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Abstract

Measurement of biomolecular interactions are widely used in various sectors including life
sciences, pharmaceutical, clinical diagnostics, and industrial, food and environmental
monitoring. The shifts in resonant frequency and dissipation of mechanical resonators have
been extensively used for biomolecular measurements. Conventional resonant frequency
and dissipation measurement techniques are largely limited in terms of simplicity, time
resolution and potentials for on-chip integration and multiplexability. This PhD research
focused on the development of a simple method for quantification of resonant frequency and
dissipation shifts of a mechanical resonator, which could potentially allow system-integrable

and multiplexable biomolecular measurements with high time resolution.

A quartz crystal resonator was chosen as a model mechanical resonator due to its wide
applicability. Analytical expressions obtained utilising Butterworth Van Dyke model allowed
real-time measurements of resonant frequency and dissipation from each acquired
impedance data point at a fixed frequency and amplitude. The method is suited over a broad
resonance bandwidth. Quantitative validations were performed against frequency sweep
method for inertial and viscous loading experiments using a 14.3 MHz quartz crystal

resonator.

Resonant frequency shifts related to temporal steps of quick needle touches on a self-
assembled-monolayer-functionalised 14.3 MHz quartz crystal resonator surface were
estimated with a time resolution of 112 ps, which is nearly hundred times smaller than the
reported time resolution in the quartz crystal microbalance literature. The fixed frequency
drive method has been utilised for demonstration of label-free detection of a gram negative
bacterial infection biomarker namely N-hexanoyl-L-Homoserine lactone (~199.2 Da), using
molecular imprinted polymer nanoparticles as the receptor. The feasibility of the method has
also been tested for direct detection of a large immunoprotein such as immunoglobulin E

(~190 kDa), using an aptamer as the receptor.

This fixed frequency based method for determination of resonant frequency and dissipation
of a mechanical resonator, with no need for averaging, fitting or measurement dead time,
potentially allows a simple and low-cost method suitable for integration into online or

miniaturised system with significantly improved time resolution and multiplexability.

KEYWORDS: Mechanical resonator; Quartz crystal resonator; Fixed frequency drive;

Resonant frequency shift; Time resolution; Biomolecules; Dissipation
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Chapter 1
The Motivation

1.1 Introduction

The interactions among different biomolecules take place on microscopic or smaller scales.
However, the impact of such interactions in human lives and the surroundings occurs on a
macroscopic level. As an example, the ordinary flu appears at the onset of binding of
hemagglutinin with sialic acid coated glycoproteins and glycolipids, which are present on the
surface of host human cells. Such interactions permit duplication of influenza viruses within
the human body [1]. Studying biomolecular interaction analysis is therefore essential for the
understanding of disease mechanisms, and the development of suitable diagnostics and
drugs. Measurement of biomolecular interactions has been widely explored in various
sectors including life sciences [2], pharmaceutical [3], clinical diagnostics [4], industrial
process monitoring [5], food [6] and environmental safety [7] and biosecurity [8]. The sizes of
the particles such as cells, fungus, bacteria, viruses, proteins and small molecules, to name
a few involved in biomolecular interactions ranges from hundreds of microns to few
nanometres [9] and there is no single detection technique that suits all interaction analysis.
Some of the challenges faced during biomolecular interactions include delivering specificity,
sensitivity, robustness, real-time measurements, speed and multi-parameter analysis at low
cost and ease of use. The research in this field focuses on addressing these challenges,
which is still an unmet need. Hence, the techniques for measuring these interactions are an
active field of research due to various requirements and challenges for performing

biomolecular interaction analysis.

1.2 Existing biomolecular measurement tools

Conventional tools used for biomolecular interaction analysis include nuclear magnetic
resonance (NMR) [10], X-ray crystallography [11], ultraviolet (UV) /visible spectroscopy [12],
fluorescence resonance energy transfer (FRET) [13], fluorescence polarization (FP) [14],
enzyme-linked immunosorbent assay (ELISA) [15], affinity capillary electrophoresis (ACE)
[16], surface plasmon resonance (SPR) [17], isothermal titration calorimetry (ITC) [18],
electrochemical impedance spectroscopy (EIS) [19], atomic force microscopy (AFM) [20]
and mechanical resonators involving cantilever [21], surface acoustic wave (SAW) devices

[22] and quartz crystal microbalance (QCM) [23]. A summary depicting the principle,



advantages and disadvantages of the above-mentioned biomolecular recognition tools have

been provided below. Mechanical resonators form the main focus of this dissertation.

1.2.1 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) takes into account the quantum mechanical properties
of atomic nuclei from a given sample [1]. In NMR technique, firstly, application of a strong
exterior magnetic field helps in aligning the atomic nuclei, which is subsequently exposed to
an electromagnetic field. NMR effective atomic nuclei are represented by a peak at a
particular frequency in the spectrum of NMR. Since the resonance frequencies of different
atoms are different for an applied magnetic field, each peak in the NMR spectrum can be
designated to an individual atom pertaining to a given molecule. Resonant frequency data
obtained from NMR research provides information about structure and conformational
changes of a molecule during intermolecular interactions. An atomic resolution of
approximately 1.5-3 angstroms can be achieved for backbone atoms using NMR. However,
NMR can only be applied to a sample having molecular weight less than 40 kDa. Certain

NMR also requires use of costly p 0 and p L tagged ligands [1].

1.2.2 X-ray crystallography

X-ray crystallography [1] is another biomolecular measurement tool which provides atomic
resolution similar to that of NMR. It comprises the following three steps. Firstly, a large and
pure crystal is obtained. Secondly, the crystal is rotated and subjected to X-rays and the
intensity of the X-rays diffracted from the electrons of the crystal is measured. Thirdly, the
final structure of the crystal is achieved by computationally processing and refining the
obtained measurements. Inspite of having higher atomic resolution, it possesses certain
disadvantages. It is difficult in reality to obtain a pure and sufficient amount of crystal for
structural analysis. In case of protein crystal, a large amount of water content can alter the
structure of the crystal lattice to a greater extent in comparison to the crystals of minerals
and small molecules. X-ray diffraction signals from a fragile crystal are very weak. Further,
the crystals should be frozen and devoid of ice formation for crystallographic use in order to

avoid expansion or damage of lattice structure [1].

1.2.3 UV/Visible spectroscopy

Monitoring of biomolecular interactions in UV/Visible spectroscopy [1] is performed using a

spectrometer, which is easily accessible. A sample cell consisting of different biomolecules

is scanned in a spectrometer utilizing an electromagnetic radiation which spans from visible
2



to ultraviolet range. Absorption spectra are obtained following the scan where the
absorbance level is plotted against the incident radiation wavelength. The absorption spectra
vary for different molecules due to their diverse bonds and conjugation patterns. Further, a
single molecule will produce distinct absorption spectra in comparison to that obtained from
a molecule attached to another molecule. However, UV/visible spectroscopy is a low
resolution technique and a change in maximum incident radiation wavelength or shape of

absorption curve is necessary for differentiation among different biomolecules [1].

1.2.4 Fluorescence resonance energy transfer

The interaction between two molecules which are tagged with different fluorophores is
measured using fluorescence resonance energy transfer (FRET) method [1]. The molecule
which is labelled with a fluorophore comprising lower excitation wavelength is termed as the
donor molecule. The molecule which is tagged with a fluorophore of higher excitation
wavelength is termed as the acceptor molecule. Excitation of donor molecule with a light of
wavelength equivalent to excitation wavelength of its own fluorophore yields radiation less
energy transfer into acceptor molecule where emission of light occurs at a wavelength
equivalent to the emission wavelength of its own fluorophore. FRET allows study of
biomolecular interactions involving a wide range of donor and acceptor molecules. However,
FRET is only capable of analysing biomolecular interactions, provided that the distance
between donor and acceptor molecules is within 10 nm. It also involves use of multiple
labels which should not have significant impact on the function and interaction of

biomolecules such as proteins [1].

1.2.5 Fluorescence polarization

Fluorescence polarization (FP) method [1] utilises fluorescence for comparison of rotational
motion of a biomolecular complex comprising a fluorophore labelled molecule and an
unlabelled molecule with the rotational motion of the same fluorophore tagged molecule in
an unbound state. A plane polarized light is used for linear excitation of fluorophore labelled
molecule as its fluorescence lasting time is of the order of nano seconds. Taking into
account the size of a biomolecule, rotational correlation time is usually higher for a
biomolecular complex in comparison to an unbound biomolecule. Hence, a measure of
rotational correlation time is employed in FP for studying the binding affinity between various
biomolecules such as receptor-ligand and DNA-protein interactions. FP method permits real-

time measurement of biomolecular interactions in addition to high-throughput screening.



However, a considerable change in molecular volume is essential for obtaining a maximal

FP signal. The range of FP magnitudes is also limited by the life time of the fluorophore [1].

1.2.6 Enzyme linked immunosorbent assay

Enzyme linked immunosorbent assay (ELISA) [1] is a biochemical method used for detection
of antigen in a given sample. Detection of antigen using ELISA comprises the following
steps. Firstly, the sample containing the antigen is immobilised on the surface of microwell
plates [24]. Secondly, an enzyme conjugated antibody that binds specifically to the antigen is
added to the well plate in order to allow amplification of signal. Thirdly, the material bound
non-specifically to the well plate surface is removed through a series of detergent washes.
Finally, the enzyme tagged to the antibody is activated by addition of colourless substrate.
The reaction between the enzyme and the substrate yields a visible signal which is either
chromogenic or fluorogenic in nature. Production of the signal confirms the presence of the
antigen which can be quantified based on the intensity of the signal. The advantages of
ELISA involve fast detection, low cost and simple set up [1]. However it does not provide
real-time monitoring of any biomolecular interaction as it is based on an end point readout
[24] . The intermediate signal amplification and sample processing steps involved with
ELISA are often very complex.

1.2.7 Affinity capillary electrophoresis

Affinity capillary electrophoresis (ACE) is utilized for assessing the migration pattern of a
biomolecular species inside an electrophoretic chamber, which are essentially capillaries [1].
Variations in shape, size or charge of a species lead to alterations in mobility pattern within
an electrophoretic chamber. In a standard ACE method, a target biomolecule termed as
analyte and a standard, which does not interact with the analyte, are injected inside an
electrophoretic chamber, which consists of electrophoresis buffer and an interacting
biomolecule termed as receptor. A shift in migration time of the analyte is observed in
comparison to the standard upon increase in concentration of the receptor molecule in
electrophoresis buffer. ACE is fully automated and has the capability to investigate various
compounds with diverse ionic strengths, temperatures and pHs. However, non-specific
adsorption of proteins inside the capillaries prohibit the general applicability of ACE for

biomolecular interaction analysis [1].



1.2.8 Surface plasmon resonance

Surface plasmon resonance (SPR) is a label-free biomolecular interaction tool with minimal
sample preparation and washing steps. It is one of the widely used optical transduction
mechanism that relies on the interaction of light with the adsorbed molecules on the sensor
surface. Sensor surface is essentially a cell chamber consisting of thin metallic film, which is
immobilised with a receptor molecule. An analyte solution, which is specific to the receptor,
is flowed over the cell chamber surface after immobilisation. SPR relates the interaction
between a receptor and an analyte with changes in refractive index near the sensor surface
[25]. SPR is generally considered as the gold standard among label-free biosensing
techniques for detection of biomolecules due to its sub-nano gram detection limit and real-
time measurement capability. However, it involves use of expensive and bulky instrumental

setup.

1.2.9 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) [25] measures the heat absorbed or generated from a
biochemical reaction due to titration of a solution of a target biomolecule or analyte into a
solution of its receptor or interacting component. A simple ITC set up contains two cells
accommodated in an isothermal environment. One cell acts as a reference consisting of
water or buffer and the other cell is dedicated for the sample consisting of the target analyte.
Each of the cells possesses thermocouple circuits with a feedback control system for
temperature regulation as both the cells need to be maintained at the same temperature.
Analyte is introduced into the sample cell by means of a syringe. Magnitude of reaction heat
obtained from a single ITC measurement for a given concentration of analyte provides
information including binding constant and enthalpy and entropy of binding, to name a few.
ITC does not involve any surface immobilisation or analyte labelling for monitoring of
biomolecular interactions. However, the method is only applicable for biomolecular
interactions having a quantifiable change in enthalpy and requires lot of effort in terms of

planning and execution of experiments [25].

1.2.10 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is the most commonly used electrochemical
transduction technique used for biomolecular recognition. It is based on measurement of
changes in electrical impedance due to the interaction between a receptor and an analyte

[26]. A very low amplitude sinusoidal voltage (~ 5-10 mV) with variable frequencies is
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applied to an electrochemical cell and as a result, an electric current is generated [27]. The
impedance of the electrochemical cell is obtained by taking the ratio of applied electric
voltage to that of generated electrical current and is expressed as a function of excitation
frequency. EIS is the most widely used biomolecular interaction tool due to its ease of use,
smaller size, good specificity, cost effectiveness, real-time measurement capability and
disposable nature. However, EIS needs electrically conducting analytes as a prerequisite for
its operation [28].

1.2.11 Atomic Force Microscopy

Atomic force microscopy (AFM) is an important imaging tool for investigation of different
biomolecular interactions involving quantifications of unbinding force [20] between bound
biomolecules and conformational changes of DNA-protein assemblies [29], to name a few.
An AFM experimental setup comprises a micro-cantilever probe with a sharp tip,
piezoelectric (PZT) actuator, position delicate photo detector and a laser [30]. The cantilever
tip is housed on the PZT actuator. A photo diode receives a laser beam reflected from the
cantilever surface in order to supply a cantilever deflection feedback for PZT scanner. In a
typical AFM experiment, the tip is scanned over a sample surface with an appropriate
feedback system based on AFM operation such as maintaining the tip at a consistent force
or consistent height over the sample surface. AFM can be operated in non-contact, contact
and tapped modes. In non-contact mode, the micro-cantilever is vibrated at or in the vicinity
of its natural resonant frequency and positioned 50-150 angstroms above the sample
surface [30]. The measured shift in cantilever resonant frequency, amplitude or phase due to
van der Waals attractive forces between the tip and the sample surface facilitates extraction
of topographic parameters of the sample surface. In contact mode, the cantilever tip is in
contact with the sample surface which enables real-time monitoring of repulsive interaction
forces [30] between them. Tapped mode is a combination of non-contact and contact modes
where the oscillating cantilever tip is in intermittent contact with the sample surface. Such a
mode enables imaging of soft samples with high resolution due to dissipation of energy
resulting from minimal intermittent touches [30]. Dissipation of energy is indicated from
reduction of cantilever oscillation amplitude. Dynamic images of biomolecules have been
taken using AFM with sub 100 ms time resolution [31]. However, use of optics limits its use

for miniaturized applications [32].



1.2.12 Mechanical Resonators

Continuous conversion of kinetic and potential energies takes place for a mechanical
resonator. A frequency relying response is usually exhibited in a mechanical resonator. The
frequencies at which optimum transfer of energy occurs after taking into consideration the
system losses are termed as the resonance frequencies of a mechanical resonator [33]. A
specific motion pattern known as the resonance mode is associated with each resonant
frequency. Different modes of vibration of a mechanical resonator include thickness shear
mode [34], transverse mode [35], torsional mode [35], lateral mode [35] and longitudinal
mode [35]. Apart from resonant frequency "Q , another important parameter used for
performance assessment of mechanical resonators is quality factor 0 . Quality factor

0 can be written as follows [33]:
v g — (1.1)

where O is the average energy stored in the resonator and O is the average energy
dissipated per oscillation cycle from the resonator. The resonant frequency and dissipation
factor ‘O, which is the inverse of quality factor, are often employed for characterisation of

mechanical resonators.
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Figure 1.2. An equivalent electrical circuit for a mechanical resonator
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A mechanical resonator dynamics encompassing a particular resonance mode can be
expressed in the form of a mechanical model (Figure 1.1) consisting of a spring, mass and a
damper [36]. The mass and the spring are responsible for storage of kinetic and potential
energies respectively. The damper accounts for system losses. Usually, a mechanical
resonator is compelled to oscillate through conversion of an electric input signal into force,
followed with its application to the resonator. As a result, the resonator picks up the
oscillations which are again converted into electrical signals by means of suitable
transduction techniques [33].The dynamic model of a mechanical resonator can be
represented by an electrical equivalent RLC circuit (Figure 1.2), where the electrical
resistance (Y), inductance (0), capacitance (0) , voltage (w) and charge (r]) are associated to
the coefficient of damping (&), mass (m), stiffness (Q, force ('\Q and displacement (¢ by
Y @0 4,6 pFQw "Oandny  wrespectively [36]. Mechanical resonators have been
explored for biomolecular interactions where the receptor immobilised resonator surface has
been used to detect the target analyte that binds specifically to the receptor [37]. The most

commonly used mechanical resonators have been discussed in the following sections.

Cantilevers

The concept of cantilever sensors has been evolved from the use of an atomic force
microscope probe [38]. Cantilevers are usually made of silicon or silicon based substrates
[39]. Cantilever sensors can be run in two modes namely static mode and dynamic mode
[40]. Generally, the upper surface of the cantilever is immobilized with receptors. In static
mode cantilevers, the difference in surface stress between the top and bottom surfaces on
account of analyte binding gives rise to deflection. Cantilever deflection is measured by
various methods including interferometric, piezoresistive and piezoelectric techniques [41].
In some cases, reference cantilevers are used to improve sensitivity and deduct background
noise from the system [41]. In dynamic mode, the cantilever is allowed to oscillate at or near
its resonant frequency which varies from several kHz to MHz range [40]. A change in
resonant frequency is observed due to binding of analyte with the receptor immobilised
cantilever surface. There is a need for external driving mechanism such as optical or
piezoelectric for the operation of cantilever in dynamic mode [35]. The quality factor and
mass sensitivity of cantilevers reduce significantly in liquid environment due to viscous
damping [41]. Depending on varied material, size, geometry, design, actuation mechanism,

resonant frequency, resonance mode type and resonance mode order of dynamic
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cantilevers, the quality factor in air rages from 11 to 10,000 for detection of proteins [35]. In
case of protein detection in liquid medium, quality factor ranges from 43 to 625 [35]

depending on different parameters.

