fluorescent-labeled AlexaFluor546 goat anti-rabbit antibody (Thermo Fisher)
were used.

Bacterial strains. All strains used in this work were grown in LB medium at 37 °C
shaking overnight. ODggy was measured and the number of cells/ml was calculated,
desired number of cells for each bacteria strain is shown in the table 4.6.

Proteins All used proteins were prepared according to the protocols mentioned above.
Concentration of proteins was measured by Nanodrop in mg/ml and recalculated using
the theoretical extinction coefficient of each protein. The volume of protein solution added
to the sample was adjusted to obtain concentration of 6 - 1078 mol. All used proteins are

tail fibers of bacteriophages that bind to the Escherichia coli cells.

Table 4.6: Bacteria strains with needed number of cells/ml and used proteins

Bacteria strain

Escherichia coli BL21(DE3-) 1.6-10° cells/ml
Salmonella enterica subsp. enterica serovar Anatum Al 1.6-10° cells/ml
Staphylococcus aureusRN9220 ASpA 3.2 - 10% cells/ml
Protein Extinction coefficient
gpl7 € = 52940 M~! . cm™!
gpl2 € = 54445 M~! . cm™!
ORF26 € = 66600 M~! - cm™!
Protocol

Fresh bacterial cultures were grown overnight at 37 °C shaking. The volume of bacterial
cultures containing desired number of cells were calculated from ODgyy. Cells were har-
vested by centrifugation at 6000 g for 5 minutes and washed in PBS buffer once. 50 nl of
cells (for one glass slide sample) were incubated with DAPI (¢=15 pg/ml) for 30 minutes
at room temperature. From this step, all further work was carried out in dark to protect
fluorescent dye from light. Cells were washed twice in 200 nl of PBS buffer by centrifuga-

tion (6000 g, 5 min), finally resuspended in 50 ul of PBS buffer and incubated with the
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calculated amount of solution containing protein for 1 hour at room temperature. For
negative control, only PBS buffer without protein was added to the cells. Cells were then
washed in PBS buffer by centrifugation (8000 g, 5 min). 240 pl of 4% PFA was added
to each sample and incubated for 7 minutes. Cells were washed twice in PBS buffer by
centrifugation (8000 g, 5 min) and finally resuspended in 200 pl of PBS buffer. Sample
was put on the coverslip and left for 40 minutes to attach cells to the coverslip. Then
each sample was washed with 400 pnl of PBS buffer. 200 ul of FCS (20% in PBS buffer)
was added to each sample to block coverslip surface to avoid non-specific absorption of
antibodies. After 30 minutes, FCS was removed and 200 pl of primary antibody (1:500,
2% FCS in PBS) was added for 2 hours. Primary antibody solution was removed and
samples were washed five times with 400 pl of PBS buffer. 200 pl of secondary antibody
(1:500 in PBS) was added and incubated for 2 hours. Then the secondary antibody solu-
tion was removed and samples were washed five times with 400 pl of PBS buffer. 3 nl of
ProLong Gold was added to the glass slide and the coverslip with cells was flipped onto
it and let dry overnight at dark.

Results

All of the three proteins - gpl7, gpl2 and ORF26 were tested for binding to all three

different bacteria strains, as is shown in table 4.7.

Table 4.7: Expectation and results of protein binding to bacteria cells

gpl7 gpl2 ORF26

expected result expected result expected result

E. coli v v v v v v
Salmonella X X X v X X
Staphylococcus X X X X X X
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Figure 4.43: Results from bacteria binding study using fluorescent microscopy. Three different strains
of bacteria were tested for protein binding. Blue are the bacterial cells stained by DAPI and red are the
attached proteins to the bacteria cells.

4.6.5 Conclusions

This chapter summarizes the work, that was carried out within the internship at the

National Center of Biotechnology (CNB-CSIC). Three different N-terminally his-tagged
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bacteriophage’s tail fibers proteins binding to E. coli cells were successfully produced.
Immunofluorescence assay was carried out to investigate the ability of produced tail fibers
to bind to different bacterial cells. Gpl7 protein as well as ORF26 bind to F. coli cells as
was expected, gpl2 also binds a little bit to Salmonella cells, which can lead to non-specific

interactions when used in biosensors.
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4.7 Functionalization of the diamond layers

To obtain a biosensor, it is necessary to attach bioreceptors on the sensor’s surface. In this
work, the bacteriophage’s tail fibers with his-tag are used to functionalize the diamond
surface, their production is described in previous chapter 4.6.

For the immobilization of the (His)6-tagged proteins, it is necessary to introduce metal
cations on the surface. In this work, two different approaches were used to obtain Ni?>* ions
on the BDD surface: 1/ attachment of nitriloacetic acid (NTA), which is one of the most
common chelating agent used for immobilization of metal cations and 2/ introduction of
nickel nanoparticles (NiNPs) on diamond surface.

Both of the functionalization approaches were carried out using electrochemical meth-
ods, so the boron-doped diamond (BDD) layers were used. BDD is an excellent chemically
and mechanically stable electrode with a wide potential window in both aqueous and non-
aqueous solvents, very low double layer capacitance and background currents [171,172].

Electrochemical characterizations were carried out by my colleague Mgr. Simona Balu-

chova, Ph.D.

4.7.1 Electrochemical characterization of the BDD electrodes

Prior to the immobilization protocol, all of the samples were electrochemically (E/C)
characterized to determine the quality of the layer from the E/C point of view.

To investigate the electrochemical performance of fabricated BDD layers, cyclic voltam-
metry (CV) was recorded in a supporting electrolyte 1 mol-L~! KCI and two different re-
dox probes, namely: [Ru(NH3)g|>*/2* (surface insensitive probe) and [Fe(CN)g]*~/4~ (sur-
face sensitive probe) and electrochemical impedance spectroscopy (EIS). Cyclic voltam-
mograms were recorded with a scan rate of v = 100 mV-s™' (5x) in the 1 mmol-L™!
[Ru(NH3)g)*+/#* in 1 mol-L~! KCI and 1 mmol-L~! [Fe(CN)g|>*~/*~ in 1 mol-L~! KCI so-
lutions. The most valuable parameter obtained from these measurements is anodic and
cathodic peak potential separation (AE,), which is inherently related to the heteroge-
neous electron transfer rate. The value for the fully reversible system exchanging only
one electron is 59 mV [138]. EIS spectra were recorded in the frequency range f from
100 kHz to 0.1 Hz in the 1 mmol-L™! [Fe(CN)s]*~/4~ in 1 mol-L~' KCI solution. All

experiments were carried out at room temperature.
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Low temperature BDD electrodes