Surface acoustic wave resonators

Surface acoustic wave (SAW) resonators comprise a pair of closely spaced interdigital
electrodes which are either patterned on a substrate with piezoelectric properties such as
guartz, lithium niobate and lithium tantalate [25] or on piezoelectric thin films accumulated on
a substrate based on silicon. SC cut quartz is the most commonly used piezoelectric
substrate for surface acoustic wave resonators. Interdigital electrodes act both as a sender
and a receiver by converting the input electric signal into acoustic wave and vice versa.
Acoustic wave propagates on the surface between the sender and the receiver electrode
pair. Such resonators are very ideal for surface adsorption studies. The operating frequency
of a SAW device ranges normally from 30-500 MHz [42] and can extend up to certain GHz
[43]. Two modes of operation exists for SAW devices namely resonator and delay line
modes [39]. In a resonator mode, shift in resonant frequency of the acoustic waves is
measured due to interaction of receptor functionalised surface and a rigid analyte. Changes
in dissipation factor also occur in addition to resonant frequency for a soft analyte. In delay
line configuration, the velocity of the acoustic wave changes due to its interaction with the
adsorbed analyte on the sensor surface [41] and therefore the time taken for the acoustic
wave to travel between the electrode pair is measured as an output. Liquid damping
accounts for energy dissipation from the SAW resonator surface. Hence, the resonator
surface is often coated with a guiding layer composed of polymer or silica for confining the
acoustic energy close to the sensor surface. A quality factor of ~ 250 has been reported in
water for a 185 MHz SAW resonator [44]. SAW devices have been successfully used to
detect different proteins and nucleotides [45] in liquid environment. However, SAW resonator
measurements such as frequency shift is affected by conductance, dielectric and elastic
constants of the adsorbent and liquid conductance [25]. Such influences makes quantitative
biomolecular measurements very challenging and therefore building of a robust device

involving SAW resonators appears to be problematic.

Quartz crystal microbalance

A typical quartz crystal microbalance (QCM) set up (Figure 1.3) consists of an oscillating AT
cut quartz crystal sandwiched between two circular metal electrodes and a quartz driver

circuit [46] required for providing an input excitation. Gold is the most commonly used
9



material for electrodes in QCM. The method of transduction of QCM is piezoelectric [47].
The application of alternating electric field between the electrodes induces alternating
expansion and contraction of the quartz crystal lattice on account of inverse piezoelectric
effect. As a result, a transverse shear wave (Figure 1.3) is produced which propagates along
the direction of crystal thickness. The mode of vibration of a quartz crystal is termed as
thickness shear mode [48].The resonant frequency of the quartz crystal resonator is a
function of crystal thickness and shear wave velocity [41]. The fundamental resonant
frequency of an AT cut quartz crystal normally varies from 5 to 30 MHz [42]. For a 6 MHz AT
cut QCR, quality factors of ~74118 and ~2790 have been observed in air and water
respectively [49]. Shift in resonant frequency of an AT cut quartz crystal resonator (QCR) is
usually observed due to relative changes in inertial [50] or viscous loadings [51] and
sometimes a combination of both on the surface of the resonator. There is a transfer of
acoustic energy from the bulk of a QCR to the rigid mass when there is a formation of rigid
films over the resonator surface. Hence, monitoring of resonant frequency shift is enough for
detection of a rigid adsorbent as there is hardly any loss of acoustic energy from the
resonator. In case of a liquid loading, there is a loss or dissipation of acoustic energy from
the bulk of the resonator to the interface between the resonator surface and the liquid.
Hence, measurement of motional resistance [52], conductance [53] or dissipation factor [54]
is also needed in addition to resonant frequency read out in order to distinguish between

inertial loadings and liquid loadings.
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Figure 1.3. Schematic of a receptor immobilised QCM sensor vibrating at its fundamental

resonance mode
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Quartz crystal microbalance (QCM) is commonly used to study biomolecular binding by
measuring shifts in resonant frequency of a quartz-crystal-resonator [55]. In case of
biomolecular detection, a receptor specific to the target analyte such as an antibody [56],
aptamer [57] or molecular imprinted polymer [58], is immobilised on the surface of the gold
electrode and an electrical signal is produced due to the interaction of the analyte with the
receptor. QCM transduces the interaction between the receptor and the analyte with
changes in resonant frequency of the receptor immobilised QCR surface. Investigations
involving cross-linking of protein layers [59] and alterations in viscoelastic properties of
polymers [60] , to hame a few have been performed using QCRs. Inspite of the facts that
QCM measurements are influenced by interfacial parameters such as surface roughness,
free energy and charge and QCM sensitivity is lower than labelled fluorescence techniques,
it holds a number of advantages. QCM is a label-free biomolecular measurement tool and is
capable of detecting surface bound mass in sub-nanogram level [1]. A wide range of
biomolecules can be accommodated as receptors for biomolecular measurements involving
QCM. QCM measurements can even be taken in an optically opaque liquid solution. The
operation of QCM is relatively simpler in comparison to other techniques. The essential
apparatus for production of QCRs is inexpensive and the central element of a QCR, i.e.

guartz is cheap [1].

Film Bulk acoustic Resonator

A film bulk acoustic resonator (FBAR) comprises of thin piezoelectric film which is
sandwiched between two layers of metal [61]. Materials for thin piezoelectric films include
zinc oxide and aluminium nitride [62]. The resonance frequency of a typical FBAR sensor
lies in GHz range as the thickness of the thin film ranges between 100 nm to few microns
[62]. A quality factor of 883 has been reported in air for a 1.56 GHz bare FBAR [63]. The
guality factor for the same FBAR decreased to 798 after protein adsorption [63]. A shear
mode FBAR sensor operating in liquid medium achieved a mass sensitivity of 585 Hz cm?
ng™ and a mass resolution of 2.3 ng/cm? [62]. FBAR sensors can be suitably integrated with
complementary metal oxide semiconductor technologies which make integration of single
sensor or sensor arrays with electronics very easier [62]. Miniaturization and optimisation of
fluidic system is also important along with the miniaturization of sensors as there is an

increased level of noise for such high frequency sensors [62].
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1.3 Challenges in existing biomolecular measurement tools

The key challenges that provided the motivation for this PhD work have been discussed in

the following sections.

1.3.1 Simplicity and online measurement

Majority of the biomolecular measurement tools such as NMR, AFM and X-Ray
crystallography involve use of complex instruments and require a good laboratory
infrastructure. FRET, FP and ELISA involve labelling steps and demand skilled user
intervention due to complex sample preparation steps. The use of labels is believed to
modify the interactions among different biomolecules [25]. Use of label-free biomolecular
measurement tool reduces consumption of resources. ELISA requires different reagents and
multiple sample preparation or processing steps for analysing interactions between two
biomolecules. It does not provide real-time analysis of biomolecular interactions. Some of
the tools such as SPR and UV/Visible spectroscopy are associated with bulky and expensive
instrumentation and often involves cumbersome setting up procedures prior to the actual
measurements. Implementation of such tools in limited resource settings is therefore
extremely difficult. A biomolecular recognition tool with minimal sample preparation or
processing steps is therefore needed. Additionally, it should be relatively affordable, easy to
use and possess the potential for miniaturization such as QCM. Such a tool favours on-chip
integration which is beneficial for hand held point of care (POC) sensor applications [64—68].
A simple, label-free on-chip biomolecular measurement tool with real-time monitoring feature
can be utilised in remote and field settings with limited availability of resources. Real-time
measurement can favour online monitoring of processes involving biomolecules such as
fermentation [69] and distillation [70]. Real-time monitoring of ligand-receptor binding plays a
vital role in drug discovery research [71]. Conventional tools such as SPR, AFM and FRET,
to name a few can provide online measurements for biomolecular interactions. However,
they face severe challenges in various aspects such as set up complexity and maintenance,
accessibility, portability and miniaturization. Real-time and label-free monitoring of the
interactions between proteins A/G and immunoglobulin G (IgG) have been performed using
an on-chip sensor, which combines plasmonic microarrays together with dual wavelength
imaging devoid of a lens [72]. However, quantification of the binding event employing the on-
chip plasmonic sensor involves use of intricate digital data processing of diffraction images.
Use of mechanical resonators such as QCM appears to be a plausible solution as they have

been successfully implemented in integrated circuits [73]. Further, miniaturized quartz crystal
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resonators have been utilized as contamination sensors for real-time measurement of thin

film deposition on delicate surfaces for spacecraft and missile applications [74].

1.3.2 Time resolution

Transient biomolecular processes such as protein-DNA interactions, protein folding reactions
and protein-ligand interactions, to name a few [75] usually occur on a millisecond time scale.
Protein folding usually occurs within a time scale ranging from milliseconds to minutes [76].
Protein folding studies can be used for better understanding or diagnosis of
neurodegenerative diseases like Alzheimer's [77] which is believed to have a strong
correlation with protein misfolding. Folding mechanism for some fastest proteins can also be
of the order of tens of microseconds [77]. Apart from protein folding phenomenon, activation
switch of G protein coupled bioreceptors such as a,s-adrenergic receptor on the surface of
the living cells [78], controlling crucial cellular functions including cardiovascular, neural and
endocrine, also requires a millisecond time resolution. Monitoring of the transient processes
with sub-millisecond time resolution have been performed using techniques like mass
spectrometry [79], fluorescence resonance energy transfer (FRET) [78], multi-channel time
correlated single photon counting fluorometry [75] and time resolved small-angle X ray
scattering apparatus [80]. In spite of offering a high time resolution, the above mentioned
techniques are associated with some of the combinations of bulky equipment including CCD
cameras, monochromators, polychromators, undulators, lasers, lenses, bandpass filters,
microscopes and polarizers which make their operation sometimes cumbersome due to
misalignment of the equipment, thereby adding complexities to the measurement system.
Mechanical resonators such as the QCM has been widely utilised for monitoring
biomolecular interactions [53,55,81,82]. Recently, 10 ms time resolution has been reported
to be achieved by quantifying resonant frequency shifts of a 5 MHz AT cut QCR [83] from
fixed frequency measurements. However, it is only applicable for studying stable and
repetitive electrochemical processes. The Q-Sense QCM instrument [84], which is based on
ring down analysis [85], claims to provide a minimum measurement time of 5 ms albeit with
no reported data on noise at that time resolution. Although the state-of-the-art QCM methods
offers a real-time and label-free platform for studying biomolecular interactions [55,86—88],
delivering exhaustive gravimetric (mass, thickness) and non-gravimetric (viscosity, softness)
data at multiple overtones, there is no reported evidence of millisecond process

measurements with appropriate noise performance.
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1.3.3 Multiplexability

Multiplexability plays an important role if there is a necessity of high throughput in an
abbreviated time scale. Such a feature can favour biomarker based disease diagnostics [89—
91]. Biomarkers are specific indicators of a disease in the human body that can be derived
from body fluids, such as cerebrospinal fluid and blood plasma [92]. As an example, T-tau,
P-tau and AB4, (Amyloid B protein) are the most extensively used cerebrospinal fluid (CSF)
biomarkers for Alzheimer’s disease [93]. However, multiple biomarkers are required in most
cases to conclusively diagnose a disease or monitor its progression. Hence, multiplexing
capability is an important feature to have in a biomolecular recognition tool. Conventional
labelled biomolecular recognition tools, such as ELISA, have been attempted for multiplexed
detection [94]. However, multiplexed ELISA needs simultaneous cumbersome working with
multiple reagents, which involves the chances of error and cross contamination. It also
involves more consumption of resources with increase in number of analytes in comparison
to single analyte detection [95]. Label-free multiplexed detection of biomolecules has also
been performed using various techniques such as surface plasmon resonance [96],
electrochemical impedance spectroscopy [97] and quartz crystal microbalance [98]. Huge
instrument and sensor expenses are associated with multiplexed SPRs which prevents their
use for routine clinical diagnosis [99]. Electrochemical transduction technique yields mass
production of integrated multiplexed biosensor arrays with low cost and high precision [99].
However, use of reference and auxiliary electrodes for individual sensor probes and an
independent multi-channel electrochemical work station induces complexity in
instrumentation [100]. QCM sensors are potential candidates for multiplexed detection if

acoustic and electrical interferences among each sensors are taken care of [101].

1.4 Objectives of the PhD project

Considering the above-mentioned challenges, mechanical resonators have been chosen for
investigation of biomolecular measurements and a novel approach for measurement of
resonant frequency and dissipation has been developed in this work. Mechanical resonators
are advantageous in different ways [39]. Miniaturisation of mechanical resonators is possible
without sacrificing the cost, size and scalability [102]. They can be suitably integrated with
electronics [103] . Several mechanical resonators can be embedded on a chip which favours
multiplexed detection [101]. A mechanical resonator analyses biomolecular interactions
using quantitative estimates of parameters, such as resonant frequency and dissipation.

Resonant frequency measurements of resonators, such as quartz crystals and cantilevers,
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have been extensively utilised in various sectors including electrochemistry [104-107],
surface science [108-110] and biosensors [35,47,68,111] for quantification of surface
processes. The main aim of this dissertation is to improve the method for determination of
resonant frequency and dissipation of a mechanical resonator, so that these measurements
are simplified for better integrability and multiplexability, and have improved time resolution.
A quartz crystal resonator has been taken as the exemplar for a mechanical resonator in this
dissertation. The objectives of this PhD work can therefore be summarized as follows:

e Development of a novel and simple method for the determination of resonant
frequency and dissipation of a quartz crystal resonator

e Investigation of the time resolution and noise performance of a quartz crystal
resonator by applying the method

¢ Validation of the method for real-time biomolecular detection of a range of molecular

size using quartz crystal resonators

1.5 Fixed Frequency Drive Method

Resonant frequency of a QCR can be determined using various methods, the most common
ones being oscillator circuits, frequency sweep and ring down [85]. The details of the existing
techniques have been described in Chapter 2. The initial investigations in this thesis were
carried out by looking at some of the challenges of the conventional QCM, which is the most
common example of a frequency sweep analyser, such as cost and complexity for real-time
or multiplexed analysis and low time resolution. This doctoral work focuses on the
development of a novel technique, termed as fixed frequency drive (FFD) technigue, which
allows the quantification of resonant frequency and dissipation of a QCR by driving it
continuously at a fixed frequency. Analytical expressions for resonant frequency and
dissipation factor in terms of the drive frequency are derived using the Butterworth-Van Dyke
(BVD) model [112] of a quartz crystal resonator (QCR). The expression allows the
determination of resonant frequency and dissipation factor directly from each acquired
impedance data point without any need for fitting unlike in frequency sweep and ring-down
studies. Thus, resonant frequency and dissipation shifts can be read out using a continuous
fixed frequency drive (FFD) with a time resolution that is practically limited by the duration of

transient processes on the QCR.
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1.6 Contributions to Knowledge

The novel method of quantification of resonant frequency and dissipation of a QCR is true
over a wide bandwidth. Quantitative estimates of resonant frequency and dissipation factor
obtained using the FFD method for different driving frequencies have been compared with
the frequency sweep method for streptavidin-biotin binding experiments. The shifts in
resonant frequency estimated for streptavidin binding experiments using FFD were validated
to be within 1% of those derived using the frequency sweep (FS) method when the QCR
driving frequency was set to the resonant frequency of the baseline (i.e. before streptavidin
binding) obtained using FS. Experiments involving the subsequent loading of a bare QCR
surface with two liquids of different absolute viscosities namely methanol and Deionised (DI)
water were performed and similar quantitative estimations were performed using FS and
FFD methods. The resonant frequency shift obtained due to changes in viscous loading
using FFD was also within 1% of those estimated using FS method when the driving
frequency was chosen as the resonant frequency measured using FS in methanol phase at

the start of the experiment.

To mimic fast mass loading, quick needle touches were made on self-assembled-monolayer-
functionalised surface of a 14.3 MHz AT-cut QCR. Noise and time resolution were
investigated for different data acquisition rates (us/data point) ranging from 32.77 to 524.29
for needle touch experiments. Frequency shifts associated with the transient processes of
the touches were monitored with ~112 ps resolution from a continuous fixed frequency drive.
This measurement exhibited 1 order of magnitude lower baseline noise (~ 0.3 Hz) compared
with continuous frequency sweep measurements (~ 5.4 Hz) from a bench-top commercial

network analyser for a data acquisition rate of 66.5 ms.

The FFD technique was also successfully used for label-free detection of two classes of
biomolecules in spiked phosphate buffered saline (PBS) solutions: human IgE (MW 190 kDa)
and N-hexanoyl-L-Homoserine lactone (MW 199.2 Da) with their molecular weights varying
by three orders of magnitude. Analytical formula-based FFD method, therefore, provides
simple, low-cost and real-time resonant frequency and dissipation shifts measurements with
immensely improved time resolution in comparison to the state-of-the art QCM techniques.
The intrinsic simplicity of the method also suits its application to multiplexed detection more

than the conventional QCM based on admittance analysis.
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1.7 Organization of this doctoral work

Chapter 2 focuses on conventional QCR resonant frequency and dissipation
measurement methods for identification of major challenges. Limitations in time
resolution associated with conventional QCM analysers have also been discussed.
Insights achieved through studies involving traditional QCR resonant frequency and
dissipation quantification techniques and impedance monitoring method at constant
frequency lead to the work on resonant frequency and dissipation measurements
based on FFD in later chapters of this thesis.

Chapter 3 presents a novel FFD technique for analytical estimation of resonant
frequency and dissipation factor of a QCR. The capabilities of FFD technique
including online analysis and high time resolution have been illustrated here.

Chapter 4 presents the validation of the proposed novel technique through viscous
and mass loading experiments. Resonant frequency shift estimated from FFD
method due to subsequent viscous loading of 14.3 MHz QCR surface with methanol
and DI water were compared with those obtained using conventional FS technique.
Experiments involving the interaction of streptavidin protein with biotin functionalized
14.3 MHz QCR surface have been performed for using FFD and FS methods for
guantitative validations of the resonant frequency and dissipation shifts. Experiments
involving quick needle touches on self-assembled-monolayer immobilised AT-cut
QCR surface have been demonstrated using FFD technique. Needle touch
experiments on the same QCR were also performed using a commercial bench top
network analyser for comparison of results obtained from FFD.

Chapter 5 focuses on detection of small biomolecules (~199.2 Da) such as acylated
Homoserine lactones (AHL), a biomarker for gram negative bacterial infections using
FFD method.

Chapter 6 focuses on detection of large biomolecules (~190 kDa) such as human
immunoglobulin E (hlgE), an allergic biomarker using FFD method.

Chapter 7 presents the conclusion and future work of this doctoral work.
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Chapter 2

Review of current methods for measurement of resonant frequency

and dissipation of a quartz crystal resonator

2.1 Introduction

The previous chapter reviewed the existing biomolecular recognition tools and highlighted
the need for simplicity, online measurements, high time resolution and multiplexability.
Depending on the above-mentioned need, a quartz crystal resonator (QCR), which is a
commonly used mechanical resonator, has been selected as the potential tool for analysing
biomolecular interactions [113]. A QCR is essentially a transduction platform and the method
of mass measurement using resonant frequency shift of a QCR is termed as quartz crystal
microbalance (QCM). As a label-free sensing method, QCM has attracted attention of the
sensing community after surface plasmon resonance and electrochemical impedance
spectroscopy in the last few decades. QCM is entirely electronic and can be suitably
integrated into portable platforms. It has particular merit in addressing the need for low cost
sensors, which require low skills and infrastructure, thereby fulfilling the need for rapid
biomolecular detection. An overview of different QCR resonant frequency and dissipation
measurement techniques has been presented in this chapter. Limitations in time resolution
of different QCM analysers have been reported followed with a brief discussion on single
frequency measurements. Such investigations provided the motivation for a novel work on
analytical estimation of resonant frequency and dissipation of a QCR utilising a fixed
frequency excitation. Such a method of estimation enhances the features of QCM by making

it simpler and faster.