The BDD layers were grown on the conductive (100)-oriented 10x10 mm silicon (cSi) sub-
strates (ON Semiconductor, Czech Republic). Prior the diamond seeding, samples were
cleaned using sonication in acetone, isopropylalcohol and hot distilled water for 5 minutes
in each followed by 10 minutes in HySO, + HyOy mixture (1:1) and sonicated twice in
hot water for 5 minutes. As thin SiOy layer form naturally on Si surface, all samples
were etched for 30 seconds in hydrofluoric acid (HF) and rinsed twice in hot water in
ultrasonic bath for 5 minutes. After the cleaning procedure, samples were seeded with
nanodiamond particle colloid by spin coating (30 s at 3000 rpm). Two different series - S1
and S2 of BDD layers were grown using MW-LA-PECVD apparatus at low temperatures,
as the immobilization of the proteins is intended to be carried out on the acoustic sen-
sors (LW-SAW device or QCM). The conditions used for the BDD layers deposition are
shown in table 4.8. AFM was used to observe the morphology of the layers and Raman
spectroscopy was measured to give a qualitative indication of the purity (diamond vs.
non-diamond carbon content) of BDD layers. Raman spectra confirmed incorporation of
boron atoms into the diamond lattice as the B related peaks at ca 470 cm~! and 1217 cm ™!
are present and diamond Raman line is red shifted to 1299 cm™! (S1) and 1305 cm™! (S2)
respectively [138], see picture 4.44a). Boron concentration obtained from Raman spectra
was ~ 4 - 10! atoms-cm ™2 for Serie 1 and ~ 1.58 - 10%! atoms-cm ™~ , which is above the
accepted value for metal-insulator transition [138]. AFM picture showed fully closed layer
with cauliflower structure and roughness RMS = 14.7 nm (S1) and crystalline layer with

roughness RMS = 12.4 nm (S2), see picture 4.44b) and c).

Table 4.8: BDD layers deposition conditions at low temperature

Serie 1 Serie 2
Process gas flow (sccm) 8 CHy, 40 H,,150 BoHg, 1.75 COq
MW power (kW) 227
Process pressure (mBar) 0.25
Substrate temperature (°C) ~ 450 ~ 600

Electrochemical characterization using redox markers
Electrochemical characterization of fabricated BDD electrodes was conducted by CV and
EIS as described above. The measured values of AE, for studied electrodes in two different

redox probes are tabulated in the table 4.9.
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Figure 4.44: A) 488 nm Raman spectra showing standard B related features at ca 470 cm™! (1) and
1217 em™1! (2), red shifted diamond Raman line at 1299 cm~! (S1), 1305 cm™! (S2) (3) and contribution
from non-diamond carbon phase with a band at ca. 1490 cm~1! (4), Bi) showing AFM picture of deposited
BDD layer (with thickness of 272 nm) with a cauliflower structure (S1), Bii) AFM picture of BDD layer
with crystalline structure (S2), yellow bar indicates 1 pm, Ci) Cyclic voltammograms of 1 mmol-L~*
[Fe(CN)g]?~/4~ redox marker in 1 mol-L~" KClI electrolyte, Cii) cyclic voltammograms with 1 mmol-L "
[Ru(NHz)6]>+/2* redox marker in 1 mol-L~! KCI electrolyte.

Table 4.9: AE, obtained from CV experiments with redox markers (all 1 mmol-L™! in 1 mol-L=! KCI)
for low temperature BDD electrodes

Electrode number AFE, - [Ru(NH;)g]>*/?* (mV) AEFE, - [Fe(CN)g]>*/*~ (mV)

Serie 1
1 131 113
2 120 192
3 126 234
4 128 158
Serie 2
1 264 262
2 195 190
3 255 251
4 240 238
5 200 200

All studied electrodes provided well-defined pairs of redox peaks for both markers.
However, extracted AE), values, being averagely 2 - 4 times larger than ’ideal” value of

59 mV, signalizes hindered heterogeneous electron transfer kinetics. Even though [B]
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values estimated from Raman spectra implies heavily doped, and thus presumably highly
conductive BDD films, this does not reflect in observed electrochemical behavior.

Using higher deposition temperature for Serie 2 changed the diamond layer morphol-
ogy, bud did not help to obtain better E/C behavior of BDD electrodes. This E/C
characterization showed inhibited electron transfer kinetics, hampered conductivity, and
thus insufficient quality of BDD electrodes, so we did not continue with functionalization

protocol on them.

High temperature BDD electrodes

The samples were cleaned and seeded in the same way as samples used for low temperature
BDD growth. 344 nm thin BDD layers with boron to carbon ratio (B/C) 4000 ppm were
deposited using an ASTeX 5010 (Seki Technotron, Japan) deposition system, deposition
conditions are listed in table 4.10. Raman spectra confirmed incorporation of boron atoms
in the diamond lattice (picture 4.45a)) and a small contribution from non-diamond carbon
phase. AFM measurement showed crystalline structure of BDD layers (picture 4.45b))
with roughness RMS = 23.5 nm. Boron concentration obtained from Raman spectra was
~ 2.4-10%" atoms - cm 3. Electrochemical behavior was investigated in the same way as for
low temperature BDD electrodes, AE, values are listed in the table 4.11. AE, values for
both redox markers were very close to the ideal value of 59 mV for all measured electrodes,
which indicates good electrochemical properties of BDD electrodes (fast electron transfer
kinetics). Recorded EIS spectra were fitted using Randles equivalent circuit and obtained
values of double layer capacitance Cy, that is typically < 10 pF-cm~2 for high-quality
BDD electrode [173] , and charge transfer resistance Rcor are tabulated in the table 4.12.

Table 4.10: BDD layers deposition conditions at high temperature

Process gas flow (sccm) 2.5 CHy, 492 H,,5 BoHg

MW power (kW) 1.15
Process pressure (mBar) 20
Substrate temperature (°C) 1000

All of the measurements of high temperature BDD electrodes showed great electro-
chemical behavior, therefore they were used in further experiments of diamond functional-
ization. In order to attach bacteriophage’s tail fibers to the diamond surface, two different

approaches were studied: 1/ electrodeposition of Ni nanoparticles (NiNPs) directly fol-
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Figure 4.45: A) 488 nm Raman spectra showing standard B related features 1210 cm™! (2), red shifted
diamond Raman line at 1292 ecm~! (3) and a small contribution from non-diamond carbon phase with
a band at ca. 1520 cm~! (4), and B) showing AFM picture of deposited BDD layer (with thickness of
344 nm) with a crystalline structure, yellow bar indicates 1 pm, Ci) Cyclic voltammograms of 1 mmol-L~!
[Fe(CN)g]?~/%~ redox marker in 1 mol-L~" KCl electrolyte, Cii) cyclic voltammograms with 1 mmol-L
[Ru(NHz)6|>+/2* redox marker in 1 mol-L~! KCI electrolyte.