2.2 Electrical equivalent of a quartz crystal resonator

The Butterworth-Van Dyke (BVD) model [114] has been used to represent the equivalent
electrical circuit for a commonly used thickness shear mode of an AT cut quartz crystal
resonator. BVD model consists of two arms. The arm comprising resistance 'Y , inductance
0 and capacitance 0 is termed as the motional arm."Y, 0 and 6 represent the electrical
equivalence of coefficient of viscous damping, inertia and shear compliance for an AT cut
quartz crystal resonator [115]. Hence, the motional branch models the quartz crystal
resonator (QCR) dynamics. The other branch consisting of parallel capacitance (0 ) is
termed as the static arm. 6 , also termed as shunt capacitance [116] models the parasitic

electrical capacitance between the QCR electrodes [115]. In a modified BVD electrical circuit
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(Figure 2.1), electrode electrical losses represented by resistance 'Y is usually added in
series with the traditional BVD circuit. However, such losses are negligible (~ 1-3 m) [117]
and are therefore, not considered in this thesis for modelling a QCR. Typical values of
motional resistance, motional inductance, motional capacitance and shunt capacitance for
Deionised (DI) water loading of a bare 14.3 MHz QCR were 225.4 m} 4.8 mH, 26 fF and 8.4

pF respectively.
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Figure 2.1. Modified Butterworth-Van Dyke model of a quartz crystal resonator (QCR)
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2.3 QCR resonant frequency and dissipation quantification
methods

Conventional methods based on oscillator circuits [85,118-121], frequency sweep analysis
[46,115,122-126] and ring-down operation [81,127-129] have been used for measuring
resonant frequency and dissipation of a quartz crystal resonator. Their principle and key
relevant features are discussed in the following sections. The details of the interface
electronics associated with each of the methods are beyond the scope of this dissertation

and have not been included.

2.3.1 Oscillator circuits

Principle

Oscillator circuits are capable of producing alternating electrical waveforms including square
or sinusoidal ones in absence of any alternating input electrical signal [130]. In general, an
oscillator circuit consists of a resonator such as a quartz crystal and an amplifier [85] such
as an operational amplifier [73] , where the former forms a part of the feedback circuit
(Figure 2.2). A quartz crystal acts as the resonant frequency determining element for an

oscillator circuit. Resonant frequency of a QCR is actively interrogated using a frequency
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counter or a frequency data acquisition card [131]. Frequency counters do not provide
instantaneous estimation of QCR resonant frequency. QCR resonant frequency is estimated
from calculation of the mean of the resonance frequencies obtained in a particular time

interval.

Amplifier

Figure 2.2. A simplified block diagram of a QCM oscillator circuit comprising an amplifier

with gain A and a quartz crystal resonator (QCR) with feedback factor g [85].

Simplified oscillator circuits are not capable of measuring the dissipation factor. Hence,
automated gain control unit [120] is installed in the oscillator circuit for quantification of QCR
dissipation factor in addition to resonant frequency. The amplitude of QCR oscillation is
altered due to loss of acoustic energy from damping. A self-sustained oscillation is achieved
if the losses in the feedback circuit are compensated by the gain of the amplifier "&X 1

p and the phase shift of the feedback circuit is an integral multiple of 2“ [85]. An automatic
gain control (AGC) oscillator circuit maintains constant amplitude of oscillation of a QCR
without altering its quality factor. Instead it alters the voltage applied by the oscillator circuit
across QCR. The expression relating the AGC output voltage © and QCR dissipation

‘O has been derived below.
Mean amplitude of motion (0) for an AT cut QCR surface [120] can be expressed as follows:
6 0Q (2.1)

where 0 is the quality factor, Q is the piezoelectric strain coefficient, which is equal to 1.25
for an AT cut QCR [132] and w is the QCR driving voltage. The expression for @ can be

written as follows [120]:
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R & 2.2)

where ¢ is the AGC circuit constant and w is the amplitude adjusted voltage level. The

ratio — is termed as the unitless gain factor for an AGC amplifier. AGC circuit constant

converts the gain factor into an equivalent voltage. Using Eq. (2.1) and Eq. (2.2), the

expression of dissipation factor — is given by:

o - — 2.3
z (2.3)
Hence, measurements of AGC output voltage w , amplitude adjusted voltage @ and

unperturbed QCR oscillation amplitude provide the QCR dissipation factor.

Time Resolution

Time resolution for a QCR measurement is defined as the time taken for one measurement.
Oscillator circuits usually take 1 second to measure the resonant frequency of a QCR
[133,134]. For 1 sec measurement time, resonant frequency readings were obtained in
distilled water for anti-corrosion cataphoretic painting coated 5 MHz QCR with a noise of
0.021 Hz [133]. Some oscillator circuits permit monitoring of resonant frequency and
dissipation of QCRs every 100 ms with a noise reading of 0.1 Hz [73]. Minimum time per
measurement for oscillator circuits can be reduced to 0.8 ms at the expense of complex
electronic circuitry by using reciprocal frequency counters [135]. However, there is no

experimental evidence of using oscillator circuits at 0.8 ms time resolution.

Advantages

Production of frequency analogue output signal from an oscillator circuit makes digital
processing very convenient [115]. Inexpensive electronic circuitry, integration potential, and

real-time monitoring are the important attributes associated with oscillator circuits [62].

Limitations

The estimation of dissipation factor from amplifier’s gain factor is not very straight forward
and needs use of separate instruments such as network analyser. Amplitude of oscillation of

a QCR needs to be estimated prior to the start of any oscillator circuit measurements. The

21



oscillator circuits are optimized for a particular resonance mode or overtone and additional
elements are needed for switching to other overtones, thereby making resonant frequency
and dissipation measurements at multiple overtones cumbersome for users [85]. Use of

oscillator circuits for a time resolution below 100 ms increases the complexity of circuitry.

2.3.2 Frequency sweep analysis

Principle

Evaluation of electrical characteristics of a QCR can be performed, employing electrical
admittance, which is given by the ratio of current flow through QCR to the voltage applied
across QCR [112]. Admittance analysis [136] is performed using a network analyser, where
a QCR is passively interrogated around resonance by means of an oscillating voltage with
variable frequencies. A QCR is subjected to a linear sweep frequency mode comprising a
certain number of frequency data points and a particular frequency span, which leads to the
construction of admittance-frequency curves [137]. Resonance condition is fulfilled at the
frequency, where the real part of the admittance termed as conductance attains its maximum
value. Such a method of estimation is also termed as frequency sweep (FS) technique.
Alternatively, the admittance data is fitted with a known electrical equivalent model of QCR
such as Butterworth Van Dyke [138] model in order to obtain the parameters such as
resonant frequency and dissipation factor. Obtaining the resonance parameters including
resonant frequency, dissipation factor, motional resistance, motional inductance and
motional capacitance using fitting procedure is the most widely practised method for
analysing biomolecular measurements. The numerical fitting procedure has been described

in details in the next chapter of this dissertation.

Time Resolution

The frequency sweep analysis method requires a frequency sweep to have at least 50
frequency steps in order to achieve an acceptable quality of fit [83]. The time per frequency
step needs to be inversely proportional to the resonance bandwidth, which is given by the
ratio of resonant frequency to the quality factor for avoiding artifacts from transient ringing
process [83]. A time resolution or time per measurement below 500 ms is hard to obtain with
the conventional network analysers after taking into account these requirements [83]. Gores
and co-workers have fabricated a cost effective network analyser for electrochemical
applications such as deposition and dissolution of copper, wherein a frequency sweep has
been performed in 200 ms for a 6 MHz QCR comprising a bandwidth of 20 kHz [124]. A
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noise of 7 Hz has been reported for such a data acquisition rate. However, the information
regarding actual measurement time including data acquisition followed with fitting of the
obtained data is unknown. Seiko has commercialised a fast electrochemical QCM (EQCM)
with a minimum time per measurement of 100 ms [139]. However, there is no experimental

evidence of noise at such a speed.

Advantages

Frequency sweep analysis allows direct estimation of resonant frequency and dissipation
factor from a numerical fitting of the complex admittance data obtained from a QCR. It is
advantageous over methods involving oscillator circuits, when the experimental configuration
is complicated. Such configurations include use of long cables or interference of
anharmonic side bands with the measurements. The possible problems can be easily
identified and diagnosed by the users through viewing the admittance curve in such
circumstances. An oscillator circuit stops working under such conditions and users may not
have any clue about the problems. A network analyser suffices the requirement of a
comprehensive QCM sensor due to its large frequency range and various measurement
criteria. Hence, resonant frequency and dissipation factor can be estimated for several
resonance modes of a quartz crystal resonator. A network analyser permits QCM sensor
characterisation in isolation and as a result, there is no effect of external circuitry on the
electrical behaviour of a QCR. In addition, passive interrogation eliminates the parasitic

electrical influences by means of calibration [140].

Limitations

Expensive electronic circuitry and large dimensions associated with a conventional network
analyser hinder its use for remote and point of care sensing applications [120]. Such a
configuration is suitable for analysing biomolecular interactions in laboratory environment.
Large dimensions of the QCM instrument also limit the degree of multiplexing. It involves
complex data management procedure due to the necessity for numerical fitting. The need for
fitting also limits the time resolution of QCR measurements obtained using FS method.
Multiple resonator measurements performed using single network analyser becomes

challenging sometimes due to perturbation in instrument response [140].
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2.3.3 Ring down analysis

Concept

Ring down technique has also been explored for simultaneous measurement of resonant
frequency and dissipation factor [129]. It is also known as decay method [140] or impulse
excitation method [115]. In ring down technique, the driving voltage of a QCR is periodically
switched on and off at a frequency located in the vicinity of an actual resonant frequency.
The amplitude of oscillation of a QCR experiences an exponential decay with time after the
termination of driving voltage. The output voltage from a freely decaying QCR is recorded
using a digital oscilloscope [23]. The frequency of the output voltage denotes the resonant
frequency "Q of a QCR. The resonant frequency and the decay time of the output voltage
are obtained by numerically fitting the same with an exponentially damped sinusoidal

oscillation which is given by [141]:

60~0Q i MQ | h o>m (2.4)

where 6 O K lis the amplitude of the decaying sinusoidal curve at time, 0 TI,| is the

phase angle and t 5 the decay time. Decay time is defined as the time in which the
amplitude of oscillation reduces to — times the original value. The equation of motion [142]

for an underdamped free vibration of a mechanical resonator can be expressed as follows
WO ~OQ | WO +h o>m (2.5)

where & O B Tis the amplitude of motion at time, 0 T, "Q s the damped natural frequency,
* is the phase angle and[ B the resonance bandwidth. Comparing Eq. (2.4) and Eg. (2.5),

the expression of resonance bandwidth () in terms of decay time 1 is given as:
r - (2.6)

The expression relating resonance bandwidth [, resonant frequency "Q and dissipation

‘O of a QCR is given by:
[ ¢*"Qo (2.7

Using Eq. (2.6) and Eq. (2.7), dissipation factor 'O can be written as follows:
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0 - (2.8)

Q-sense Company [23,54,86,143] has come up with an advanced QCM analyser based on
the decay method and is termed as QCM-D (quartz crystal microbalance with dissipation

monitoring) technique.

Time Resolution

Accounting for the averaging time in ring-down method, Petri, Johannsmann and co-workers
have stated a time resolution of the order of 1 s [83]. The measurements can be faster but at
the expense of increased noise [83]. Q-Sense reports the current capability of minimum time
per measurement for ring down analysis as 5 ms. However, there is no available evidence of

any reported data that demonstrates the noise at this data acquisition time period [84].

Advantages

Decaying QCR response obtained from ring down method is not affected by interface
electronics due to disconnection of QCR from the driving power [144]. The ring down
technique followed by the Q-Sense company allows simultaneous and direct measurement
of resonant frequency and dissipation factor in succession at different overtones for a quartz
crystal resonator with a fundamental frequency of 5 MHz. Measurements up to 13" overtone,
i.e. 65 MHz can be performed using a QCM-D instrument.

Limitations

It is difficult to generate an impulse excitation in practice [115] as ideal pulse front slopes are
hardly attainable. The necessity of fitting, followed with signal averaging limits the time
resolution of measurements for ring down technique. The accuracy of ring down method
depends on the accuracy of the measurement of frequency and the envelope of a decaying
sinusoidal curve. Measurement of frequency and envelope becomes challenging during
strong damping loads due to production of short decay times. It requires significant
averaging for strong damping loads in order to achieve accurate estimates. The quality and
overall dimensions of the equipment associated with the decay method also need to be high
for accurate estimation of frequency from the envelope of an exponentially decaying
sinusoidal curve. Use of high quality components make ring down technique quite expensive.
Hence, QCM-D device is more suitable for experiments conducted using laboratory
infrastructure [140]. Requirement for large dimensions impose restriction on degree of

multiplexability.
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2.4 Summary of challenges of conventional methods

Conventional methods such as frequency sweep analysis and ring down operation are able
to report measurements of resonant frequency and dissipation factor at numerous
resonance modes with ease. However, the time resolution of a single resonant frequency or
dissipation factor data point is still constrained for the state-of-the art QCM analysers due to
the need for fitting or averaging. There is usually a trade-off between the data acquisition
time period and noise. The lowest reported time resolution using admittance analysis
method is 100 ms [139]. However, it is only applicable for electrochemical applications.
There is no reported evidence of using ring down technique at its minimum measurement
time of 5 ms for any application [84]. Use of conventional instruments for frequency sweep
and ring down methods such as frequency synthesizer and impulse generator add
complexity to the measurement setup. Although, QCR quantification method using oscillator
circuits is relatively simpler, there is no reported documentation on its use for measuring

processes occurring in ms time scale.

2.5 Idea of single frequency measurement of quartz crystal

resonator: A path ahead

2.5.1 Background

Petri, Johannsmann and his fellow workers reported a new method of sequentially acquiring
quick time traces (10 ms) of electrical admittance for a set of constant frequencies located in
the vicinity of QCR resonant frequency. The purpose of the method was to deal with the
problems related to speed of measurements [83]. The number of frequencies used for the
analysis was ~ 10. A frequency sweep was performed prior to the fixed frequency traces for
estimating the resonant frequency of the quartz crystal resonator. Subsequently, deviations
in real and imaginary components of the admittance data namely conductance and
susceptance for different fixed frequencies were calculated with respect to a measured
reference. Estimated shifts in conductance and susceptance were numerically fitted to a
phase shifted Lorentzian function for obtaining resonant frequency and dissipation at
multiple resonance modes [83] of a 5 MHz QCR. A minimum time per measurement of 10
ms was reported with noise readings of 0.3 and 0.01 Hz for experiments related to copper
and electrically conducting polymer films respectively. The new method provided faster

estimation of resonant frequency and dissipation through numerical fitting of the admittance
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data obtained from single frequency measurements instead of a conventional frequency

sweep, thereby adding robustness to the method.

2.5.2 Limitations of single frequency measurement method

Although, the single frequency measurement method provides 10 ms time resolution, it is
applicable only for studying stable and repetitive electrochemical processes, such as square
wave amperometry and cyclic voltammetry. There are certain transient processes which
could not be repeated in a reasonable time. Biomolecular events, such as protein folding [76]
or activation of G-protein-coupled bioreceptors [78], which control important biological
functions, are not repetitive processes, and require millisecond time resolution. Studying
these processes is critical to the understanding of mechanisms of critical diseases, including
cognitive, neurological, cardiovascular or endocrinal. Important studies related to surface
science field such as gas to surface adsorption and desorption processes dynamics [145],
occurring in sub-millisecond time scale are often transient in nature. State-of-the-art single
frequency measurement method for a QCR cannot be utilised to investigate the above-
mentioned processes. The single frequency measurement method works in a narrow region
around a resonance. Hence, there is a need for a new method utilising single frequency
measurement, which will address the above limitations and achieve the need for simplicity
and high time resolution.

2.6 Prelude to fixed frequency drive method

A novel analytical method of estimation of resonant frequency "Q and dissipation factor ‘O
of a QCR based on single frequency measurement has been reported in the next chapter.
The novel method is termed as the fixed frequency drive (FFD) method as real-time
measurements of resonant frequency and dissipation can be obtained by continuously
driving a QCR at a fixed frequency. A time resolution of 112 us has been achieved
employing the FFD method. The method eliminates the need for any numerical fitting or
averaging, thereby aiding in simplicity, low cost and online integration. The method works
over a broad resonance bandwidth. The method can be utilised for investigation of any
surface binding processes and is not limited for studying stable and repetitive
electrochemical processes unlike the single frequency measurement method. The method

has an intrinsic ability to multiplex without an increase in complexity or cost.
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Chapter 3
Fixed Frequency Drive Method— Going beyond the state of the art

3.1 Introduction

A novel method of quantification of quartz crystal resonator (QCR) resonant frequency and
dissipation employing Butterworth Van Dyke model [112] has been introduced here. The
new method does not require any frequency sweep or impulse excitation and instead utilises
a fixed frequency excitation for estimation of QCR resonant frequency and dissipation factor.
The new technique has been validated through experiments, which are reported in Chapter
4.

3.2 Fixed Frequency Drive Theory

3.2.1 Estimation of resonant frequency

According to the BVD model [114], the impedance of the motional arm of a QCR can be

written as:

5y Qb Q 3.0)
&) 0—% :

where] ¢ '@ the angular drive frequency and 'Q W p. During resonance, the motional

impedance becomes entirely resistive. Hence, the motional reactance, given by 'Q 0 116 :

is diminished which expresses the angular resonant frequency (| ¢" Q) of the motional
arm as:
P i P
1 - T % (3.2)
Moo U 0
where ” 079 is the characteristic wave impedance. From Eq. (3.2):
0 i (3.3)
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Using Eqg. (3.3) and Eq. (3.4) for substitution of L and C in Eq. 3.1, then:

" . vy | 1
» Y — —
= (3.5)

e

b Y Qs (3.6)

3
oike

From Eq. (3.6) the motional reactance can be written as:

X , 200 3.7
) I (3.7
Solving Eq. (3.7) for'Q
” “Q (I) v\m ” "Q T[ (38)
Thus:
Q — w T” (3.9)

C

Eq. (3.9) depicts the expression for QCR resonant frequency as a function of the drive
frequency and electrical equivalent circuit parameters such as the motional reactance and
the characteristic wave impedance. If the characteristic wave impedance is measured at the
outset and the QCR is driven at a fixed frequency, then the resonant frequency can be
determined from Eq. (3.9) using the motional measured reactance. In order to avoid,

mathematically unfeasible solution, the expression of "Qis chosen as the following:
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MM — ® Q 1" (3.10)

3.2.2 Estimation of characteristic wave impedance and shunt

capacitance

The equivalent electrical impedance measured from an experiment takes into account the

impedance contribution arising from the shunt capacitance 6 , which given by ®

Q6 . The shunt capacitance and the characteristic wave impedance are

estimated only once at the beginning of an experiment by fitting the impedance measured
from a frequency sweep with the equivalent impedance estimated using the BVD model. 6
can also be obtained at much lower frequency in comparison to fundamental resonant
frequency of a QCR, where the admittance of the motional branch can be neglected. This
shunt capacitance (0 ) is then used to determine the motional reactance from the equivalent
motional impedance (¢&) measured in a fixed frequency drive scan as ‘0d pf®d Q6

and used in Eg. (3.10) along with the characteristic wave impedance to determine the
resonant frequency. The difference of the resonant frequency with respect to the drive
frequency (Y'Q ), after eliminating large values inside bracket, is given by:

o Q
YyQ Q Q ra ®w ¢ W T’

5 Al & (3.11)
" 2 q ~
o— &
X —
P P o
& ¢ o

Inertial or elastic loading on the resonator changes the inductance or capacitance of the
equivalent circuit. Thus, it shifts the resonant frequency ( ¢ "Q) which is indicated by
Eq. (3.2). If the resonator is driven at a fixed frequency close to its initial resonant frequency,
then the shift in resonant frequency during a process can be determined by calculating the
frequency offset from Eq. (3.11), using the measured reactance. Although the characteristic

impedance changes with shift in resonant frequency, it can be assumed to be constant in
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practice (equal to the value measured at the start of the experiment, ” , using frequency
sweep technique) without any notable impact on the accuracy of estimation of the resonant
frequency shift using Eq. (3.11) for any practical purpose. The analytical justification for this
is provided in Section 3.4.