Table 4.11: AE, obtained from CV experiments with redox markers (all 1 mmol-L~! in 1 mol-L~! KCI)
for high temperature BDD electrodes

Electrode number AE, - [Ru(NH;)e]**/?* (mV) AE, - [Fe(CN)g]>*/4~ (mV)

1 72 76
2 72 72
3 70 74
4 72 74
) 68 76
6 72 74
7 74 74
8 70 74

lowed by attachment of N-terminally (His)6-tagged tail fibers and 2/ electrografting of
nitriloacetic acid (NTA) followed by entrapment of nickel ions and N-terminally (His)6-
tagged tail fibers attachment. Electrodes with numbers 1, 5 and 8 were used for electrode-

position of NiNPs and electrodes with numbers 2, 3, 4 and 6 were used for the second
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Table 4.12: Cy and Ror obtained from EIS experiments with redox marker (1 mmol-L~" [Fe(CN)g]3~/4~
in 1 mol-L~! KCI) for high temperature BDD electrodes

Electrode number Cy (nF - cm™2) Rer Q - cm?

1 1.2 157
2 1.35 119
3 1.2 108
4 1.2 171
d 1.2 110
6 1.3 135
7 1.2 134
8 1.2 159

approach involving NTA.

4.7.2 Electrodeposition of nickel nanoparticles

Preparation of BDD electrodes decorated with NiNPs and further (His)6-tagged protein

attachment was carried out in following steps:

1. A 5mM NiSOy, solution in 10mM PBS buffer (pH 6.5) was purged with nitrogen for

10 minutes to eliminate the oxygen prior the electrodeposition.

2. Cyclic voltammogram was measured in the potential range from +0.2 V to -1.5 V to
find the potential of the reduction peak E,.. The reduction of nickel ions to metallic
Ni occurred at this potential. Values of E,. for different samples are listed in the
table 4.13.

Table 4.13: E,. used for NiNPs electrodeposition

Electrode number 1 5 8
E,. (V) -14 -15 -1.5

3. Electrodeposition of NiNPs was carried out by reduction of a 5mM NiSO, solution
in 10mM PBS buffer (pH 6.5) by pulse at E,. for 200 s, at 0 V for 1 minute followed
by another pulse at E,. for 200 s. This cycle was repeated 10 times (sample 1) and
5 times (samples 5 and 8) [174].

4. Formation of an nickel oxide on NiNPs’ surface is important for further (His)6-

tagged protein (HTP) attachment. Oxidation of NiNPs was achieved in 10mM PBS
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buffer (pH 7.4) by scanning the potential between 0 and +0.9 V at a scan rate
50 mV - s7t (50 cycles) [175].

5. Incubation with the N-terminally his-tagged gp17 protein. Proteins stored at -80 °C
were slowly thawed and centrifuged at 15000 g at 4 °C for 10 minutes to remove
degraded protein. Concentration was checked using Nanodrop spectrophotometer
and adjusted to final concentration ¢ = 200 pg/ml in 10mM Tris-HCI buffer, pH 8.5.

Volumes and times of incubation for different samples are listed in the table 4.14.

Table 4.14: V of gpl7 protein solution and ¢ used for incubation on NiNPs/BDD electrodes

Electrode number 1 5) 8
V (nl) 130 150 150
t (h) 2 1.5 1.5

6. Incubation with bacteria E. coli was done on samples 5 (¢ = 1.5 h) and 8 (¢ = 2 h) by
adding 150 ul of bacteria on NiNPs/BDD electrode and then thoroughly washed by
PBS buffer. The bacterial culture of E. coli strain BL21(DE3-) was grown overnight
in LB media at 37 °C shaking, cells were harvested by centrifugation (6000 g, 5 °C,
10 min), resuspended and diluted in PBS buffer to achieve ODgyy = 1.

Characterization

To confirm the changes on the BDD electrodes’ surface, E/C characterization by CV and
EIS was performed after steps 4, 5 and 6. CVs were recorded in solution of 1 mmol - L
[Fe(CN)g]3~/4~ in 10 mmol-L~! PBS (pH 7.4) and 1 mmol-L~! [Fe(CN)g)>*~/4~ in 1 mol- L
KCI with a scan rate v = 100 mV-s~!. The presence of NiNPs was also probed by scanning
electron microscopy.

CV measurement in 1 mmol - L™! [Fe(CN)g]3>~/4~ in 10 mmol - L=t PBS (pH 7.4)
of sample 1 reveals the reversible redox couple at cca 180 mV /300 mV corresponding
to the surface confined Ni(IT) /oxyhydroxide species (see graph 4.46). The anodic peak
at 300 mV corresponds to the oxidation of Ni(OH)s to NiIO(OH) and cathodic peak at
180 mV reduction of NiO(OH) back to Ni(OH)y [175]. These peaks disappeared after
(His)6-tagged gpl7 protein binding, which confirmed that Ni(II)/oxyhydroxide species
are involved in the protein’s attachment. The characteristic reversible redox peaks of

the [Fe(CN)g]3~/4~ decreased after incubation with gp17 protein, that indicates a partial
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Figure 4.46: Cyclic voltammograms of 1 mmol - L=! [Fe(CN)g]>~/4~ in 10 mmol - L= PBS (pH 7.4)
recorded on bare BDD electrode, BDD/NiNPs and BDD/NiNPs/HTP modified electrodes

inactivation of the electrode surface resulting from protein binding. CV measurement in
1 mmol - L™ [Fe(CN)g]>/4~ in 1 mol - L=' KCI revealed increase of the redox peaks in-
dicating electrocatalytic effect of NiNPs. SEM measurement revealed uniform deposition
of spherical NiNPs with an approximate diameter of 200 nm covering the entire working

electrode surface, see picture 4.47.

Figure 4.47: Low and high magnification scanning electron micrographs of NiNPs deposited on BDD
electrode

As the electrodeposition of the NiNPs and immobilization of (His)6-tagged gpl7 pro-
tein was confirmed, whole protocol was repeated on the samples 5 and 8 including bacteria
attachment step. CV performed in both electrolytes showed the same behavior as for sam-
ple 1 (see graph 4.48a)), and AE, was increasing after each step, which indicates changes
on the electrode’s surface causing inhibition of the electron transfer due to NiNPs, pro-

tein and bacteria attachment. AFE), values are tabulated in the table 4.15. Protein and
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bacteria binding was further confirmed by EIS measured in the presence of redox probe
[Fe(CNg)]>~/4~ in KCl. The measurement demonstrated increase in the electron transfer
resistance on the protein and bacteria modified BDD /NiNPs electrodes in the comparison
with unmodified BDD/NiNPs electrode, see graph 4.48b). This indicated deposition of
the protein/bacteria insulating layer on the working electrode surface, that resulted in

blocking of electrochemical active sites and thus decreasing electron transfer rate.