3.3 Determination of quality factor of quartz crystal resonator in
liquid

The quality factor for a mechanical resonator can be expressed as:

0 1 1 1 TV (3.12)

The expression of quality factor based on the electrical equivalent form is given as:

O 1 T'YRO 1 OfrYy "7¥Y (3.13)

where 078. The impedance is recorded using a frequency sweep for a 14.3 MHz QCR

with one side in contact with deionised water. The experimentally obtained impedance is
then fitted with the Butterworth-Van Dyke (BVD) model (Figure 2.1), in order to achieve

076 1 mmmohnand'Y ¢ 1 ohm. Hence, using Eq. (3.13), the quality factor, 0
becomes 2000.

3.4 Error in resonant frequency shift estimate when characteristic

wave impedance is assumed as constant

Considering the resonant frequency change is purely due to mass loading, (i.e. entirely due

to change in motional inductance (0) of the equivalent electrical circuit (Figure 2.1)), then the

: . . y -
expressions of relative changes in resonant frequency ——  and characteristic wave

o

Yy
impedance ;p using Eq. (3.2) can be written as:

<
<

(3.14)
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(3.15)

Using Eq. (3.14) and Eq. (3.15):

— (3.16)

A quartz crystal resonator (QCR) with an initial resonant frequency of14.3 MHz and an initial
characteristic wave impedance (" ) of 400 kQ (as depicted in Section 3.3) has been
considered. The drive frequency is also chosen as 14.3 MHz, such that the frequency offset
indicates the resonant frequency shift along with the progress in mass binding. The values of
reactance have been chosen from -2000 to 2000 Q with a gradual increase of 10 Q. The
‘true’ resonant frequency shift is evaluated by first determining the ‘approximate’ ¥"Q from
Eq. (3.11). An assumption of ” " has been considered for the chosen values of
reactance. Thereafter, the ‘true’ ” is estimated from Eq. (3.16) using the approximate Y'Q,
ie.” p YQrQ 8Finally using this ‘true’ ” in Eq. (3.11), the error between the ‘true’ and
the ‘approximate’ ¥'Q, and the percentage of error with respect to the approximate ¥'Q, have
been calculated (Figure 3.1).
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Figure 3.1. Error of the resonant frequency shift estimate (assuming the characteristic
impedance is constant) with respect to the ‘true’ estimate (considering change in

characteristic impedance).

It can be evidenced from Figure 3.1 that the error and % error are approximately 0.9 Hz and

0.025% for a resonant frequency shift of 3.57 kHz, which is typically one resonance half-
bandwidth considering a quality factor of 2000 (@ — 0o® XQOa Since the resonant

frequency shift in the case of inertial loading is within the resonance half-bandwidth for most
of the cases, (e.g. protein binding), the characteristic impedance can be assumed to be
constant without affecting the accuracy of estimation of resonant frequency in practice.
However, there is a need for accurate calibration to meet the above-mentioned estimated

error in practice.

3.5 First and second order series approximation of the resonant

frequency offset

The expression of resonant frequency offset Y'Q in terms of the driving frequency "Qh
the characteristic wave impedance ” and the motional reactance & is given by Eg.
(3.11). & in Eq. (3.11) is obtained from experiments by driving the quartz crystal resonator

at a fixed frequency. Considering the drive frequency as an initial resonant frequency, the
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resonant frequency shift due to mass or viscous loading can be estimated from Eq. (3.11).
However, the expression of resonant frequency offset (i.e. Eq. (3.11) is a radical expression
consisting of square root term which makes data processing less convenient. Hence, the
expression is simplified by applying series approximation. The first order Maclaurin series

approximation of this offset is expressed as:

o )
YyQ QC_ (3.17)
The second order Maclaurin series approximation after discarding the term — under
radical in Eq. (3.11) is given as:
. L pw
S C¢Q

The approximate form as in Eq. (3.18) can be used in place of the exact expression of Eq.
(3.11) for all practical purposes.

cya  ap -N = (3.19)
The relative errors of the linear (YQ  ¥Q ) and second order (YQ  Y'Q ) series
approximations have been determined with respect to the exact formula for frequency offset
(i,e. Eg. (3.11)) by considering the initial resonant frequency as 14.3 MHz, and the

characteristic wave impedance as 400 kQ (as discussed in Section 3.3). This is presented in

Figure 3.2.
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Figure 3.2. Error of the expressions for first and second order approximations of the

frequency offset with respect to the exact expression (Eq. 3.11).

Taking into account, the linear expression for frequency offset, an error of 0.5 Hz has been
obtained for a resonance frequency shift of 3.57 kHz. Such an error is negligible, considering
the fact that the estimated resonant frequency shift (i.e. 3.57 kHz) is within the resonance
bandwidth (i.e. 7.14 kHz) for most of the cases. An error of approximately 7 pHz is obtained
for a resonant frequency shift of 20 kHz (~ 2.8 times resonant frequency bandwidths) by
considering the second order approximation. Hence, use of second order approximation for
frequency offset expression eliminates the use of radicals and aids in maintaining a good
accuracy at the same time. Such an expression also favours processing of experimental

data using a simple and inexpensive microprocessor.

3.6 Dissipation shifts using fixed frequency drive method

The quality factor of an electrical equivalent circuit is given by 0 ” Y (Section 3.3). The

dissipation factor is, therefore, given by:
0 pfh YI (3.20)

As the characteristic wave impedance can be considered as constant (Section 3.4), the

dissipation and its shifts for a process can be estimated from Eg. (3.19) by monitoring the
35



motional resistance from a fixed frequency drive. Motional resistance is calculated from the

real part of motional impedance using Eq. 3.5. Motional impedance is estimated after

deduction of the impedance of shunt capacitance from the equivalent impedance of a QCR,

obtained using a custom made network analyser.

3.7 Intrinsic advantages of FFD

The fixed frequency drive (FFD) method allows purely analytical estimation of
resonant frequency and dissipation factor from each impedance data point
measured using a continuous drive for a particular time interval. The method is
applicable for studying any physical processes unlike the single frequency
measurement method which is valid only for stable and repetitive electrochemical
processes. There is no need for any numerical fitting for estimation of resonance
parameters as in frequency sweep or ring down methods. There is not any necessity
for averaging of FFD estimates unlike ring down method. The method has high time
resolution feature which has been illustrated in the next chapter.

The driving frequency does not need to be located in the vicinity of the QCR
resonant frequency. The driving frequency can be situated several resonance
bandwidths apart the resonant frequency without sacrificing the accuracy of
estimation. The range of driving frequency for a 14.3 MHz QCR is selected as +20
L.
0

kHz (Figures 3.1 & 3.2), which is approximately 2.8 resonance bandwidths (G

X® TQOdaway for application in liquid (for Q = 2000) and more than 75 bandwidths
for application in air (for Q > 54000).
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3.8 Limitation

The BVD model accounts for a single mode of resonance. The influence of satellite or
spurious modes [146] can affect the accuracy of FFD estimate, if the drive frequency is
within the bandwidth of a satellite mode (Section A.10). Hence, it is practically safe to drive
at resonance if the location of the satellite mode is unknown. The details of the location of
spurious modes under deionised (DI) water loading for five different 14.3 MHz QCRs for
fundamental and 3™ overtone modes have been mentioned below in Section A.10. The peak
of the fundamental resonance mode is located approximately 79.17 kHz (SD,, 1.59 kHz)
away from the peak of the nearest satellite mode under DI loading for a 14.3 MHz QCR.
Considering a resonance half bandwidth of 3.57 kHz for fundamental mode, it is safer to
drive the QCR anywhere within 22 resonance half-bandwidth in order to avoid the influence
of spurious mode. In case of a 3" overtone mode, they are located approximately 45.42 kHz
(SD, @ 1.26 kHz) away from each other under DI water loading. Considering a resonance
half bandwidth of 6.18 kHz for 3™ overtone mode (Section A.9), it is safer to drive the QCR
anywhere within 7 resonance half bandwidth in order to avoid the influence of spurious

modes.

In certain situations, the resonant frequency shift due to binding is larger than the resonance
bandwidth at a particular mode of resonance and there can be potential interference by
satellite modes. This is not a practical issue for the fundamental mode as the half bandwidth
of QCRs typically used for biomolecular measurements (~0.68 kHz for 5 MHz QCR from
theory, ~3.57 kHz for 14.3 MHz QCR obtained from experiments) are considerably higher
than the shifts observed in most experiments (<2 kHz). But, the fundamental resonant
frequency shift due to binding of amyloid precursor protein with monoclonal DE2 antibodies
immobilised 19.5 MHz QCR after 450 sec is approximately 2 kHz [147]. The half resonance
bandwidth at the fundamental mode of 19.5 MHz QCR under liquid loading is approximately
5.2 kHz (Table A.2), which is less than the resonant frequency shift. However, the seventh
overtone resonant frequency shift due to amyloid precursor protein binding will be
approximately 14 kHz (Section A.3) which is more than the half resonance bandwidth
(~13.76 kHz) (Table A.2) at the same mode. In such cases, there can be significant
influence of satellite modes and BVD model cannot be used for estimation of resonant
frequency for FFD technique. Hence, resetting the driving frequency to the modified
resonant frequency at the time of FFD scan will help in eliminating the effect of spurious

modes.
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3.9 Conclusion

FFD method utilises a Butterworth-Van Dyke model for analytical estimation of resonant
frequency and dissipation factor from experimentally measured values of reactance and
resistance respectively at a fixed frequency drive. Such a method potentially favours high
time resolution measurements, which have been demonstrated in the next chapter. The
estimates of FFD hold well over a wide resonance bandwidth (Section 3.4). Although the
physical processes occurring on the surface of a QCR, such as binding, lead to slight
variation in the characteristic wave impedance, its effect on resonant frequency and
dissipation is negligible (Section 3.4). Hence, characteristic impedance measured at the
beginning of the physical process can be used throughout for estimation of resonant
frequency and dissipation shifts using FFD technique. The practical range for driving
frequency selection does not depend on QCR quality factor, but the accuracy of estimate of

the value of shunt capacitance, which relies on an accurate calibration.
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Chapter 4
Experimental validation of Fixed Frequency Drive method

4.1 Introduction

The previous chapter focused on the theory behind fixed frequency drive technique.
Based on the presented theory, validation of quantitative estimates of resonant
frequency and dissipation against frequency sweep method were performed for inertial
and viscous loadings. This experimental validation is presented in this chapter. Binding
of streptavidin protein to a biotinylated QCR surface was studied for demonstration of
inertial loading. Viscous loading was studied by flowing two liquids of different absolute
viscosities (methanol and deionised water) one after another over a bare QCR surface.
The latter part of this chapter focuses on noise analysis and time resolution of the

resonant frequency shift measurements obtained using the FFD method.

4.2 Experimental hardware

4.2.1 Instrumentation

The hardware of the vector network analyser used for all experiments in this thesis was
designed and built by Mr. Victor P. Ostanin, a retired Senior Technical Officer from the
Department of Chemistry, University of Cambridge. The author contributed towards
providing user feedback information for development of the instrument. The instrument
is capable of driving with a wide range of amplitude (0 to 26 V) and frequency (RF 100
kHz to 300MHz) and recording complex (in-phase and quadrature) current and voltage
at three different frequencies simultaneously. There are three driving modes available in
the instrument namely linearly varying frequency mode subjected to constant amplitude
(used for frequency sweep method), linearly varying amplitude mode subjected to
constant frequency and constant amplitude and frequency mode (used for FFD
method). The development of graphical user interface was performed by Dr. Alex
Zhukov from the Department of Chemistry, University of Cambridge, followed with an
installation on a PC for effective communication with the instrument. Wolfram
MathematicalO was utilised for data analysis. A controlled and measured delivery of
liquid sample over the QCR surafce was performed employing a syringe pump (Harvard

Apparatus).
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Figure 4.1. Schematic of the experimental set up (Not to scale)

4.2.2 Sensor Assembly

The sensor assembly [148] consisted of three main parts namely a microfluidic
cartridge, a quartz crystal resonator (QCR) or the sensor and a printed circuit board
(PCB) (Figure 4.2). An exploded cross-sectional view involving all the sub-parts is
presented in Figure 4.2-ii. The description of the different parts of the sensor assembly

has been provided below.
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Figure 4.2.1) Top view of an assembly of a sensor between a microfluidic cartridge and a
PCB. ii) An exploded cross-sectional (A-A’) illustration iii) A cross-sectional illustration of a

fully assembled sensor [36]
Microfluidic cartridge

The microfluidic cartridge used in this work was designed by Dr Niklas Sandstréom of Micro
and Nanosystems laboratory of KTH Royal Institute of Technology (Stockholm, Sweden) (PI:
Prof Wouter Wijngaart) as part of a EU consortium project, Norosensor, of which
Loughborough University was a partner (Pl: Dr Sourav Ghosh). The cartridge comprised two
injection molded cyclic olefin copolymer (COC) slides (Microfluidic ChipShop GmbH,
Germany). The COC slides were bonded together by a medical-grade ARcare® 90106
double-sided pressure-sensitive adhesive (Adhesive Research Inc., Ireland). The top COC
slide contained integrated mini-luer connectors which favors fluidic interfacing. The silicone
gaskets composed of tube stubs were fitted inside the connectors, which provided tight liquid

sealing with use of external tubing. The milling of bottom COC slide provided inclusion of two
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vertical fluidic interconnects which served as inlet/outlet to the sample chamber above the
QCR, and a circular trench. The trench is centered on the bottom side which allowed
insertion of UPS VI classified EPDM O-ring (Trelleborg AB, Sweden). Patterning of
microfluidic channels in the adhesive film was performed using CNC cutting. Such channels

connected the mini-luer connectors with the two vertical interconnects.
Quartz Crystal Resonator

14.3 MHz AT-cut thickness-shear mode quartz crystal resonators were purchased from
Laptech Precision Inc., Bowmanville, Ontario, Canada. The diameter and thickness of QCRs
were 8.3 mm and 115 um respectively. The quartz substrate was sandwiched between two
circular gold electrodes. The diameters of top and bottom electrodes were 5 mm and 4 mm
respectively. A wrap around top electrode was provided for ensuring electrical connection

from the bottom. The operating temperature range of the QCRs varied from 20° to 40°C.
Printed Circuit Board

The printed circuit board (PCB) was designed by Niklas Sandstrém of Micro and
Nanosystems laboratory of KTH Royal Institute of Technology (Stockholm, Sweden) [36] to
electrically connect the QCR electrodes. A standard FR4/Cu PCB laminate comprising a 1
pm Au layer and a 0.1 um TiW adhesion layer was used for experiments. Sputtered of TiW
layers provided a non-oxidizing metal surface which is beneficial for repeated electrical
contact. Patterning of the PCB with isolated electrical lines and neighboring grounded areas
were performed with CNC milling [36]. This provided contact pads for the QCR and
conductive lines, leading to two SMA coaxial connectors, which are soldered at each end of
the board. The PCB consists of four drilled holes which were utilized for insertion of straight
brass pins. The brass pins acted as alignment structures while performing the assembly of
the cartridge. Alignment of a polycarbonate spacer above the patterned PCB surface was
performed using the brass pins. The spacer contained a central hole which was patterned
using CNC milling. Such an operation aids in fitting and aligning the QCR during final

assembly.

During assembly, the QCR was placed in the centered hole of the spacer on the PCB for
providing contact of the bottom QCR electrode with the electrical contact pads patterned on
the PCB. After that, the microfluidic cartridge was fixed on top of the QCR and the PCB by
use of clamps, thereby forming a 3 uL sample chamber above the QCR. The spacer acted

as a physical stop during clamping of different parts, which limited the maximum pressure
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applied on the QCR. A quality factor of ~2000 was obtained in liquid during assembled

condition. Such a quality factor suggested minimal damping due to the O-ring.

4.3 Comparative analysis of FFD and frequency sweep for inertial

loading experiments

The inertial loading experiments were performed for the validation of the theoretical
expression of resonant frequency shift (Eq. 3.10) obtained using FFD method with frequency
sweep method. Demonstration of the inertial loading was performed by conducting a protein
binding experiment. A 14.3 MHz AT-cut thickness-shear-mode QCR was immobilised with a
mixture of self-assembled monolayer (SAM) of biotin and methoxy thiols (Figure 4.3).
Streptavidin protein solution was flowed over the SAM immobilised QCR surface in order to
facilitate binding of streptavidin with biotin [149]. The QCR was actuated and sensed
electrically using a dedicated network analyser.

8

Streptavidin

(O Biotin

Figure 4.3. Streptavidin binding to biotin-thiol functionalised on a gold electrode surface of a
QCR (Not to scale)

4.3.1 Reagents

Acetone, isopropanol, ultra-pure 200-proof ethanol, phosphate buffered saline (PBS) and
streptavidin (60 kDa) were procured from Sigma-Aldrich (UK). PBS is composed of 8.1 mM
Na;HPO,, 1.1 mM KH,PO,4, 1 mM MgCl,, 2.7 mM KCI, and 138 mM NaCl with a pH of 7.4.
Deionised (DI) water was collected from a Milli-Q Integral system, Millipore, USA. Thiolated
alkane solutions, namely HS-(CH,)11-EG6-Biotin and HS-(CH,)11-EG3-OCHs;, were

purchased from ProChimia (Poland).
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4.3.2 Protocol for cleaning of QCR

The QCR was placed in a Petri dish and cleaned in acetone for 5 min using ultrasonication
technique. Thereafter, the QCR was cleaned in isopropanol in a similar way for 10 min. The
QCR was then dried using a flow of nitrogen gas followed with further cleaning using argon
plasma for 45 seconds. A Harrick Plasma Cleaner was used for plasma cleaning operation.
The power level of the plasma cleaner was 29.6 W.

4.3.3 Protocol for formation of self-assembled monolayer of thiol on
QCR

Cleaned QCRs were placed in 24-well plate and suspended in 250 pL of 1 mM ethanolic
solution of thiols comprising 10% biotin thiol (HS-(CH,)11-EG6-Biotin) and 90% methoxy
thiol (HS-(CH,)11-EG3-OCHs) by volume for approximately 18 hours. As a result, self-

assembled monolayer (SAM) of thiols was formed on the QCR surface.

4.3.4 Protocol for baseline preparation

Baseline refers to the phase before the introduction of measurand or analyte (i.e.
streptavidin in this case) to the functionalised sensor surface. Baseline measurements are
usually performed by exposing a QCR surface to a buffer medium. Establishment of a stable
baseline is necessary for accurate measurements of analyte. The steps needed for baseline

preparation have been described below.

Any loosely bound thiol layer on QCR surface after the immobilisation step was removed
through a series of ethanol and DI water washes. The SAM immobilised QCR was then dried
using nitrogen gas assembled between a microfluidic cartridge made of cyclic olefin
copolymer, to ensure controlled delivery of sample, and a printed circuit board to permit
electrical connection (Figure 4.2). 1 mL of DI water was flowed over a QCR (at 100 pL/min)
using a syringe pump. Subsequently, phosphate-buffer-saline (PBS buffer) was flowed over

the functionalised QCR (at 40 uL/min) for 10 min in order to achieve a stable baseline.

4.3.5 Method of Drive

Frequency sweeps (0.1 sec, 0.52 V) and fixed frequency scans (0.1 sec, 0.52 V) were taken
at an interval of 2 min in phosphate buffered saline (PBS) for 10 min after establishing a
baseline. 2.5 pg/mL streptavidin solution in PBS was then flowed (at 40 pL/min) into the
microfluidic cartridge to facilitate binding for 10 min. Similar frequency sweeps and fixed

frequency scans as mentioned above were then taken for 10 min at the end of the binding
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phase. In total, there were six measurement points in both baseline and binding phases. The
method of estimation of resonant frequency and dissipation factor using frequency sweep

and fixed frequency drive techniques have been described in the following sections.

Frequency sweep estimates

A linear frequency sweep mode, comprising a central frequency around 14.3 MHz
(14.299491 MHz as an example) and a span of 0.02 MHz was performed for 0.1 s. The
amplitude of oscillation was ~ 0.47 V. A 0.1 s frequency sweep consists of 763 data points.
For each frequency sweep taken in baseline and binding phases, resonant frequency "Q,
motional resistance ‘Y quuality factor O and shunt capacitance (0 ) were estimated by
numerically fitting the experimentally obtained equivalent electrical impedance data (&) with
a mathematical expression of equivalent QCR impedance based on BVD model (Figure 2.1).
The expression takes into account the contribution of shunt capacitance and is derived using

Eq. (3.6), which is given by:

) Y+g[ Q6 (4.1)
p Qg -G

where "Qis the driving frequency and 'Q 1 p . The initial guesses for the fitting parameters
involving resonant frequency "Q , motional resistance 'Y hquality factor 0 and shunt
capacitance (0 ) were 14.3 MHz, 240 Ll, 1800 and 9 pF respectively. The typical values of
resonant frequency, motional resistance, quality factor and shunt capacitance obtained from
a frequency sweep comprising driving frequencies ranging from 14.289491 to 14.309491
MHz of a phosphate buffered saline loaded 14.3 MHz SAM functionalised QCR surface were
14.299573 MHz, 232.14 LI, 1790.15 and 9.12 pF respectively. Dissipation factor for each
measurement point was estimated by taking the reciprocal of the obtained quality factor from
the fit.

Fixed frequency drive estimates

The resonant frequency (‘Qpgs) and the characteristic impedance (* pgs  YipesD pes) Of

a QCR were estimated in PBS medium, employing frequency sweep method. Such
estimates were obtained just before the baseline phase by taking the mean of three
successive measurements as they were relatively close to each other (SD,, 0.65 Hz). At
each baseline and binding measurement point, following the frequency sweep, fixed

frequency scans were taken successively at 5 different drive frequencies spanning ~84% of
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the resonant frequency bandwidth namely "Qpgs 0OkHz, "Qpgs  p® kHz, "Qprs, "Oegs

p® kHz and "Qpgs 0 kHz. FFD scans were taken at five different frequencies in order to
test the applicability of the method over a wider bandwidth. The calibrated reactance of the
motional branch of a QCR (& ) from each fixed frequency scan and the previously
measured characteristic impedance in PBS (" pgs) were used to determine the resonant

frequency at every measurement point (Eq. (3.10)). The calibrated resistance of the motional
branch of a QCR ('Y) from each fixed frequency drive and characteristic impedance
measured just before the baseline phase (" pgs) were used for the estimation of dissipation

factor from each measurement point (Eq. 3.19).

4.3.6 Inertial loading results

Biotin-streptavidin binding experiments were conducted for three different QCRs for
validation of FFD estimates such as shifts in the nominal resonant frequency and dissipation
with frequency sweep (FS) technique for demonstration of inertial loading. The word nominal
has been applied before resonance frequency and dissipation due to use of different QCRs
and analyte samples under nominally similar conditions. The nominal resonant frequency
shifts for FFD and FS techniques were calculated by deducting the value of resonant
frequency obtained in the respective first baseline measurement point from all the
subsequent measurement points including the same. The nominal dissipation shifts were
calculated in a similar manner and divided by the dissipation value of the first measurement
point in respective baseline phases for obtaining a quantitative estimate of relative
dissipation shifts for each method. The mean of nominal resonant frequency and relative
dissipation shifts for all drive frequencies with respect to the respective reference points (i.e.
first baseline point) were calculated to obtain the measurement points for the “Average FFD
method”. The quantitative formula of fixed frequency drive method (Eqg. 3.9) was also applied
to each of the frequency sweep scans as during a frequency sweep; the QCR is excited at

multiple driving frequencies subsequently within a short span of time.

There was negligible variation in absolute resonant frequency values estimated using FFD
method for those multiple driving frequencies with respect to the absolute resonant
frequency value estimated from frequency sweep method for a thiolated QCR surface in
PBS (Figure 4.4). Average of all the individual resonance parameters (nominal resonant
frequency and dissipation) was taken to obtain the respective final values. Such a method of
obtaining QCR resonance parameters is termed as “Average FFD from FS” (Figure 4.5). The

resonant frequency shifts estimated from FS and FFD methods at each measurement point
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showed satisfactory agreement over the baseline and streptavidin-bound phases for all 5
drive frequencies (Figure 4.5). There were hardly any variations in relative dissipation due to

binding of streptavidin (Figure 4.5).

——FFD applied to a FS scan in PBS for a thiolated surface
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Figure 4.4. Percentage variation in absolute resonant frequency obtained from FFD method
at different drive frequencies within a frequency sweep with respect to that obtained using

evaluation of a frequency sweep
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Figure 4.5. Resonant frequency and relative dissipation shifts due to streptavidin binding

using frequency sweep and FFD methods (with 5 drive frequencies) with 2 min

measurement interval.

The average of the resonant frequencies obtained from baseline measurements were

subtracted from the average of the resonant frequencies obtained from binding

measurements for each of the techniques including FS and FFD to estimate the average

resonant frequency shifts due to streptavidin-biotin binding. They showed satisfactory

agreement with each other (Figure 4.6). Percentage variation of the average resonant

frequency shift obtained from different FFD methods were estimated with respect to the
5.44%) and -

frequency sweep technique. The agreement varied between +9.54% (SD, ,,
7.84% (SD, ,,
satisfactory -0.55% (SD, ,,

4.4%) over the range of drive frequencies explored, and was found most

2.47%) when the drive frequency for FFD was set to "Qpgs

(Figure 4.7). Such variations were due to inaccurate calibration procedure. The accuracy of

calibration depends on the definition of terminals of open, short and loaded circuits. The

details of the calibration procedure can be found in Section A.1. The device used between

the terminals is termed as Device Under Test (DUT). In case of experiments, the

measurements were taken between the terminals of a QCR assembled printed circuit board
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(PCB). However, the PCB was not taken into account while performing the calibration prior
to the experiments, which resulted in slight inaccuracy. If the DUT was just the QCR, then
the accuracy of feedthrough capacitance estimation would have improved the FFD estimate

nearly as per the prediction of the theory.

FFD at fO,PBs-3kHZ I FFD at fO,sz+3kHZ
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Figure 4.6. Absolute values of average resonant frequency shifts 10 min after streptavidin

injection
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Figure 4.7. Percentage variation in absolute average resonant frequency shifts for FFD (at

different drive frequencies) with respect to the frequency sweep method

Average relative dissipation shifts were also estimated in a similar manner as described
above. The changes in relative dissipation YOFO obtained using FS and FFD methods
were negligible. The average relative dissipation shifts in case of FFD method varied nearly
from 0.002 to 0.009 for the explored driving frequencies (Figure 4.8). Percentage variation of

average relative dissipation shift for each of the FFD techniques with respect to FS

technique was not calculated due its negligible variation.
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Figure 4.8. Average relative dissipation shift 10 min after streptavidin injection

4.3.7 Agreement with Sauerbrey model for resonant frequency shift

due to streptavidin-biotin binding

Sauerbrey observed that there is a linear decrement in resonant frequency of an
unperturbed AT cut QCR due to mass adsorption on sensor surface [50]. However,
Sauerbrey’s hypothesis is valid based on three assumptions. Firstly, the mass of the
adsorbate must be smaller compared with the mass of the quartz crystal resonator.
Secondly, the mass adsorption on the quartz crystal resonator surface should be rigid.
Thirdly, the mass of the adsorbate should be evenly distributed over the active area of the
quartz crystal sensor surface [23].

The resonant frequency shift at the n™ resonance mode as per Sauerbrey’s equation [50] is

given by:

(4.2)
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where ¢ is the number of overtone, Y4 is the additional mass bound to the surface, 'Q, ", "O
and 0 represent the unperturbed fundamental resonant frequency, density, frequency
constant and effective binding area of the QCR respectively. Frequency constant "O is 0.5

times the velocity of the acoustic wave through the quartz substrate. The details of the
derivation of Eq. (4.2) can be found in Section A.3 of appendix. The maximum amount of

additional mass due to binding of streptavidin on a biotinylated QCR surface can be given by:

Ve 0 0

o T .
55 (4.3)

where 0 is the molecular weight of streptavidin molecule, 0 is the Avogadro Number

and 0 is the cross-sectional area of one streptavidin molecule. Using Eq. (4.1) and Eqg.

(4.2), the resonant frequency shift due to streptavidin binding is given as:

yQ 00 4.4

” ncxj 6 ( " )
Taking ¢ p (fundamental mode), 0 @ kDa, ' Q p® MHz, ” ¢ @ v Kg/m®
'O p @ xkAz-mm, 0 @8t op m and O ¢ mm? [150], the estimated maximum

resonant frequency shift from Eq. (4.3) becomes -230 Hz. This theoretical estimate agrees
reasonably with the FFD estimate of -148 Hz (SD,, 13.65 Hz), considering a drive
frequency equals to "Qpgs. The resonant frequency shift value of -149 Hz (SD,,, 17.10 Hz)
obtained using FS method was also in agreement with that obtained using theoretical
estimate. The measured resonant frequency shift values were found to be within -36% of the

theoretical estimate for both FS and FFD methods.

The observed discrepancies in resonant frequency shift values obtained due to streptavidin

binding from theoretical estimate and experimental methods involving FS and FFD can be

attributed to many factors. Firstly, the resonant frequency shift estimate for biotin-

streptavidin interaction depends on the surface coverage of the QCR with biotin thiols. A

14.3 MHz QCR surface has been only immobilised with 10% biotin thiol by volume for
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experiments. Such a surface coverage does not indicate uniform loading of streptavidin.
Secondly, the loading of biomolecular film such as streptavidin on a QCR surface is non-rigid
or viscoelastic in nature [39]. Thirdly, the entire biomolecular film, in particular the outer
areas of the film do not couple to the oscillating motion of a QCR, thereby leading to

dissipation of acoustic energy in the form of kinetic motion of the biomolecules [39].

4.4 Comparative analysis of FFD and frequency sweep using

viscous loading experiments

This section presents the experiments carried out using bare cleaned QCR in two different
liquids with varying absolute viscosities. Resonant frequency and dissipation shifts obtained
using FFD technique was validated with frequency sweep technique for changes in viscous
loading of a QCR surface.

4.4.1 Materials and preparation of QCRs

Methanol and Deionized (DI) water were used as viscous liquids for demonstration of
viscous loading experiments using FS and FFD techniques. The quartz crystal resonators
were cleaned using the protocol mentioned in Section 4.3.2. A cleaned unfunctionalised
QCR was assembled in a similar manner as mentioned in Section 4.3.4 and used to study
the resonant frequency and dissipation shifts when methanol (MeOH) in the sample
chamber was replaced with DI water over a 14.3 MHz QCR surface.

4.4.2 Method of Drive

Frequency sweeps (0.1 sec, 0.52 V) and fixed frequency scans (0.1 sec, 0.52 V) were taken
every 5 min, first in methanol to establish the baseline for 20 min, and then 20 min after DI
water injection again for 20 min. There were ten measurement points including the methanol
and DI water phases. The calibrated impedance from each frequency sweep scan was fitted
with the BVD model (Figure 2.1) to determine the resonant frequency, quality factor,
motional resistance and shunt capacitance. The details of estimation using the frequency
sweep method have been provided in Section 4.3.5. The resonant frequency ("Qieon) and
characteristic impedance (m ) of a QCR in methanol were estimated from a set of three
frequency sweeps. The characteristic wave impedance (M ) of a QCR in DI water was also
obtained from a set of three frequency sweeps. Fixed frequency scans were taken

successively at 5 different drive frequencies spanning ~84% of the frequency bandwidth:
"Omeon  OKHZ, "Queon  PBKHZ, "Qiieon» Qeon  P® kHz and "Qyeon  0'(Hz in both
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methanol and DI water phases following the frequency sweep. The calibrated reactance of
the motional branch (& #eon) from each fixed frequency scan and the previously estimated
QCR characteristic wave impedance (mj ) in methanol were used to quantify the
resonant frequency in methanol phase. Calibrated resistance of the motional branch (Yyeon)
and (mp ) were used for quantification of dissipation from each fixed frequency drive in
methanol phase Resonant frequency and dissipation were obtained in a similar manner for
DI water phase. The details of estimation using FFD method have been provided in Section
4.3.5.

4.4.3 Viscous loading results

Experiments involving subsequent flooding of a bare QCR surface with methanol and DI
water were performed for demonstration of viscous loading. Viscous loading results obtained
using FFD method was validated with frequency sweep method. Measurements taken in the
methanol phase constituted the baseline measurements. Resonant frequency and
dissipation in methanol and DI water were estimated using Eq. 3.9 and Eq. 3.19 respectively.
Resonant frequency and relative dissipation shifts for each method were calculated by
subtracting the resonant frequency and relative dissipation of the first measurement point in
methanol respectively from all the subsequent measurement points including the same. The
explanations for decrease in the resonant frequency and increase in the relative dissipation
due to change in phase from methanol to DI water have been provided in the following
section. Satisfactory agreement was observed between FFD and FS methods in terms of
resonant frequency and relative dissipation shifts (Figure 4.9) due to alterations in viscous

loading.
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Figure 4.9. Resonant frequency and relative dissipation shifts due to change in liquid phase

from methanol to DI water using frequency sweep and FFD methods (with 5 drive

frequencies) with 5 min measurement interval

The average resonant frequency shift for each method was estimated by deducting the
average of the resonance frequencies obtained in methanol phase from the average of the
resonance frequencies obtained in DI water phase. The average resonant frequency shift
estimated from FS and FFD methods also showed satisfactory agreement (Figure 4.10).
Percentage variation of average resonant frequency shift obtained for different FFD methods
were calculated with respect to the frequency sweep method. The agreement between FS
and FFD methods in terms of estimated average resonant frequency shift varied between
+3.54% (SD,, 0.92%) and -1.1% (SD,, 0.95%) over the range of drive frequencies
explored, and was found most satisfactory 0.77% (SD,,, 0.64%) when the drive frequency
for FFD was set to "Qjeon P® E ( (Figure 4.11).
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Figure 4.10. Average resonant frequency shift 20 min after flow of DI water.
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Figure 4.11. Percentage variation in the average resonant frequency shifts for FFD (at

different drive frequencies) with respect to frequency sweep method.
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The dissipation factor (O pf0 'YF’) for FFD method in methanol and DI water phases
was estimated from Eq. 3.19 using the calibrated motional resistance ('Y), and the previously
measured characteristic wave impedance from the respective phases. The average relative
shift in dissipation (YOFO) were estimated in a similar way as described in the case of
average resonant frequency. Average relative dissipation shift quantified using various FFD
methods showed good agreement with that estimated from the frequency sweep (Figure
4.12) method. The agreement varied between -13.13% (SD,, 1.55%) and +5.14% (SD,
, 1.83%) over the range of drive frequencies explored, and was found to be most
satisfactory 1.11% (SD,, 0.63%) when the drive frequency for FFD was set to "Qjeon
p® MHz (Figure 4.13). Such high variations were due to inaccuracies in calibration
procedure as described in Section 4.3.6.
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Figure 4.12. Average relative dissipation shift 20 min after flow of DI water.
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Figure 4.13. Percentage variation in the average relative dissipation shift for FFD (at

different drive frequencies) with respect to frequency sweep method.

4. 4. 4 Estimates from Kanazawa’' s theor

Kanazawa’s theory predicts shift in resonant frequency and dissipation of a QCR,

represented by the shift in half-bandwidth (also known as

“Gamma’w -— x EABDBOENRD A 1A @)drhe®hift in resonant frequency on account of

change in liquid phase from methanol to DI water can be determined employing Kanazawa

and Gordon formula [51], which is expressed as:

YQ Q (4.5)

where "Qis the unperturbed resonant frequency of a bare quartz crystal, — and” are the

absolute viscosity and density of liquid respectively, and* and” are the shear modulus

and density of the QCR respectively.