Table 4.15: AE, obtained from CV experiments in 1 mmol - L=! [Fe(CN)g]>*~/4~ in 10 mmol - L~}
PBS (pH 7.4) and 1 mmol - L™! [Fe(CN)g]>~/4~ in 1 mol - L= KCI recorded on bare BDD electrode,
BDD,/NiNPs, BDD/NiNPs/HTP and BDD/NiNPs/HTP/ E.coli

Electrode BDD BDD/NiNPs BDD/NiNPs/HTP BDD/NiNPs/HTP/E.coli

AE, (mV) in 1 mmol - L= [Fe(CN)¢]*~/4~ in 10 mmol - L=* PBS

Sample 5 170 * 286 324

Sample 8 160 146 266 344
AFE, (mV) in 1 mmol - L™ [Fe(CN)g]*/*~ in 1 mol - L~ KCl

Sample 5 74 94 182 210

Sample 8 74 78 92 94

Figure 4.48: a) Cyclic voltammograms of 1 mmol - L=! [Fe(CN)g]>~/4~ in 10 mmol - L=! PBS (pH 7.4)
and b) Nyquist plot of 1 mmol-L~" [Fe(CN)s]3>~/4~ in 1 mol- L~ KCI recorded on bare BDD electrode,
BDD/NiNPs, BDD/NiNPs/HTP and BDD/NiNPs/HTP/E.coli, HTP - his-tagged gpl7 protein

4.7.3 Protein attachment via covalent grafting of NTA acid

Functionalization of BDD electrodes by NTA acid was carried out according to procedure

described in [176]. Functionalization was done in two steps (electrochemical activation
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of the surface and attachment of NTA acid) followed by (His)6-tagged gpl7 protein and

E.coli bacteria attachment, the individual steps are described below.

1. Electrochemical grafting of 5 mmol-L~! aminobenzoic acid HyNPhCOOH (AB acid)

was achieved by cyclic voltammetry in 0.5 mol-L~! NaClO,4 aqueous solution.

D BDD electrode
-e-H"
H;N‘G*DGOH T NH@EODH T NH@EDOH

BDD-NHPhCOOH

Figure 4.49: Electrochemical grafting of HONPhCOOH on BDD electrode, reproduced from [176]

2. Prior to the NTA acid attachment, the carboxylic groups on BDD-COOH electrode
were activated by EDC/NHS protocol, that is used for amide bonding formation.
BDD-H;NPhCOOH surface was activated in 5 mmol-L~! EDC and 10 mmol-L~!
NHS-sulfo in PBS buffer (pH 7.4) for 2 hours. Subsequently, the activated BDD-
COOH electrodes were incubated in PBS buffer (pH 7.4) containing 5 mmol-L~*
aminobutyl-nitrilotriacetic acid (AB-NTA) for 3 hours.

BOD-NHPhCOOH

2) AB-NTA in BPS pH 7.5, 3h

{ii}} 1) EDC/NHS-sulfo in BPS pH 7.5, 2h
COOH

(
D—H —@coNHN _\com

COOH
BDD-NHPhCONH-NTA

Figure 4.50: Immobilization of NTA acid onto COOH-terminated BDD electrode’s surface using
EDC/NHS protocol, reproduced from [176]

3. Prior to the nickel ions attachment, the samples were incubated with 0.1 mol-L~*
KOH for 5-10 min to achieve deprotonation of the -COOH groups. Ni ions attach-
ment to NTA acid was carried out at 5 mmol -L~! NiSO,4 in PBS buffer (pH 6.5)

for 2 hours.

4. Incubation with the N-terminally his-tagged gp17 protein was carried out according

to the same protocol as described in the chapter 4.7.2 Electrodeposition of nickel
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nanoparticles, paragraph 5. To exclude the non-specific interactions, sample 4 was

incubated with the fetal calf serum (FCS) for 2 hours.

5. Incubation with the bacteria E. coli was carried out according to the same protocol
as described in the chapter 4.7.2 Electrodeposition of nickel nanoparticles, paragraph

6.

Characterization

Changes on the BDD electrodes’ surfaces were confirmed by measuring CV and EIS with
[Fe(CN)g|>~/4~ redox probe in two different electrolytes (0.5M HCI pH 0.3 and 10mM
PBS pH 7.4) after steps 1, 2, 4 and 5, the AE, values are listed in the table 4.16.

Table 4.16: AE, obtained from CV experiments with [Fe(CN)g]>~/4~ redox marker after different
modification steps

El. number bare AB-modified AB-NTA modified ‘ His-AB-NTA mod.
AE, - [Fe(CN)g]>~/*~ in HCI1 (mV)

2 72 136 158 -k

3 74 104 116 -

4 72 130 98 -

6 76 80 80 -
AE, - [Fe(CN)s]>*/*~ in PBS pH 7.4 (mV)

2 158 >500 no peaks

3 154 =500 no peaks peaks

4 152 =500 no peaks -

6 156 =500 =400 268

* measurement in HCI was not carried out after modification with protein to avoid
hydrolyzation of protein in strongly acidic environment

As carboxylic groups are protonated in acidic environment, there should be barely
no interaction between redox marker and surface electrode in HCI after all modification
steps. This is confirmed by CV measurements (see table 4.16 and figure 4.51a)), when
there is small increase in AE, values after AB acid and NTA acid attachment steps. In
neutral environment (PBS pH 7.4) carboxylic groups are dissociated (negatively charged
-COO~ groups) which results in electrostatic repulsion of modified electrode’s surface and
[Fe(CN)]3~/4~ anions. This can be observed as a significant increase in AE, values, which
was also confirmed, see table 4.16 and figure 4.51b).

The electrochemical measurements confirmed the attachment of NTA acid to the BDD
electrode’s surface, so we proceed to the Ni?T incubation followed by 6-his-tagged gpl7
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Figure 4.51: Cyclic voltammograms of a) 1 mmol - L= [Fe(CN)g)>~/4~ in 0.5 mol - L' HCI (pH 0.3)
and b) 1 mmol - L=! [Fe(CN)g]?~/4~ in 10 mmol - L=' PBS (pH 7.4) recorded on bare BDD electrode,
BDD/AB-acid, BDD/AB-NTA acid

protein attachment. To exclude non-specific interactions, we incubated sample 4 with
FSB protein without his-tag and sample 3 with his-tagged gpl7. Figure 4.52a) clearly
shows that there is no significant change in AE, after incubation with FBS protein, which
indicates that there is not a non-specific interaction as the FBS protein did not attach
to the BDD surface. After incubation with his-tagged gpl7 protein, we can observe
appearance of the peaks, which could indicate attachment of the his-tagged protein via
Ni?* ions to the NTA acid on the BDD surface, see graph 4.52b). The last step was
the incubation of the sample with his-tagged gpl7 protein with the bacteria cells. We
could observe appearance of the peaks in the CV spectra after E. coli attachment, which
indicates that the attachment was not successful, see graph 4.53a).