Taking, 'Q p ® MHz, —j vg T pm Pas, —p o p1mt Pas,”j X Wp
kg/m®, 7 p T Tthg/m?®, C®T Xp 1 kgm/s® and ” ¢ @ okg/m®, reads to
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y'Q ¢ ¢ WHz and Y'Q 0 ¢ @@uplz. Hence, the resonant frequency shift due to
change in liquid phase from methanol to DI water is estimated as ¥Y'Q y'Q

Y'Q ww WHz. Therefore, the experimentally observed frequency shift agreed
satisfactorily with the theoretical estimate (within 0.59% for the FS method and -0.27% for
the FFD method when driven at "Qyeon ). The expression of quality factor for liquid loading
of a QCR surafce in terms of * ,” ,"Q, — and” for a fundamental mode of vibration is

given by the following expression.
v - — (4.6)

The details of the derivation of 0 can be found in Section A.9 of appendix. The expression of
half resonance bandwidth for a liquid loading ¢y using Eqg. (4.6) can be expressed as

follows.

w

O — Q — YyQ 4.7)

Hence, the shift in resonant frequency of an unperturbed bare QCR due to loading of its

surface with a liquid }”f‘gg and half resonance bandwidth of a QCR in the same liquid oy

have the identical absolute value if other losses are discarded. Since @ g% g"qo, and

the relative change in "Qis negligible, the relative shift in dissipation due to change in phase

: . Yo, Y& YR Y
from methanol to DI water can be theoretically estimated as % . v
0 a h
0 C @pC ¢ Mp
GG X®p

satisfactorily with the theoretical estimate (within 1.81% for the FS method and -2.12% for
the FFD method when driven at "QjjeoH )-

T &P . Hence, experimentally observed relative shift in dissipation agreed

4.5 Noise analysis

Noise analysis was performed for investigation of the quartz crystal resonator noise obtained
from FFD and FS measurements at different data acquisition rates. The data involving
resonant frequency or dissipation of a quartz crystal resonator are often non-stationary in
nature [151]. Allan deviation [152] is used as a standard for measuring the stability of such

time dependent data. The allan deviation frequency noise ,, ¢t for € number of samples

and measurement time, Tis given by the following expression [153]
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s n Q ——B ) ) (4.8)

where "Qis the unperturbed QCR resonant frequency and @ -, 0 orepresents the

mean of instantaneous variation in relative frequency estimated for a measurement time T

from a particular instant 0 .

Allan deviation baseline noise values were measured in PBS from a continuous fixed
frequency scan for various data acquisitions rates and compared with those measured from
a continuous frequency sweep employing the same QCR, functionalised with a mixed thiol
SAM. Intermittent quick needle touches on SAM immobilised QCR surface were monitored
during flow of PBS (at 40 pL/min) employing customised and commercial network analysers,
which were used for FFD and FS measurements respectively. The QCR was driven close to
resonance in FFD technique. For the network analyser used in this thesis, the maximum
data acquisition rate is 30518 points per second, i.e. 32.76 us per acquired data point.
Impedance data was recorded from a continuous fixed frequency drive (FFD, 100 s, 0.47 V)
at this data acquisition rate. An exponential running (also known as moving) average was
then applied on this data in order to obtain data streams with a range of acquisition time per
data point from 32.7 to 41888481.2 us. The same QCR, functionalised with a mixed thiol
SAM, was then used to record baseline resonant frequency data from continuous frequency
sweeps (FS, 100 s, 0.03 V) employing a commercial bench-top Vector Network Analyzer
(VNWA 3E, SDR-Kits, UK) at three data acquisition rates allowed by the instrument: 66.5 ms,
665 ms and 6650 ms per data point.

Allan deviation noise (Eq. 4.8) was estimated for each data stream obtained for both the
continuous FFD and continuous FS methods from the two instruments and compared
(Figure 4.14, Table 4.1). It may be noted that after the data is acquired by the network
analyser VNWA 3E, nonlinear fitting utilising BVD model is applied before the frequency data
is written into the file. So the measurement time per data point is much higher for the VNWA
3E network analyzer. Hence, to compare the noise between the two methods, only the
equivalent data acquisition times for the two instruments have been considered, and not the
total measurement time as the latter would also depend on the processing speed of the

instrument.
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Figure 4.14 shows the dependence of noise on data acquisition rate. There was no simple
linear relation between the noise values obtained from the two methods. However, the noise
values obtained from the continuous FFD method were much lower at similar data
acquisitions rates for all cases. As an example, noise from FFD was 5.5% of noise of FS at a

data acquisition rate of ~66.5 ms (Table 4.1).

Type of drive Time per Baseline Noise ratio
measurement noise (mHz) (FFD/FS)
(ms) / Data
acquisition
rate (ms)
Continuous 59.18/59.18 298.19
FFD 0.055
Continuous 800/66.5 5436.13
FS
Continuous 616.73/ 643.12
FFD 616.73 0.567
Continuous 1250/ 665 1133.57
FS
Continuous 6425.02 / 373.11
FFD 6425.02 0.207
Continuous 7690/ 6650 1804.05
FS

Table 4.1. Allan deviation noise calculated from experimental data for continuous fixed
frequency drive and continuous fixed frequency sweep for three comparable data acquisition

rates and their comparisons
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Figure 4.14. Allan deviation noise estimated from continuous fixed frequency drive (FFD)
and continuous frequency sweep (FS) methods at various data acquisition time per

measurement

The noise in a functionalised QCR is believed to be predominantly from the biomolecular
functionalised surface to liquid interface dynamics. However, since the same QCR was used
for both the methods and the measurements were taken in succession, we can consider that
the comparative noise presented above relied primarily on the method and the instrument.
Although different noise performance of the two instruments used (receivers, analog-to-
digital converters) can play a role in the difference in noise observed, it is believed that the
difference in the methods of resonant frequency measurement have played a crucial role in
the striking difference in the noise performance. This may be justified as for frequency
sweep method, the impedance data is collected across a range of frequencies. The signal-
to-noise is lower for frequencies away from resonance, which impacts the quality of fitting in
the FS method. In comparison, for FFD, as the impedance data is collected continuously
near the resonant frequency, signal-to-noise is higher and there is no ‘dead time’ unlike in
FS.
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4.6 Time resolution of resonant frequency shift measurement

4.6.1 Theoretical estimate of time resolution

A sinusoidal response 0AT106 ¢ from a QCR with amplitude © hangular drive
frequency 1 ¢* "Qand phase angle ¢ is multiplied with a sine OEfT 1 0 ora

cosine AT @ 71 0o signal of frequency synchronous to the drive frequency "Q along

with an offset ] ¢""Q . An offset frequency of 30.518 kHz has been adopted in the
network analyser used for fixed frequency drive experiments. Resultant signal 'Y obtained
from analogue down-conversion of QCR signal to an intermediate frequency "Q due to

multiplication with a cosine signal is given by

~

Y, 0AT166 « AT Q® 1 0 (4.9)
tY, -AilGo « A Q@ 1 0 - (4.10)

The resultant signal 'Y obtained from analogue down-conversion of QCR signal to an

intermediate frequency "Q due to multiplication with a sine signal is given by
Y, 0AT100 «+ OEN 1 0o (4.11)
tY, - OBI 0o « OEIg 1 0o - (4.12)

The higher frequency component obtained from analogue down-conversion, - AT Qg
17 o0 s or-OEig 1 0o -« isfiltered out employing a low pass filter. The down-

converted analogue signal !EA'I'WOQQI « or !EOE]T"QQ; « s first converted to a

digital signal comprising 32 points per period and then multiplied by a digital signal
consisting of 32 points per period. Considering further digital down-conversion of the
digitised and down-converted cosine signal, the following real @ and imaginary ©

components are obtained as:
» -AiGo « AT0G0 -AT@® o « ATO (4.13)
» -AT10o « OBTI 6 -OEqd o0 ¢« OE- (4.14)
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The in-phase sinusoidal signal (Eq. 4.13) with step increase in amplitude after double down-
conversion with an intermediate frequency "Q is given as:

0 . ... . _ .
T Al ©Q0 - Al O UnitStep 0 (4.15)

where UnitStep 6 p, when 6 T, and UnitStep 6 1, when 0 1. The laplace
transform of this signal is given by:

O (ATO 1“QOEH{
i phQ i

fl (4.16)

v—||o:

Application of the running average to Eq. (4.16) for four successive times helps in filtering
out the T“"Q0 + component; thereby achieving the real zero frequency component.

Similarly, the imaginary zero frequency component can be obtained from the quadrature-
phase sinusoid signal (Eq. 4.14). Such a quadruple moving averaging filter is also known as
a type B-spline. The B-spline operation is followed by quadruple exponential moving
averaging. Such an operation helps in running the network analyser at different data
acquisition rates. Considering the time transient process of the QCR upon stepwise change
of attached mass (time constantz ¢O7 ) along with B-spline and quadruple exponential

moving averaging operations, yields:

fli wp - (4.17)

where, @ UnitStep® UnitStepd p , @y fl®w - — is B-spline Laplace
Transform, z is the time constant of exponential averaging, andz  1'Q, where "Q is the

intermediate frequency used in double down-conversion. For a 14.3 MHz QCR, z

O ¢ ¢cmAg'p® pm TB® |

Figure 4.15 shows the Laplace transform transient process of Eq. (4.17) forz © mighr,
which corresponds to data acquisition rates of 32.7, 65.5 and 131.1 us per data points

respectively.
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Figure 4.15. Needle touch experimental data of resonant frequency shift over 1.4 ms for

three data acquisition rates compared with theoretical estimates

The theoretical front rise time [154], (i.e. time between 10% and 90% of the increase in
amplitude of the signal), calculated for a range of data acquisition rates are shown in Table
4.2. The front rise time corresponding to minimum data acquisition rate of the instrument is
termed as the time resolution of the measurement, which is 111.71 ps in this case. The
deviations of the theoretical predictions from measurements at higher sampling rates have

been explained in the following section.
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Data acquisition Theoretical time Noise (mHz)
rate (us / data resolution (us)
point)
32.77 111.71 4711.01
65.54 202.66 4991.06
131.07 501.4 4109.91
196.61 818.42 3503.57
327.68 1460.98 2804.96
524.29 2429.26 2258.85

Table 4.2. Experimentally evaluated Allan deviation noise against the theoretical rise time for
a range of data acquisition rates.

4.6.2 Needle touch experiment

Quick metallic needle touch experiments on a thiolated QCR in PBS were conducted to
study the minimum time resolution of the resonant frequency shift measurement. Mechanical
contact of needle tip to QCR surface introduces a very quick mass loading event as well as
provides additional elastic stiffness. The elastic force is believed to be acting between the
QCR surface, which is in contact with the needle tip and the rest of the needle. An overall
rise in resonant frequency was observed from the needle touching event. Hence, it can be
interpreted that elastic loading was more dominant. The frequency rise and decay features in
response to quick needle touches, were clearly distinguished in timescales of 60-90 ms, for
a continuous FFD scan (Figure 4.16).
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Figure 4.16. Resonant frequency shift measured from two successive needle touches at an

acquisition rate of 32.7 ps/data point.

However, these quick touches were apparently not detected using the continuous frequency
sweep mode of the Vector Network Analyzer from SDR-Kits with data acquisition rates of
66.5, 665 and 6650 ms per data point (Figure 4.17).
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Figure 4.17. Resonant frequency shifts due to instantaneous needle touches using VNWA
3E from SDR-Kits.

The front rise time (time passed between 10% and 90% of step value) was theoretically
estimated for a recorded signal due to a stepwise transient process for a QCR with a quality
factor of 2000 and a receiver with acquisition rate of 30.518 kHz for a range of data
averaging times (Section 4.6.1). The rise time for the quickest data acquisition rate (32.77
ps/data point) was found to be ~112 ps, which agreed reasonably well with the first
frequency rise feature duration of a typical needle touch experiment (Figure 4.15). Therefore
this rise time has been referred as the time resolution of the FFD method for this QCR set up.
Deviation of theory from measured data at longer time scales can probably be explained by
continuous physical dynamics of the touching process. The needle tip is believed to move
into further wider contact along the QCR surface with the force provided by operator’s hand
after initial abrupt touch. Hence, the area of contact continues to increase during invading
and jamming of the self-assembled monolayer immobilised gold surface of a QCR by the
metallic needle tip. The restoring elastic force increases as a result of wider contact, thereby
causing increase in resonant frequency. Further, the agreement of the theoretical prediction
with the experiment at 32.77 us data acquisition rate is expected to be true during the rise

time period.

The Allan deviation noise for some of the quickest data acquisition rates from the baseline

experiment with thiolated QCR in PBS as described in Figure 4.14 was evaluated against
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the time resolution at the respective rates as depicted in Table 4.2. The noise values at
these high time resolutions were found to be significantly low, e.g. 4.7 Hz noise was
observed for a theoretical time resolution of ~112 us. This noise performance is encouraging,
especially as the noise was predominantly from the surface rather than the method and

could be further improved with improvement in the quality of surface.

4.7 Conclusion

FFD method allowed real-time resonant frequency shift measurements with a sub-
millisecond time resolution and low noise. Quantitative validation of resonant frequency and
dissipation shifts were successfully carried out with frequency sweep (FS) method using
biotin-streptavidin and methanol-DI water experiments. The resonant frequency shift
estimated from FFD method while driving close to baseline resonance was found within 1%
(SsD,, 2.47%) and 1% (SD,, 0.63%) of that obtained from FS method for biotin-
streptavidin and methanol-water experiments respectively. Relative dissipation remains
almost unchanged for biotin-streptavidin binding experiments. The small disagreements in
the frequency shift estimated from the two methods were due to inaccuracies in calibration,
which can be improved by better choice of the Device Under Test as described in Section
4.3.6. However, the accuracy of the current calibration procedure in measuring the known
impedences, as evidenced in Table A.1 is reasonably up to the mark (~ within £ 5% error
with respect to theoretical estimation).The capability of distinguishing time features down to
112 ps has been shown which agrees well with theoretical estimates. At this acquisition rate
the Allan deviation noise for the baseline was measured as 4.8 Hz, which includes noise
from the thiol-functionalised surface. The noise can be potentially improved through more

stable functionalisation.
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Chapter 5

Application of fixed frequency drive for detection of gram negative

bacterial infection biomarker

5.1 Introduction

One of the objectives of the current research is to explore FFD for detection of a range of
biomolecules with different molecular size and interaction affinity. The previous chapter
demonstrated streptavidin (60 kDa) detection using biotin as the receptor. The biotin-
streptavidin interaction is one of the most well-known receptor-antigen interaction with a
dissociation constant of p& o p m M [155]. In this chapter, the FFD method has been
employed for detection of a class of acylated homoserine lactone (AHL) biomolecules,
comprising a molecular weight of 199.2 Da which is more than 2 orders of magnitude lower
in comparison to streptavidin. AHL is an important biomarker for gram negative bacterial
infection [156]. Therefore, feasibility of biomarker detection opens up a wide range of
important clinical applications. The microfluidic chamber has been used in conjunction with
the FFD method in order to assure controlled use of sample for clinical necessity. Moreover,
molecular imprinted polymer (MIP) has been used for detection of AHL. The experimentally
measured dissociation constant for MIP-AHL interaction obtained from Leicester
Biotechnology Group using SPR technique is ~ ¢® p 1 M. QCM based detection of AHL
using MIP as a receptor has been less studied in the literature. Hence, MIP based detection
of AHL using FFD method is novel. An improvement in minimum detectable AHL

concentration than existing literature using QCM has been demonstrated in this chapter.
5.1.1 Definition of biomarker

Mortality and morbidity numbers for infectious and non-communicable diseases are still very
high [157-159]. Based on the pressing need for rapid and timely diagnosis of such diseases,
healthcare initiatives have given special attention towards increasing access and inventions
in treatment facilities [160]. However, a reliable and appropriate treatment for a patient
needs an early definitive diagnosis. In recent times, scientific progress has paved the
pathway for the discovery of substances or characteristics, termed as biomarkers, which ii a
as indicators of normal biological processes, pathogenic processes and pharmacological
responses to any therapeutic intervention in order to assess the risk or presence of a

particular disease” [89]. Biomarkers used for disease diagnostics involve microRNA
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expression profiles, circulating DNA and tumour cells, proteins, proteomic pattern, lipids,
metabolites, imaging methods and electrical signals [89]. Certain disease specific
biomarkers are found in easily accessible human body fluids, including blood, urine, serum,
plasma and saliva, which make biomarker-based diagnosis potentially feasible at a wide
scale. Blood is a very accessible sample and routinely used in clinical practice. However,
detection of any biomarker from whole blood may not be convenient because of low
concentrations. For example, conventional C-reactive protein (CRP) [161] is an inflammatory
biomarker present in human blood. Prostate specific antigen (PSA), found in human serum,
is considered as an important biomarker for prostate cancer diagnosis [162]. Clusterin is one
of the biomarkers for Alzheimer’s diagnosis that is present in human plasma [163]. Acylated
homoserine lactone (AHL) serves as a significant biomarker for diagnosis of gram negative
bacterial infections.

5.1.2 Importance of Acylated Homoserine Lactones

Human health deterioration due to bacterial infections [164-166] has become a global
concern. A reliable and rapid diagnostic platform followed with suitable treatment and
prognosis is therefore essential in order to combat bacterial infections. A number of
biosensing techniques [167] have been developed in recent times for rapid and sensitive
detection of bacteria. However, although the detection of bacteria confirms the presence of
bacteria, it does not confirm whether it is a contamination, colonisation, or infection. Bacterial
infection is a synthesis of evidence of bacteria and inflammation or systemic dysfunction and

hence, more than one diagnostic approach is often needed for its confirmation [168].

Diagnosis of bacterial infection starts with a thorough clinical evaluation based on patient
case history and small tests, such as chest radiography and lumbar puncture, depending on
case definitions [168]. Results of clinical diagnostics is further cross-checked through
another stage of examination comprising bedside investigations such as urine dipstick test
and wet prep microscopy or laboratory based investigations including C-reactive protein
(CRP) and procalcitonin tests, white blood cell and neutrophil counts, bacterial culture based
test and nucleic acid amplification test (NAAT) [168]. Novel laboratory based diagnostic
methods based on nanotechnology and mass spectrometry have immensely improved
bacterial infection diagnosis in terms of reduced turnaround time [168]. Despite the
advances in the diagnostic approaches, it is often challenging to distinguish between viral
and bacterial infections, such as in case of febrile patients [169-171]. Such an uncertainty
drives the clinicians to prescribe undesirable drugs such as antibiotics which can be
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detrimental to the patient, healthcare system and society in the context of contemporary
burgeoning problem of development of antibiotic resistance [172]. Hence, there is a need for

a new method to deal with bacterial infections without promoting antibiotic resistance.