To confirm the results of CV measurement, sample 6 was kept in 10% formaldehyde
in DI water overnight at 4 °C to fix the bacteria and AFM was measured. As a control,
E.coli culture was dropped also on the bare glass substrate and fixed in the same way as
on BDD electrode. The bacteria were not find on the surface of modified BDD electrode
(sample 6), but were clearly visible on the glass substrate, see picture 4.54. To exclude
non-specific interaction of the bacteria, we also incubated bare BDD electrode with the
bacteria culture. CV measurement indicated, that there is no attachment of bacteria cells

to the non-modified BDD electrode, see graph 4.53b).
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Figure 4.52: Cyclic voltammograms of 1 mmol - L™ [Fe(CN)g]>~/4~ in 10 mmol - L= PBS (pH 7.4)
recorded on bare BDD electrode, BDD/AB-acid, BDD/AB-NTA acid and A) BDD/AB-NTA /FSB pro-
tein or B) BDD/AB-NTA /gpl7 protein

Figure 4.53: Cyclic voltammograms of 1 mmol - L' [Fe(CN)s]3>~/4~ in 10 mmol - L=! PBS (pH 7.4)
recorded a) on bare BDD electrode, BDD/AB-NTA acid, BDD/AB-NTA /his-tagged gpl7 protein and
BDD/AB-NTA /gpl17/E.coli and b) on bare BDD electrode and BDD/ E.coli electrode

4.7.4 Conclusions

Within this chapter I focused on the electrochemical characterization of BDD electrodes in
order to attach his-tagged gpl17 protein to the electrode’s surface as a bioreceptor for the
bacteria detection. At first, we investigated electrochemical properties of BDD electrodes
deposited at low temperature, but they showed insufficient E/C quality (slow electron
transfer kinetics). High temperature BDD electrodes showed excellent E/C quality, so

they were used for functionalization protocols. We investigated two different approaches -

136



4.7 Functionalization of the diamond layers

Figure 4.54: AFM micrographs of E.coli cells on the A) glass substrate and B) functionalized BDD
electrode, yellow bar indicates 8 ym and red bar 1 pm

electrodeposition of Ni nanoparticles and attachment of NTA acid to the surface. The first
mentioned approach is easier and quicker to prepare as the electrodeposition of NiNPs
needs only one E/C step and can be directly followed by quick oxidation of NiNPs and
incubation with the protein. We also confirmed that this protocol was working well and
according to E/C measurement we successfully attached proteins as well as bacteria. The
second approach involving covalent grafting of NTA acid to the BDD surface is more
complicated as it needs more incubation steps before the surface is ready for the his-
tagged protein attachment. Anyway the E/C measurement confirmed, that we were able
to attach NTA acid as well as his-tagged protein to the BDD surface. But we were
not able to confirm attachment of bacteria cells. It would be also beneficial to support
the E/C measurements by another characterization technique, such as XPS, that was

unfortunately not performed due to lack of time.
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4.8 BDD-coated QCM sensors for biosensing

Piezoelectric Quartz Crystal Microbalance (QCM) sensors are cheap, mass-produced bulk
acoustic sensors. Their mass sensing capabilities can be combined with electrochemical
detection in so-called electrochemical quartz crystal microbalance (EQCM). Boron doped
diamond (BDD) possesses excellent electrochemical properties. For these reasons the

deposition of BDD layers on QCM sensors has been investigated.

4.8.1 BDD layers deposition

QCM crystals with working frequency at 10 MHz were purchased from two different com-
panies (Krystaly, Hradec Kralové a.s. and Novaetech Srl). They varied in the roughness
of gold electrode — for QCM from Krystaly we measured roughness RMS = 274 nm, and
for QCM from Novaetech RMS = 2.7 nm.

Figure 4.55: AFM micrographs of the gold electrode surface of QCM sensors with different roughness,
a) QCM from Krystaly, Hradec Kréalové, b) QCM from Novaetech Srl., yellow bar indicates 10 pm, red
bar is 1 pm

As the gold electrode is the most common in QCM technology and deposition of
diamond on gold is not so straightforward, diamond seeding study on gold was carried

out to obtain the best BDD layers.

Diamond seeding study on gold

At first, the seeding and diamond growth was tested on glass substrates (10x10 mm) with
10 nm titanium adhesion layer and 90 nm gold layer on top. All BDD layers were deposited
using LA-MW-PECVD apparatus at low temperature, used conditions are listed in the
table 4.17 with different diamond seeding procedure, see table 4.18. Nanodiamond particle
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water based colloid NanoAmando®)B from NanoCarbon Research Institute Ltd. was used
for all depositions. Spin coating was carried out for 5 s at 1500 rpm followed by 35 s at
3800 rpm. Quality of deposited BDD layers was characterized by Renishaw InVia Raman
microscope with a 488 nm excitation laser at a power of 25 mW at 20 °C. Morphology of

BDD layers was investigated using Tescan FERA3 scanning electron microscope.

Table 4.17: Conditions for deposition of BDD layers on gold at LA-MW-PECVD apparatus

Process gas flow (sccm) Pressure Substrate
CH, H, B,Hg CO, (mBar) Power (kW) (o mp. (°C)
8 40 150 1.75 0.25 2x2.7 ~ 350

Table 4.18: Different seeding conditions used in seeding study on gold layers for BDD layers growth

Sample Annealing Seeding conditions

1 250°C in N, 1 h  colloidal ND susp. in DI., 30 min in US bath — dried
without compressed air

2 250°C in Ng, 1 h  colloidal ND susp. in DI, 30 min in US bath — rinsing
in DI and dried with compressed air

3 250°C in Ng, 1 h  colloidal susp. of nanodiam. in ethylenglycol, 30 min in
US bath — dried with compr. air

4 250°C in No, 1 h  PDDAC polymer (1/10 v/v in DI) 10 min in US bath,
1 g/1 colloidal ND susp. in DI 10 min in US bath

5 250°C in No, 1 h  PDDAC polymer (1/10 v/v in DI) 10 min in US bath,
1 g/1 ND susp. in DI spin coating

6 250°C in No,1 h  PDDAC as received 10 min in US bath, 1 g/1 ND susp.
in DI spin coating

7 250°C in No, 1 h 1 g/1 ND susp. in DI, spin coating

Figure 4.56A) shows, that closed BDD layer with cauliflower structure was obtained
after seeding procedure on sample 1, 2, 3 and 7. Seeding using PDDAC polymer (samples
4,5, 6) did not ensure the necessary density of diamond nucleation sites on the gold layer.
Raman spectra (figure 4.56B)) confirmed presence of BDD layer on samples 1, 2, 3 and 7
as the diamond peak and boron related features can be clearly seen. On the other hand,
spectra of samples 4, 5 and 6 lacks the diamond and boron related peaks confirming, that
only few diamond grains are present on the samples.

Seeding procedures were repeated also on QCM sensors with rough gold electrode to
confirm, which one will work best for this type of substrate. Seeding conditions are listed
in the table 4.19. SEM micrographs of deposited BDD layers are shown in the picture

4.57. The best BDD layer was obtained on QCM-1 and QCM-2 and seeding procedure
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Figure 4.56: A) SEM micrographs and B) Raman spectra of the BDD layers deposited on the gold
electrode surface, number of picture refers to the sample listed in the table 4.18, yellow bar refers to 1 pm

on QCM-2 was used for further work in this chapter. QCM sensors from Novaetech Srl.
company with very smooth gold electrodes were not coated successfully as they suffered

from delamination of the gold electrode during the BDD deposition regardless the used

seeding conditions.