Specific phenotypes aid in growth and production of bacteria in different environment
Bacterial cells including gram positive and gram negative microbes communicate among
each other employing certain chemical molecules as signals or auto inducers, whose
concentration holds a direct correlation with the density of the bacteria pertaining to a
particular environment. Such a phenomenon is known as “quorum sensing” (QS) [173].
Quorum sensing mediated phenotypic activities include virulence factor expression [174],
toxin production [175] and biofilm formation [176]. Acylated Homoserine lactones (AHLS) are
the most common chemical signaling molecules synthesized by gram-negative bacteria. A
typical AHL molecule consists of a homoserine lactone ring and a lateral alkyl chain differing
in length, saturation and oxidation state [177]. AHLs are capable of controlling the bacterial
virulence genes and reducing the immune response in the host body, thereby facilitating
bacterial infections. Virulence factor expression is introduced when a cut off concentration of
AHLs is attained which gives an indication that the bacterial community is sufficiently large to
develop infection in the host body [178]. Exact threshold concentration of AHLSs required for
initiation of different bacterial infections is still unclear in the existing literature and thus calls
up for further investigations. However, AHLs have been successfully quantified in infectious
human biological samples [173,179-182]. N-hexanoyl-L-homoserine lactone (C6-HSL)
mediated QS in opportunistic human pathogen, such as Serratia marcescens — a gram
negative bacteria, [183] has been found to be involved in nosocomial infections including
respiratory tract, urinary tract and wound infections [184], to name a few. AHLs including N-
butyryl-L-homoserine lactone (C4-HSL), N-hexanoyl-L-homoserine lactone (C6-HSL), N-
octanoyl-L-homoserine lactone (C8-HSL), N-dodecanoyl-L-homoserine lactone (C12-HSL)
and N-tetradecanoyl-L-homoserine lactone (C14-HSL) [185] have been identified in saliva
and stools of patients suffering from bacteria aided gastrointestinal disorders such as
inflammatory bowel disease at nanomolar levels. N-(3-oxododecanoyl-L-homoserine lactone
(3-0x0-C12-HSL) has been found at nanomolar concentrations in Pseudomonas aeruginosa
affected lungs and sputum tissues of cystic fibrosis patients [186].Hence, AHLs can serve as

potential biomarkers for gram negative bacteria related infections and disorders.

72



5.1.3 Conventional AHL detection techniques

Conventional detection methods for AHLs comprise thin layer chromatography (TLC)
[174,176,187-191], polymerase chain reaction (PCR) [175,180,191-196], colorimetry [180],
bioluminescence [197] and fluorescence-based techniques [194]. AHL detection is usually
preceded by extraction of the same from genetically engineered bacterial reporter strains.
However, such extractions are time prohibitive and labour intensive in nature. Conventional
detection methods also need expertise of trained medical personnel and the sensitivity of the
methods depends largely on the type of reporter strains used for analysis. On the contrary,
detection techniques, such as High Performance Liquid Chromatography (HPLC) [198],
Liquid Chromatography coupled with Mass Spectrometry (LC-MS) [181], High Performance
Liquid Chromatography coupled with mass spectrometry (HPLC-MS) [199], Liquid
Chromatography coupled with tandem Mass Spectrometry (LC-MS/MS) [200], Gas
Chromatography coupled with Mass Spectrometry (GC-MS) [201], Matrix Assisted Laser
Desorption lonisation Mass Spectrometry (MALDI-MS) [202], Nuclear Magnetic Resonance
Spectroscopy (NMR) [203] and Fourier Transform Infrared Spectroscopy (FTIR) [204] have
also been attempted for detection of AHLs from cell free supernatants of gram negative
bacterial cultures. Although, these detection techniques have achieved remarkable
sensitivities in terms of AHL quantification (Table 5.1), they often require sample pre-
treatment and/or molecular derivatization steps as pre-requisites for the analysis. Further,
high costs are associated with massive instrumentation and assay performance for such
techniques. Enzyme-linked immunosorbent assay (ELISA) [205], a traditional biochemical
detection tool has also been tried for detection of different class of AHLs. ELISA is a
relatively faster analytical technique compared with the above-mentioned methods in terms
of time elapsed for intermediate sample processing steps, but it involves labelling of the
target molecule (i.e. AHL with an enzyme), and is therefore not preferred for biosensing
purposes. Hence, there is a need for a complimentary label free biosensing tools such as
SPR, EIS and QCM that would reduce the cost and time for sample preparation. Label free
AHL detection results can be verified with those obtained using conventional techniques in a

routine clinical protocol.
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Methods for AHL Type of AHL Minimum

detection molecule Concentration
Detected
Matrix Assisted 3-0x0-C12-HSL 0.9 nM

Laser Desorption
lonisation Mass
Spectrometry
[202]

Enzyme linked 3-0x0-C12-HSL 215 nM
immunosorbent
assay [205]
High Performance C6-HSL 15 nM

Liquid

Chromatography
coupled with mass
spectrometry [206]

Liquid C6-HSL 2.5nM

Chromatography

coupled with

tandem Mass

Spectrometry
[173]

Thin layer C6-HSL 75 nM

chromatography

[207]
Surface plasmon | 3-ox0-C10-HSL 189 nM

resonance [205]

Table 5.1. Comparison of sensitivities for some of the AHL detection techniques
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5.1.4 Label-free AHL detection techniques

Label-free receptor-based biosensing methods with minimal sample processing steps have
also been explored in order to overcome some of the limitations of conventional techniques
related to AHL detection. Label-free receptor-based biosensors transduce the phenomenon
of binding of the receptor or the bio-recognition element such as antibodies [208], aptamers
[196] and molecular imprinted polymers (MIP) [209], to name but a few and the analyte or
the target molecule into an electrical signal using various transduction techniques including
optical, acoustic, thermal, electrochemical and magnetic. Optical biosensors, including
surface plasmon resonance (SPR) [205], and electrochemical biosensors including
differential pulse voltammetry (DPV) [178] and cyclic voltammetry (CV) [209] have achieved
sensitivities comparable with the conventional methods in the context of AHL detection.
However, such methods possess certain drawbacks as well. SPR faces numerous
challenges when it comes to miniaturisation. There is a necessity of electroactive analyte for
electrochemical biosensing techniques [28]. Hence, there is an unmet need to come up with
simple, portable and inexpensive label-free biosensing techniques for AHL detection.
Acoustic resonators including cantilevers [210], SAW [211] and QCM [212], to name a few
have the potential for miniaturisation. QCM is one of the widely used acoustic resonators.
They are entirely electronic and can be suitably integrated into portable detection platforms

and therefore serve as the potential biosensing technique for AHL detection.
5.1.5 QCM based AHL detection: A way forward

Real-time detection of C6-HSL was performed using a 27 MHz QCR [183], in which,
B—Cyclic oligosaccharide cyclodextrins (B—CD) was used as the receptor for C6-HSL. The
change in resonant frequency due to interaction between p—CD immobilised 27 MHz QCM
and the aqueous solution of C6-HSL was measured using the frequency sweep [125]
method. Similarly, the frequency sweep method was also used for detection of acetyl-
homoserine lactone and carboxybenzyl-homoserine lactone employing 8 MHz QCR and
functional polymer receptors, based on 5-phenol-dipyrromethane and 5-phenyl-
dipyrromethane [209]. However, the factors involving numerical fitting and expensive
instrumentation restrict the application of frequency sweep method as a potential QCM tool
for AHL detection. Hence, there is need for simple and low cost sensing technique, based on
QCM. Simplicity and low cost satisfy the needs for online monitoring and affordable sensor

respectively. Simplicity of transduction method also allows greater degree of multiplexability.
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However, another deficiency of existing QCM sensors is limit of detection and the transducer
is only one part of it. A suitable receptor is another key element which plays a vital role with

regards to sensitivity.
5.1.6 Problem statement

The main objective of this research is to employ a simple tool based on quantification of
QCR resonant frequency shift for detection of biomolecules with low molecular weight such
as C6-HSL (~199.2 Da). Hence, the FFD method is explored for detection of C6-HSL
biomolecule followed by validation with conventional frequency sweep method. The above
validation will help in establishing FFD as a standalone method in QCM field for detection of

small biomolecules.
5.1.7 Methodology

A 14.3 MHz QCM sensor based on the fixed frequency drive (FFD) technique as described
in Chapter 3 of this thesis has been utilised for rapid and label-free detection of AHL using
C6-HSL as a model QS molecule. Molecular imprinted polymers (MIPs) [213] have been
selected as receptors for C6-HSL for the first time. MIPs are synthetic materials derived from
acrylic or methacrylic monomers which are polymerised in the presence of specific target
molecules termed as templates and have the capability of rebinding specifically to the target
molecule. Special types of MIPs termed as Nano-MIPs were synthesized using a solid phase
molecular imprinting technique [214] which depends on covalent immobilisation of the
template molecule ((S)-(-)-a-Amino-y-butyrolactone hydrobromide) on the surface of nano
sized glass beads followed by polymerisation and a subsequent affinity separation step
involving washing of the beads for removal of poor binders and unproductive polymers
respectively. Polymerisation was conducted under the exposure of UV light and in presence
of methacrylic acid monomers, cross linker including ethylene glycol dimethacrylate
(EGDMA) and trimethylolpropane trimethacrylate (TRIM) and organic solvent including
acetonitrile. The binding of C6-HSL to Nano-MIP immobilised 14.3 MHz QCR was measured
using estimation of resonant frequency shift. The resonant frequency shifts were quantified

for different C6-HSL concentrations, ranging from 1-50 uM.
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5.2 Experimental Hardware

5.2.1 Instrumentation

The network analyser described in Section 4.2.1 has been used for experiments involving
C6-HSL detection.

5.2.2 Sensor Assembly

The sensor assembly (Figure 5.1) consisted of three main parts namely microfluidic cartridge,
14.3 MHz quartz crystal resonator (QCR) and printed circuit board (PCB). The details of
QCR and PCB can be found in Section 4.2.2. The design and fabrication of the microfluidic
cartridge was carried out by the group of Prof Wouter Wijngaart of Micro and Nanosystems
laboratory, KTH Royal Institute of Technology (Stockholm, Sweden), as part of a EU project
Norosensor, of which Loughborough University was a member (PIl: Dr Sourav Ghosh) [215].
The microfluidic cartridge was fabricated using precision milling of acrylic substrates. The
cartridge had peripheral fluidic inlet and outlet ports which are connected to a syringe pump
via tubings. The sensor was assembled in a similar manner as described in Section 4.2.2. A
sample chamber of 13 pL volume was formed when the microfluidic cartridge was clamped
above the QCR and PCB. A quality factor of approximately 1900 was obtained when the
assembled QCR was filled with liquid solution, which is expected for a 14.3 MHz QCR in
liquid, thus indicating negligible damping by the O-ring.
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Spacer PCB QCR O-ring Fluidics
g > Microfluidic cartridge with PCB
>

Figure 5.1. Schematic of an assembled QCM sensor used for AHL detection [215]

5.3 Materials and Excitation methods

The reagents needed for C6-HSL detection were borrowed from the Leicester Biotechnology
Group of Department of Chemistry, University of Leicester (Pl: Prof Sergey A Piletsky). The
experimental steps involving immobilisation of anti-C6-HSL nano-MIP on 14.3 MHz QCRs

were performed in collaboration with the Leicester Biotechnology Group.

5.3.1 Reagents

Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), phosphate buffered saline
(PBS), pentaerythritol-tetrakis-(3-mercaptopropionate) (CTA), 3-
aminopropyltrimethyloxysilane  (APTMS), trimethylolpropane trimethacrylate (TRIM),
dodecanedioic acid, (S)-(-)-a-Amino-y-butyrolactone hydrobromide, sodium carbonate
(Na,CO3), sodium chloride (NacCl), N-hydroxysuccinimide (NHS),Cystamine, methanol,
acetone, toluene and isopropanol were purchased from Sigma Aldrich, UK. PBS s
composed of 8.1 mM Na,HPO,4, 1.1 mM KH,PO,, 1 mM MgCl,, 2.7 mM KCI, and 138 mM
NaCl with a pH of 7.4. Deionised (DI) water was obtained from Ultrapure Milli-Q water
(Millipore, UK). 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
Sodium hydroxide (NaOH), Dimethylformamide (DMF), ethanol and dry acetonitrile (ACN)

were purchased from Fisher Scientific (UK). The MES buffer (2-[morpholino] ethanesulfonic
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acid) was obtained from Thermo Scientific (UK). N-hexanoyl-L-Homoserine lactone (C6-HSL)
was obtained from Cambridge bioscience. N, N'-diethyldithiocarbamic acid benzyl ester
(Iniferter) was obtained from TCI Europe (Belgium). Glass beads (Spheriglass® 2429) with

diameters varying from 53 -106 um were purchased from Blagden Chemicals, UK.

5.3.2 Protocol for preparation of glass beads

The glass beads were prepared by a collaborator named Mr. Omar Sheej Ahmad from the
Leicester Biotechnology Group of the Department of Chemistry, University of Leicester [215].
Preparation of glass beads involves the following steps. Glass beads were first shaken with
ceramic beads (~ 70-110 um) on 45 um sieves for three to four hours using a Vibratory
Sieve Shaker AS 200 basic (Retsch, UK) in order to abrade the surface coating and expose
a fresh surface. After recovery from the sieve, the surface of the beads was activated by
boiling with 2 M NaOH for 15 min, followed by rinsing with deionised (DI) water and acetone,
and then drying at 80 °C. The dry beads were incubated overnight in 2 % v/v

APTMS/toluene solution to introduce surface amino groups.
5.3.3 Protocol for preparation of anti-C6-HSL glass beads

Anti-C6-HSL glass beads were borrowed from the Leicester Biotechnology Group of the
Department of Chemistry, University of Leicester [215]. The EDC/NHS chemistry was used
to crosslink carboxylic groups with primary amines. Briefly, in order to get an activation buffer
(~100 mL), (2.172 g, 11.12 mmol) of MES was mixed with (2.922 g, 49.99 mmol) of NaCl in
distilled water and its pH is adjusted to 6.0 by adding few drops of NaOH [1 or 2 M]. An
activation mixture was then prepared in a 50 mL volumetric flask by adding (0.125g, 5.43
mmol) of dodecanedioic acid to 20 mL of activation buffer. After that, (2.0 g, 0.01 mmol) EDC
and (0.420g, 3.65 mmol) NHS were dissolved into 10 mL of fresh activation buffer and then
the resulting solution was added to the dodecanedioic acid solution and mixed by Vortex
Shaker. The glass beads, functionalised with APTMS were incubated for 20 minutes in the
prepared solution. After that, the beads were washed with 50% DMF in water, activation
buffer and acetone. The template ((S)-(—)-a-Amino-y-butyrolactone hydrobromide)
immobilisation on the surface of the beads was performed by incubating the glass beads
functionalised with the activated dodecanedioic acid, in an aqueous solution (=50 mL)
containing (0.07908 g, 4.43 mmol) of the template and (0.046g, 4.344 mmol) of sodium

carbonate . The immobilisation was carried out for 2 hours. The beads were washed with
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ultrapure water. Finally, the glass beads were dried under vacuum and stored in the fridge

until used for the next time.

5.3.4 Protocol for polymerisation and anti- C6-HSL MIP

nanoparticles synthesis

The polymerisation and anti-C6-HSL Nano-MIPs synthesis steps were performed at
Leicester by Omar Sheej Ahmad from the Leicester Biotechnology Group of the Department
of Chemistry, University of Leicester [215]. The polymerisation mixture was prepared in a 20
mL vial by mixing (0.3g, 0.61 mmol) CTA, (1.255¢g, 5.2 mmol) Iniferter, (4.8 g, 55.78 mmol)
MAA as the backbone monomer, (5.4 g, 27.2 mmol) EGDMA, (5.4 g, 15.95 mmol) TRIM
acting as cross-linkers and (17.55g, 247.5 mmol) of ACN respectively. The solution was
mixed well and filtered through a 0.45 pm Teflon filter (to remove any insoluble compound)
into a new vial covered with aluminium foil. The derivatised glass beads were incubated in a
beaker sealed with a lid. The beaker was then placed for 10 minutes in a vacuum oven to
remove the oxygen. The polymerisation mixture was added to the beaker, irradiated, and
sandwiched between two UV light sources (Philips model HB/171/A, each fitted with 4x15 W
lamps) for 1.50 minutes. The anti-AHL glass beads and polymerisation mixture were poured
into a polyethylene solid phase extraction cartridge fitted with a frit (20um porosity), in order
to separate glass beads (with the nanoparticles attached) from the other components. Two
different washing steps were performed. Firstly, eight equivalents of cold ACN (0°C) were
used to remove unreacted polymer and low affinity particles. This was followed by five
washes with hot ACN (60-65°C) to elute high affinity nanoparticles. The final total volume of
the high affinity anti-Cs-HSL Nano-MIPs was about 100 ml. The Nano-MIPs were kept

refrigerated in acetonitrile solvent.

5.3.5 Protocol for immobilisation of QCR with anti- C6-HSL MIP

nanoparticles

Nano-MIPs based on methacrylic acid (MAA) monomer have been chosen as the receptor
for acoustic sensor due to strong binding interactions of MAA with AHLs including C4-HSL,
C6-HSL and 3-0x0-C6-HSL [216-218].The protocol for immobilisation of QCR with anti-C6-
HSL MIP nanoparticles were taken from Leicester Biotechnology Group of Department of
Chemistry, University of Leicester [215]. A cleaned QCR was incubated overnight in an
ethanolic solution of cystamine with a concentration of 0.2 mg/ml. Cleaning was carried out

as the per protocol mentioned in Section 4.3.2. The anti- C6-HSL Nano-MIP solution was
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transferred from the acetonitrile to DI water by using centrifugal filter units. The QCR after
overnight incubation with cystamine was washed many times in ethanol. The activated anti-
C6-HSL Nano-MIP solution was prepared by adding EDC alone to the anti- C6-HSL Nano-
MIP solution. The activation with EDC was used more than one time with new MIPs.
Cystamine functionalised QCR was incubated for 20 minutes in activated anti- C6-HSL

Nano-MIP solution.

5.3.6 Protocol for preparation of baseline

Functionalised QCR was dried using nitrogen gas after activation in anti- C6-HSL Nano-MIP
solution. The functionalised QCR was placed in between an acrylic made microfluidic
cartridge to allow controlled injection of sample, and a Printed Circuit Board (PCB) to
facilitate the electrical connection. The actuation and electrical sensing of functionalised
QCR were carried out employing a network analyser as described in Section 4.2.1. 1 mL of
DI water was then injected (at 100 uL/min) over a functionalized QCR followed with
subsequent injection (at 40 uL/min) of phosphate-buffer-saline (PBS buffer) for 50 min for

achieving a stable baseline.

5.3.7 Protocol for preparation of C6-HSL stock solution

5.9 mg of C6-HSL with a molecular weight of 199.2 Da was added in 3 ml PBS to prepare
0.1 M C6-HSL stock solutions.

5.3.8 Steps of excitation

Experiment involving detection of C6-HSL molecule at a particular concentration was carried
out using anti- C6-HSL Nano-MIP immobilised AT-cut thickness-shear-mode QCRs
comprising a fundamental frequency of 14.3 MHz. Baseline measurements were taken for
30 min by conducting frequency sweeps (0.1 sec, 0.52 V) and fixed frequency/ FFD scans
(0.1 sec, 0.47 V) every 2 min in phosphate buffer saline (PBS). During baseline
measurements, PBS was flowed (at 40 pL/min) over the functionalised QCR. C6-HSL
solution in PBS was injected (at 40 pL/min) after baseline measurements into the
microfluidic cartridge for 30 min in order to facilitate binding of C6-HSL with Nano-MIPs.
During the binding phase, similar frequency sweeps and FFD scans as mentioned above
were taken. Concentrations of C6-HSL varied from 1-50 uM. Estimation of resonance
parameters from FS method was obtained through fitting of complex electrical impedance
with BVD model (Figure 2.1). The resonant frequency ("Qpgs), feed through capacitance

(susceptance of 6 ) and the characteristic impedance (" ) required for FFD method were
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estimated just prior to baseline measurements from a set of three frequency sweeps during
PBS injection over functionalised QCR. The functionalised QCR was driven at "Qpgs for a
fixed frequency scan following the frequency sweep as the accuracy of estimation of
resonant frequency from FFD technique is higher when driven close to resonance. The
resonant frequency from each FFD scan was estimated using an analytical expression (Eq.
3.9) involving the characteristic impedance (" ) and the calibrated reactance of the motional
arm @y of the QCR.