Table 4.19: Different seeding conditions used in seeding study on gold electrodes of QCMs for BDD
layers growth

Sample Seeding conditions

QCM-1 1 g/l ND susp. in DI, 1 h in US bath, dried with compr. air

QCM-2 1 g/l ND susp. in DI, spin coating

QCM-3  PDDAC polymer (1/10 v/v in DI) 10 min in US bath, 1 g/1 colloidal
ND susp.in DI 10 min in US bath

QCM-4 PDDAC polymer (1/10 v/v in DI) 10 min in US bath, 1 g/l ND
susp. in DI spin coating

4.8.2 QCM’s sensitivity and performance in liquid

The sensitivity and behavior of BDD coated QCMs in liquids with different density were

investigated and compared with uncoated QCMs. All of the measurements were per-
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Figure 4.57: A) SEM micrographs and B) Raman spectra of the BDD layers deposited on the gold
electrode of the QCMs sensors from Krystaly company, samples (i) QCM-1, (ii) QCM-2, (iii) QCM-3 and
(iv) QCM-4, seeding conditions are listed in the table 4.19, yellow bar refers to 5 pm, red bar is 1 pm

formed using OpenQCM Q! module and its open source software. To compare the BDD
layer influence on the QCMs properties, sensors with two different BDD layer thicknesses
(130 and 320 nm) were used. BDD layers were prepared using the same seeding conditions
as for the QCM-2 listed above in the table 4.19. Boron concentration of used layers was

estimated to be around 4-10%! cm ™3 for 320 nm layer and 2-10%! cm ™2 for 130 nm thin layer.

To investigate QCMs performance in liquid, solutions with 3 different sucrose weight
percent 7.5 %, 15 % and 30 % were prepared. Peristaltic pump was used to insert liquid in
the measurement chamber, pump was stopped and the frequency variation was measured

at the equilibrium in a static liquid conditions, measurement setup can be seen in the
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Figure 4.58: A) SEM micrographs and B) Raman spectra of the BDD layers, (i) 320 nm and (ii) 130 nm
thin BDD layer, yellow bar refers to 5 pm, red bar is 1 pm

figure 4.59. Between insertion of solution with another sucrose concentration, chamber
was washed with pure DI water in order to wash away sucrose molecules from previous
solution. This simple experiment showed, that QCMs sensors behavior in liquid with
different viscosity and density is not affected by adding the BDD coating, as the frequency
shift was linearly proportional to the sucrose weight concentration and comparable for all

BDD-coated QCMs and uncoated QCM sensor, see graph 4.60a).

Figure 4.59: Measurement setup: OpenQCM Q! module with mounted QCM sensor connected to
peristaltic pump

The sensor’s sensitivity was investigated using gold nanoparticles (AuNPs) solutions.
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Figure 4.60: Frequency shift of plain and BDD-coated QCM sensor in a) solutions with different sucrose
concentrations and b) different volume of AuNPs solutions

3 consecutive measurements were done by dropping 10 ul of AuNPs solution on the QCM
sensor surface, letting the liquid dry and the frequency variation was then measured.
Plain QCM sensor showed higher relative frequency shift (-0.04 % for 30 pl of AuNPs)
in comparison to BDD-coated QCM sensors (-0.027 %) for both BDD layer thicknesses
(130 and 320 nm), see graph 4.60b). This experiment showed decrease in sensitivity after
adding BDD layer on QCM sensor, but the sensitivity is not affected by thickness of the
added BDD layer. This result needs to be further investigated.

4.8.3 Electrochemical behavior

Basic electrochemical characterization of BDD-coated QCM samples was performed by
recording cyclic voltammetry (CV) of two redox probes, namely: [Ru(NHs)g)>+/>* (surface
insensitive probe) and [Fe(CN)g]>~/4~ (surface sensitive probe). Two set of samples were
characterized, 1) with 272 nm thick BDD layer with boron concentration of 4:10?! ¢cm™?
and 2) with 170 nm thick BDD layer with boron concentration of 1.14 -10*! cm™®. Raman
spectra and SEM micrographs are shown in the figure 4.61. Cyclic voltammograms were
recorded with a scan rate of v = 100 mV- s~! (5x) in the 1 mmol-L = [Ru(NHj)g]?+/#*
in 1 mol-L~! KCI and 1 mmol-L~! [Fe(CN)g]*>~/4~ in 1 mol-L~! KCI solutions. The mea-
sured values of peak-to-peak separation are listed in the table 4.20. Near-reversible redox

behavior manifesting fast electron transfer kinetics was observed, which also confirms a

very good quality of the prepared BDD layers.
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Figure 4.61: A) SEM micrographs and B) Raman spectra of the BDD layers, (i) 170 nm and (ii) 272 nm
thin BDD layer, yellow bar refers to 5 pm

Table 4.20: AE, obtained from CV experiments with redox markers (all 1 mmol-L™! in 1 mol-L~! KCl)
for BDD-coated QCM sensors

Electrode number AE, - [Ru(NH;)e]**/?* (mV) AE, - [Fe(CN)g]>*/*~ (mV)

Series 1
1 7 84
2 73 79
3 74 83
Series 2
1 74 74
2 76 78
3 78 82
4 &2 88

4.8.4 Diamond surface functionalization

In order to attach his-tagged proteins to the BDD surface, we used the same two proce-
dures as were described in the section 4.7: 1) electrodeposition of NiNPs and 2) electro-
grafting of NTA acid. Figure 4.62 shows a home-made electrochemical sample holder to

make electric contact from the top of the QCM sample.
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Figure 4.62: Home-made electrochemical QCM holder to contact BDD layer on top of QCM sensor

Protein attachment via electrodeposition of nickel nanoparticles

Electrodeposition of NiNPs was carried out using the same protocol as described in the
chapter 4.7.2. The CV measurement in 1 mmol -L™! [Fe(CN)g]*~/4~ in 10 mmol - L™}
PBS (pH 7.4) electrolyte reveals the reversible redox couple corresponding to the surface
confined Ni(II) /oxyhydroxide species, that confirms successful electrodeposition of NiNPs,
see graph 4.63a). To test non-specific protein attachment to the functionalized BDD
surface, the NiNPs modified-QCM sensor was incubated with FBS protein for 2 hours.
We can observe increase of the peaks measured in the PBS electrolyte after the FBS
incubation. As the FBS has very complex composition, such as proteins, carbohydrates,
growth factors, cytokines, fats, vitamins, minerals, hormones, non-protein nitrogen, and
inorganic compounds [177], any non-specific interaction could occur that provides better
signal from ferro-/ferri-cyanid surface sensitive probe. For this reason, the CVs were also
measured in the 1 M KCI that provides signal directly from deposited NiNPs, where we
can observe significant reduction of the signal from NiNPs after incubation with his-tagged
protein, which indicates attachment of the protein to the NiNPs, see graph 4.63b).
QCM sensors were also frequency characterized before and after deposition of NiNPs.
As the functionalized QCM sensors are intended to be used in biosensing, they were
also characterized in PBS buffer. Characterization was carried out using OpenQCM Q!

device. Fundamental frequency of QCMs was measured on air or by adding of 200 pl of
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Figure 4.63: Cyclic voltammograms of a) 1 mmol - L™' [Fe(CN)g]>~/4~ in 10 mmol - L=' PBS

(pH 7.4) and b) 1 M KCI recorded on bare BDD electrode, BDD/NiNPs and BDD/NiNPs/FBS and
BDD,/NiNPs/FBS /HTP

Figure 4.64: SEM micrographs of QCM/BDD surface after NiNPs deposition, yellow bar refers to 5 pm,
red bar is 1 pm

PBS buffer on the surface using the open pippeting module of OpenQCM Q™! device.

Three different samples were characterized and the relative frequency shifts are listed in

the table 4.21. Resonance frequency of bare QCM /BDD sensor on air was taken as fj for
all of the relative frequency shift A f calculations.

Table 4.21: Relative frequency shift of QCMs before and after NiNPs deposition on air and in PBS buffer

Electrode number 1 2 3
fo (Hz) 9998000 9975274 9973912
Af in PBS (%) -0.0592  -0.0566 -0.06018
Af NiNPs on air (%) -0.0328  -0.0463  -0.0282
Af NiNPs in PBS (%) -0.0419  -0.0521  -0.0548

Af NiNPs on air after PBS (%) 0.0259 -0.0194 0.0205

It is expected, that frequency shift in PBS will be higher than in the air. Also is

expected negative frequency shift after deposition of NiNPs due to mass loading on the
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surface. This is fulfilled for both measurements in PBS (before and after NiNPs deposi-
tion) and for QCM’s with NiNPs on air. But we can observe positive frequency increment
after measurement of QCM’s with NiNPs in PBS buffer, in table 4.21 are highlighted in
red color, which means, that NiNPs are not attached well to the sensor’s surface and they
are detached during the frequency measurement, probably due to the vibrations of the
sensor. After this measurement we did not continue with the experiment using the his-
tagged protein as washing the NiNPs away during the measurement is a crucial problem

and therefore this functionalization approach cannot be used for the biosensor fabrication.

Protein attachment via electrografting of NTA acid

For the attachment of the NTA acid to the BDD surface, we followed the protocol de-
scribed in the chapter 4.7.3. Confirmation of the attachment of NTA acid was performed
by measurement of the CVs in the solutions of [Fe(CN)g]>~/4~ in 0.5 M HCI (acidic medi-
um, pH 0.3) and [Fe(CN)g]*~/4~ in 10 mM PBS buffer (neutral medium, pH 7.4), AE,
are listed in the table 4.22. From this measurement we can confirm successful attach-
ment of aminobenzoic acid to the BDD surface, as we observed constant AE, value for
[Fe(CN)]3~/4~ in HCI and an increase in AE, for[Fe(CN)g|>~/4~ in PBS. However for the
second modification step (attachment of NTA acid) we observed an increase in AE, for
[Fe(CN)g]>*~/4~ in HCI and a decrease in AE, for [Fe(CN)g]>~/4~ in PBS. These results
indicate that the attachment of AB-NTA on the surface was not achieved.

Table 4.22: AE, obtained from CV experiments with redox markers in different electrolytes

QCM/BDD bare AB-modified AB-NTA modified
AE, - [Fe(CN)g]*~/*~ (mV) in HC1 pH 0.3

84 86 178
AE, - [Fe(CN)g]*~/*~ (mV) in PBS pH 7.4
152 258 230

4.8.5 Conclusions and remarks for future work

This chapter brings the preliminary results on BDD coated QCMs for use as a biosensing
element. Deposition of BDD layers on gold layers were studied and followed by coating
of QCM sensors. Several seeding procedures were tried to obtain the best BDD layer on
gold substrate. Deposition of BDD layers on QCM sensors was successfully achieved on
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sensors with rough surface. Sensors with very smooth gold electrodes were not coated
successfully as delamination of gold electrode occurred during the BDD depositions. The
study of the influence of adding the BDD layer did not show any significant change in the
behavior of QCM sensors in liquid with different density and viscosity. QCM’s sensitivity
slightly decreased after adding BDD layer in comparison with plain QCM sensor.

Two different E/C functionalization protocols were studied in order to attach his-tagged
gpl7 protein to BDD layers. According to CV results, the deposition of NiNPs followed
by attachment of gp17 protein was successfully achieved. But we were not able to confirm
attachment of bacteria E. coli cells to the functionalized sensors. The second approach,
electrografting of NTA acid to BDD layer, were not achieved so far on QQCM sensors.
However several problems appeared and need to be addressed for successful development

of BDD-coated QCM biosensor:

1. Deposition of BDD layer on QCM with rough electrodes were successful. However
the high roughness of QCM surface brings a challenging task of deposition really
fully closed BDD layer. Seeding procedure needs to be improved, that the diamond
seeds will reach even the deep narrow places on the rough gold electrode. Second
option is master the deposition on the very smooth gold electrode, where we were

not successful so far.

2. Functionalization of the BDD layer using NiNPs is not usable option so far as they
detached during frequency measurement. It is easy and straightforward protocol,
but adhesion of deposited NiNPs needs to be optimized directly for this type of
BDD electrode.
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5 Summary and future perspectives

The work presented here is the first step towards the development of Love-wave biosensors
with integrated diamond layer. At first, FEM simulations of diamond coated LW-SAW
sensors were performed to study the effect of diamond layer on the behavior of the sensors
made from different piezoelectric materials and guiding layers. We found out, that the
phase velocity increases with adding of diamond layer, that is caused by increased rigidity
of the surface. Adding of thin diamond layer also caused decrease of electromechanical
coupling coefficient and the sensitivity as well. The sensitivity decrease was a building
stone for further chapters focused on the experimental comparison of LW-SAW sensors
with continuous diamond layer or discrete diamond coating or integration of LW-SAW
sensors with phononic metamaterials.

In chapter 4.2, we successfully deposited isolated diamond grains and coalesced di-
amond layers on SiO,/ST-cut quartz LW-SAW devices by LA-MW-PECVD method at
low temperature and the devices maintained their piezoelectric properties. We confirmed
good confinement of Love mode in the SiOy guiding layer for discrete NCD coating, but
for the continuous layer the Love mode radiates into the bulk, which will decrease the
sensitivity.

Chapter 4.3 is focused on the enhancing the sensitivity of SAW sensors by using the
surface phononic metamaterials. At first, the band gap formation is explained briefly. The
effect of PnMS on sensitivity was studied theoretically by FEM simulations and the effect
of pillar geometry was discussed. We confirmed localization of the acoustic energy in the
pillar for diamond and SiO, pillars and great improvement in the sensitivity, for diamond
PnMS was achieved sensitivity around 5000 cm?- g~! and for SiOy was 9000 cm? - g1

Chapter 4.4 is short chapter discussing the suitability of diamond and silicon carbide
layers as passivation layers for package less SAW sensors. We found out that for ST-cut

quartz/SiOy or ZnO sensors the thickness of passivation layer h,qss/A equal to 0.2 and for
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36°YX LiTaO3/SiO or ZnO 0.1 is sufficient to reduce the sensitivity for both diamond
and silicon carbide.

Chapter 4.5 describes the experimental investigation of diamond-coated LW-SAW sen-
sors and comparison with the theoretical results. The main conclusion of this chapter is,
that the sensitivity of diamond coated sensors does not decreases as much as expected
from simulations. We investigated this result and it was found out, that the mechanical
properties of NCD layer are different than we used in simulations. Mainly Young’s modu-
lus has much lower values (~) 240 GPa in comparison with 1050 GPa used in simulations.
This is an important result, that unfortunately sends the results of the previous theoreti-
cal simulation only to the theoretical level, as the mechanical properties of real thin NCD
layers are far different from the ones used there. We also studied the SAW devices with
ZnO layer, but deposition of NCD layer on ZnO was not successful as the devices stopped
working after diamond depositions. One possible explanation is the elimination of oxygen
disorders from ZnO layer during diamond deposition making the ZnO layer conductive.

Chapter 4.6 is biological one that describes production of three different his-tagged
bacteriophage’s tail fibers. Another important part is investigation of the protein bind-
ing to the bacteria host cells, that was carried out using immunofluorescence assay. We
found out, that gpl17 and ORF26 specifically binds to F.coli cells, and gpl2 also unex-
pectedly bonded to the Salmonella cells. These produced proteins were further used for
functionalization of diamond layers.

Chapter 4.7 describes electrochemical functionalization of BDD layer in order to at-
tach his-tagged proteins. We found out that BDD electrodes deposited at low temper-
ature does not have required electrochemical properties, hence high temperature BDD
electrodes were used. Two different functionalization protocols were successfully devel-
oped to attach his-tagged proteins. Binding of the F.coli cells was confirmed on the BDD
surface functionalized with NiNPs, but unfortunately not for the second protocol using
NTA acid.

Last chapter 4.8 describes the possibility of BDD-coated QCM sensors for biosens-
ing. The same protocols for diamond layer functionalization were used as described in
the previous chapter. We successfully deposited nickel nanoparticles on the QCM/BDD
sensors, but during the frequency characterization in liquids the NiNPs detached from

the diamond possibly due to crystal vibrations. The second approach, electrografting of
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NTA acid to BDD layer, was not achieved on QCM/BDD layer so far.

The large amount of work carried out in this Thesis demonstrates that the development
of diamond-based acoustic biosensor is complex, especially within a period of pandemic.
When COVID-19 pandemic hit the world and interrupted lab work, I focused on the
theoretical simulations during the lock-downs. In contrary to previous publication [178§],
we found out late that the mechanical properties of simulated NCD layers and the layers
deposited at low temperature are different. This result drastically changes the perspectives
of diamond use in acoustic devices. For instance, the sensitivity of LW-SAW devices is
not reduced as much as one could expected and diamond-coated LW-SAW sensors are still
good candidates to develop sensitive real-time device for bacteria detection in liquids. As
the BDD layers are very good electrochemical electrodes with excellent properties and
the routes for their electrochemical functionalization are known, it will be advantageous
to connect two different signal read-outs at one device - electrochemical and acoustic
characterization, either in LW-SAW sensors or QCM devices respectively. This Thesis,
with its unexpected negative results but also its successes, confirms the potential use of
diamond coated LW-SAW and QCM devices for selective bacterial detection in liquid

using bacteriophages’ tail fibers.
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Appendix A

Material properties used in simulations

Quartz LH 1978 IEEE
Density p = 2651 kg/m?

Elastic constants in 10° N/m?

(8673 698 1191 179 0 0 |
6.98 86.73 1191 -—-17.9 0 0
[CE} _ 11.91 11.91 107.19 0 0 0 6.1)
179 —-179 0 57.94 0 0
0 0 0 0 57.94 17.9
i 0 0 0 0 17.9 39.9_
Piezoelectric constants in C/m? and dieletric constants in 107" F/m
—-0.171 0.171 0 —-0.04 O 0
[6] = 0 0 0 0 0.04 0.171 (6.2)
0 0 0 0 0 0
4428 0 0
[65} = 0 4428 0 (6.3)
0 0 4.428
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Lithium tantalate

Density p = 7450 kg/m?

Elastic constants in 10'® N /m?

23.29 469 8.02 -11 0 0
469 2329 802 11 0 0
8.02 802 2753 0 0 0
[cE]: (6.4)
-1.1 1.1 0 939 0 0
0 0 0 0 939 -1

0 0 0 0 -1.1 93

Piezoelectric constants in C/m? and dieletric constants in 107'* F/m

0 0 0 0 259 —-1.59

[e]z 159 159 0 259 0 0 (6.5)
0.08 0.08 1.88 0 0 0
409 0 0
[65}: 0 409 0 (6.6)
0 0 433

Lithium niobate

Density p = 4700 kg/m?

Elastic constants in 10° N/m?
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2029 529 7492 8.998 0 0
529 2029 7492 -—-8998 0 0
0 0

[CE] _ 74.92 74.92 243.08 0 (6.7)
8.998 —8&8.998 0 99.9 0 0
0 0 0 0 59.9 8.998
i 0 0 0 0 8.998 74.88_
Piezoelectric constants in C/m? and dieletric constants in 107! F/m
0 0 0 0 3.696 —2.54
[e] = 1-254 254 0 3.696 0 0 (6.8)
0.19 0.19 1.3 0 0 0
43.6 0 0
[es} = 0 436 0 (6.9)
0 0 29.16
Zinc oxide
Density p = 5680 kg/m?
Young’s modulus £ = 210 GPa
Elastic constants in 10'° N/m?
-20.97 12.11 1054 0 O 0 ]
12.11 2097 1054 0 O 0
[CE] _ 10.54 10.54 21.12 0 O 0 (6.10)
0 0 0 424 0 O
0 0 0 0 421 0
i 0 0 0 0 0 4.42 |

Piezoelectric constants in C/m? and dieletric constants in 107" F/m
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0 0 0
[e} = 0 0 0
—0.57 —0.57 1.32

854 0
[es} = 0 854
0 0

Silicon oxide
Density p = 2200 kg/m?
Young’s modulus £ = 70 GPa
Relative permittivity €, = 4.2

PMMA
Density p = 1190 kg/m?
Young’s modulus F = 3 GPa
Relative permittivity €, = 3

Diamond
Density p = 3515 kg/m?
Young’s modulus £ = 1150 GPa
Relative permittivity €, = 5.1

Silicon carbide
Density p = 3216 kg/m?
Young’s modulus £ = 748 GPa
Relative permittivity €, = 9.7
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0
—0.48
0

0
0
10.2

—-0.48 0
0 0
0 0

(6.11)

(6.12)