5.4 Quantification of C6-HSL

Successful detection of C6-HSL using QCM and MIP has been demonstrated in this section.
It has been previously evidenced from inertial loading experiments that changes in relative
dissipation were negligible (Section 4.3.6). Hence, detection of C6-HSL was performed on
the basis of resonant frequency shift. Resonant frequency shift obtained from FFD technique
due to binding of C6-HSL with anti-C6-HSL Nano-MIP immobilised QCR was validated with
FS method. Estimation of resonant frequency shifts from FFD [148] and FS methods at
every measurement point were in good agreement with each other during the baseline and
C6-HSL binding phases for a particular concentration (Figure 5.2). FFD technique is
therefore a simple QCM based transduction technique and yet agreeable with conventional
FS technique as well. FS and FFD methods were capable of detecting 1 uM C6-HSL in
spiked PBS solution in 10 and 20 min respectively (based on signal to noise ratio greater
than 5). The time of detection is higher for FFD due to slightly higher baseline noise (1.33 Hz)
in comparison to FS (0.84 Hz) and can be improved by driving a QCR at lower driving
voltage than 0.476 V.
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Figure 5.2. Resonant frequency shifts due to C6-HSL binding using frequency sweep (FS)

and FFD methods for different concentrations with 2 min measurement interval.

The resonant frequency shifts estimated from FS and FFD methods after 30 min of C6-HSL

injection for different

Resonance frequency shift (Hz)

concentrations also showed reasonable agreement (Figure 5.3).
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Figure 5.3. Resonant frequency shift 30 min after C6-HSL injection for different

concentrations.
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The agreement varied between -10.33 to +13.46 Hz over the range of C6-HSL
concentrations explored (Figure 5.4). The slight variations were due to inaccurate calibration
procedure and could be improved by using an appropriate DUT while performing the
calibration (Section 4.3.6).
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Figure 5.4. Variation in the resonant frequency shifts after 30 min for FFD (at different C6-
HSL concentrations) with respect to frequency sweep (FS) method.

The average baseline noises estimated using Allan Deviation for FS and FFD methods were
1.48 Hz (SD,, 0.63 Hz) and 1.83 Hz (SD,, 0.46 Hz) respectively. Considering, the
resonant frequency shift after 30 min of C6-HSL injection as the signal, the signal to noise
ratios were calculated for all the tested C6-HSL concentrations employing FS (Figure 5.5)
and FFD (Figure 5.6) methods. Analyte response curves for different concentrations are
usually sigmoidal (S shaped) in nature [219]. A sigmoidal curve is composed of a linear,
nonlinear and saturation regimes. AHL response curve for different tested concentrations
reported in this work fell in the nonlinear regime. Hence, the graph depicting the variation of
SNR with AHL concentration were fitted with a nonlinear function (0 &w ) for FS and FFD
methods. Limit of detection (LOD) corresponding to a SNR of ~ 5 were estimated using the
nonlinear fitting function for each of the methods. Calculated LODs for FS and FFD methods
were approximately 180 and 193 nM respectively. The obtained LODs were comparable with

the clinically relevant AHL concentration, which is typically in nM regime [185,186].
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Figure 5.5. Variation of SNR at different C6-HSL concentrations for frequency sweep (FS)

method.
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5.5 Investigation of Specificity

Dopamine was chosen as the negative control for selectivity study as it has similar molecular
weight (~153.18 Da) compared with C6-HSL (~199.2 Da). PBS was flowed (at 40 pL/min)
over anti- C6-HSL Nano-MIP functionalised QCR for 30 min followed by subsequent
injection of 50 uM Dopamine at the same flow rate. Similar measurements were taken during
PBS and Dopamine injections as mentioned in Section 5.3.8. Another set of experiments
with identical measurements were conducted where PBS was flowed (at 40 pL/min)
continuously over the functionalised QCR for 60 min. The estimated resonant frequency
shifts obtained with respect to the first measurement point after 60 min using FS technique
for PBS, 50 uM C6-HSL and 50 uM dopamine injection experiments were 3.43, -506.2 and -
15.7 Hz respectively (Figure 5.7). Negligible change in the conductance spectrum was
observed between two frequency sweeps taken at an interval of 60 min during PBS injection.
Figures 5.7 and 5.8 depict the stability of the baseline.

100 Baseline in PBS

—#— PBS (Blank)
—#— 50 uM C6-HSL
—+— 50 uM Dopamine

Resonance frequency shift (Hz)
)
8
|

Time (min)

Figure 5.7. Resonant frequency shifts due to PBS injection and binding of C6-HSL and

Dopamine using frequency sweep (FS) method with 2 min measurement interval.
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Figure 5.8. a. Negligible variation of conductance of anti-C6-HSL nano-MIP functionalised
QCR after 60 min flow of PBS b. Anti-C6-HSL Nano-MIP immobilised QCR

Similarly, there was a negligible change in conductance spectrum between two frequency

sweeps taken at an interval of 60 min during 50 uM dopamine injection experiment in

comparison to 50 uM C6-HSL injection experiment (Figures 5.9 & 5.10).
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Figure 5.9. a. Negligible variation of conductance of anti-C6-HSL Nano-MIP functionalised
QCR for two frequency sweeps in PBS and Dopamine with 60 min interval b. Non-specific
binding of Dopamine to anti-C6-HSL nano MIP immobilised on a QCR.
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Figure 5.10. a. Variation of conductance of anti-C6-HSL nano MIP functionalised QCR for

two frequency sweeps in PBS and C6-HSL respectively with 60 min interval b. Specific
binding of C6-HSL to anti-C6-HSL Nano-MIP immobilised on a QCR.

Dopamine injection experiment employing FS and FFD methods showed satisfactory

agreement with each other (Figure 5.11). Results obtained from 50 uM dopamine injection

were compared with that obtained from 50 uM C6-HSL injection experiment.
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Figure 5.11. Resonant frequency shifts due to binding of 50 uM C6-HSL and 50 mM
Dopamine on functionalised QCRs using frequency sweep and FFD methods with 2 min
measurement interval.

Resonant frequency shifts estimated using FS and FFD methods for 30 min interaction of
anti- C6-HSL Nano-MIP and C6-HSL were approximately 32.2 and 56.1 times the resonant
frequency shifts obtained from 30 min interaction of anti- C6-HSL nano MIP and Dopamine
(Figure 5.12) obtained using FS and FFD methods respectively. Such results demonstrated
the specificity of anti- C6-HSL Nano-MIPs.
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Figure 5.12. Resonant frequency shift 30 min after 50 uM C6-HSL and Dopamine injections.

The variation in resonant frequency shift for FFD method with respect to FS method were
approximately -9.76 and -6.86 Hz for C6-HSL and Dopamine injection experiments
respectively (Figure 5.13). Such small variations can be corrected using accurate calibration
procedure.
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Figure 5.13. Variation in the resonant frequency shifts after 30 min for FFD (50 uM C6-HSL
and 50 uM Dopamine) with respect to frequency sweep (FS) method.
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5.6 Conclusion

A rapid and low cost online measurement of biomarkers is of high clinical need. Quartz
crystal resonators have the potential to address this need as they are completely electronic
and can be easily integrated into portable detection platforms. However, the clinically
relevant concentrations for most biomarkers are low, particularly when early detection is
needed. C6-HSL is a gram negative bacterial infection biomarker and induces the
expression of pathogenic factors in gram negative bacteria after reaching a certain threshold
concentration. As per the best knowledge of the author of this dissertation, 100 uM detection
of C6-HSL has been reported using 27 MHz QCR and B-Cyclic oligosaccharide
cyclodextrins receptor [183]. Fixed frequency drive (FFD) based detection of C6-HSL has
been explored using a novel Nano-MIP as a receptor. FFD showed close agreement with FS
(Figure 5.2). This demonstrated that the measurement of biomarker can be made using an
instrument that is simple and low cost and usable at the point of care or in automated/online
set-up. 1 uM of C6-HSL has been detected using FFD technique, which is approximately two
orders of magnitude lower compared with the reported lowest C6-HSL detection using QCM
[183]. A sample volume of 400 uL has been utilised for detection of 1 uM C6-HSL. A
reciprocating flow [220] can be utilised to minimise the consumption of sample volume,
which is a requirement for clinical sample. The specificity of the developed biosensor was
also investigated by studying the interactions of 50 uM dopamine (negative control) and 50
uM C6-HSL (analyte) separately with anti- C6-HSL nano MIP immobilised QCRs and
negligible response in terms of resonant frequency shift was obtained from dopamine
experiment (-8.84 Hz) compared with C6-HSL experiment (-496.44 Hz) using FFD technique
(Figure 5.12). The encouraging specificity is due to the higher affinity of the Nano-MIP.
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Chapter 6

Application of fixed frequency drive for Human Immunoglobulin E

detection

6.1 Introduction

This chapter focuses on the detection of an immunoprotein, i.e. (Human Immunoglobulin E),
using FFD and an aptamer as the receptor. The findings from this chapter will help the
understanding of the feasibility of FFD technique for detecting immunoprotein, which is
approximately three orders of magnitude (~190 kDa) larger than an AHL molecule (~199.2
Da). Immunoglobulin E detection using oscillator circuit-based method and aptamer have
been reported in QCM literature [131,221]. Herein, a simple technique based on QCM
technology is presented for detection of Immunoglobulin E, which is easy to use and
potentially favours portability and online integration.

6.1.1 Importance of Human Immunoglobulin E

The human immune system protects the body from different invaders including bacteria,
viruses and microparasites, to name but a few [222]. Allergies, anaphylactic shock or
mortality are caused by over-reaction of the immune system. Mammals consist of five
classes of immunoglobulins namely IgA, IgD, IgE, IgG and IgM. Detection of immunoglobulin
levels in human serum help in diagnosis of different types of hypersensitive reactions, such
as immediate type, antibody dependent cytotoxic type, immune-complex disease type and
delayed type. IgE concentration in human serum is related to immediate hypersensitivity
[222]. Immunoglobulin E (IgE) is present in trace quantities in human serum [223] and has
the ability to initiate some of the most powerful immune reactions including atopic dermatitis,
allergic asthma and other immune deficiency related diseases [224]. People affected by
allergy disorders constitute 20% of the global population [225].The levels of serum total IgE
are usually elevated for allergic patients in comparison to healthy individuals. According to
previous studies, the threshold concentration of IgE in human serum for predicting allergies
is 0.29 pug/mL [226—228] which is equivalent to 1.53 nM assuming a molecular weight of 190
kDa [229]. Hence, a sensing platform based on quantification of higE will favour allergy

diagnosis to a greater extent.
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6.1.2 State-of-the art detection methods for human IgE

Conventional techniques including enzyme-linked immunosorbent assay (ELISA) [225], radio
allergo sorbent test (RAST) [230], microarrays [231], polymerase chain reaction (PCR) [232],
Matrix-Assisted Laser Desorption-lonization Mass Spectroscopy (MALDI-MS) [233], flow
cytometry [234], electrochemical luminescence [224] and rolling circle amplification [235]
have provided unprecedented sensitivity and high throughput in case of human
immunoglobulin E (higE) detection. However, intermediate sample amplification and
processing steps involved with most of the above mentioned techniques are often very
complex. Most of them demand a good laboratory infrastructure. Further, they are very time
consuming and expensive diagnostic methods and also require expertise of trained medical
personnel. Some of the methods also require labelling of higE analyte molecules with
enzymes [225], fluorescent molecules [236], magnetic hano particles [237] or radioactive
elements [231] which leads to occupancy of the binding sites and thus the affinity of the
recognition element required for binding of the target molecule, i.e. higE is greatly influenced
[223].

6.1.3 Label-free detection methods for human IgE

Label-free detection techniques with minimal sample preparation or processing steps
including colorimetry [223], surface plasmon resonance (SPR) [228,238,239],
electrochemical impedance spectroscopy (EIS) [240-245], differential pulse voltammetry
(DPV) [246], field effect transistors (FET) [228,247—-251] have also been tried for detection of
higE. The above methods have shown promising results in terms of sensitive detection and
guantification of higE molecules. However, most of these methods have disadvantages such

as miniaturization hurdles, necessity for electroactive targets [28], to hame but a few.
6.1.4 Potential of acoustic sensors for human IgE detection

Acoustic sensors such as quartz crystal microbalance (QCM) [131,221,229,238,252—-255],
film bulk acoustic resonator (FBAR) [256], surface acoustic wave (SAW) sensor [257,258]
and flexural plate wave (FPW) sensor [222,259] have been explored for human IgE
detection. They are entirely electronic and can be suitably integrated into portable detection
platforms. Hence, they have particular merit in addressing the need for low cost POC
sensors requiring low skills and infrastructure, thereby fulfilling the unmet need for rapid

diagnostics of allergy. In recent times, QCM has gained worldwide attention as a sensitive,
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specific and label-free tool for biomolecular detection among the class of acoustic sensors
[1]. The detection principle of QCM states that relative resonant frequency shift measured
employing different approaches such as oscillator circuits, impedance or ring down studies
[85] relates to a relative increase in surface mass of an AT cut QCR [50]. Real-time
guantification of higE based on oscillator circuits has been reported in the QCM literature
[131,221,229,238,252-255]. Hitherto, 10, 20 and 25 MHz AT cut QCRs have been used for
higE detection studies utilizing [252] oscillating circuits. From the author’s best knowledge,
there is no reported evidence of human IgE detection based on frequency sweep and ring
down methods [85].The minimum detectable higE concentration using 10 MHz oscillator
circuit and biotinylated anti-higE aptamer as the receptor was 13.15 pM [131]. Aptamer has
been chosen as the recognition element for higE due to its small size, low cost, robustness
[260], in-vitro production and longer shelf life [221] in comparison to an antibody. The
structure of an aptamer can also be easily modified [260]. A simple and label-free electronic
method has been utilised for detection of higE using aptamer as the bio-recognition element.

Label-free Minimum Volume Minimum | Receptor used

methods for Concentration Mass

higE detection | Detected detected

FFD method 1.31 nM 30 uL 7.5ng D17.4

(14.3 MHz biotinylated anti-

QCR) human IgE
aptamer

Surface 18.1 pM 70 uL 2408 pg | D17.4

plasmon biotinylated anti-

resonance [228] human IgE
aptamer

Colorimetric 0.2nM 400 pL 15.2ng | Pseudoknot

sensor [223] DNA
oligonucleotide

Electrochemical 0.1 nM 50 pL 0.95ng | Thiol modified

Impedance DNA anti-IgE

spectroscopy aptamer

[245]
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Square wave 0.16 pM 5uL 0.152 pg | Anti-human IgE
voltammetry aptamer

[241]

Differential 0.12 pM 10 uL 0.23 pg | Thiol terminated
pulse anti-human IgE
voltammetry aptamer

[240]

Oscillator circuit 13.15 pM 100 uL 0.25ng | Biotinylated
(10 MHz QCR) anti-human IgE
[131] aptamer

Film bulk 3.7nM 200 pL 141.4 ng | Mouse anti-
acoustic human IgE
resonator antibody
(1.175 GHz)

[256]

Sezawa-mode 3.7nM 200 uL 141.4 ng | Mouse anti-
surface acoustic human IgE
wave sensor antibody

(200 MHz) [257]

Flexural plate 0.46 nM 200 pL 17.68 ng | Mouse anti-
wave biosensor human IgE

(21 MHz) [259] antibody

Table 6.1. Comparison of sensitivities between FFD and other label-free methods for higE

detection
6.1.5 Problem statement of research

The main aim of this research is to apply a simple method of measurement of QCR resonant
frequency shift for the detection of comparatively larger biomolecules than AHLs, such as
Human IgE (~190 kDa). Hence, FFD technique is employed for detection of human IgE

(hIgE) and the results are validated with frequency sweep technique.
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6.1.6 Experimental methodology

Here in, a rapid and real-time detection of higE has been reported for the first time using
FFD and FS techniques. Measuring of resonant frequency using FFD technique can be
intermittent or continuous depending on user preferences. In this case, intermittent scans
were taken for both FS and FFD techniques. Inertial loading experiments involving real-time
interactions of higE at different concentrations and anti-hlgE aptamer immobilised 14.3 MHz
QCRs were performed employing a custom-made network analyser. As soon as anti-higE
aptamer immobilised QCR surface is loaded by hIgE analyte, there is a shift in QCR
resonant frequency which is recorded by both FFD and FS methods.

6.2 Materials and Methods
6.2.1 Reagents

Acetone, isopropanol, ultra-pure 200-proof ethanol, phosphate buffered saline (PBS) and
streptavidin were purchased from Sigma-Aldrich (UK). PBS contained 8.1 mM Na,HPO,, 1.1
mM KH,PO,, 1 mM MgCl,, 2.7 mM KCI, and 138 mM NaCl with a pH of 7.4. Deionised (DI)
water for experiments was obtained from ultrapure water (Milli-Q Integral system, Millipore,
USA). Human immunoglobulin-E (ab65866) and human immunoglobulin-G (ab91102) were
procured from Abcam (Cambridge, UK). D17.4 biotinylated anti-hIgE aptamer with a base
sequence of 5-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC CTT TTT
TTT TTT TTT TTT TTT TTT T/3Bio/-3’ was procured from Integrated DNA Technologies
(IDT) .Thiolated alkane solutions including HS-(CH,)11-EG6-Biotin and HS-(CH,)11-EG3-

OCH; were purchased from ProChimia (Poland).

6.2.2 Protocol for immobilisation of D17.4 biotinylated anti-IgE
aptamer on QCR and baseline preparation

D17.4 biotinylated anti-hiIgE aptamer was chosen as the receptor for higE. The steps for
immobilisation of QCR with D17.4 biotinylated anti-hlgE aptamer has been described below.
The cleaned QCR was kept in 24-well plate and incubated in 250 uL of 1 mM ethanolic
solution of a mixture of thiols comprising 10% biotin thiol (HS-(CH,)11-EG6-Biotin) and 90%
methoxy thiol (HS-(CH;)11-EG3-OCHg;) by volume for approximately 18 hours in order to
allow formation of self-assembled mono layer (SAM) of thiols over the QCR surface.
Methoxy thiol was used as the blocking agent. Loosely bound thiol layer was removed by a
series of ethanol and DI water washes after 18 hours. The QCR was dried using nitrogen

gas and subsequently assembled following the sensor assembly steps. 1 mL of DI water
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was injected over the SAM immobilized QCR (at 100 uL/min). PBS was then flowed over the
SAM functionalised QCR (at 40 uL/min) for 40 minutes in order to achieve a stable baseline.
2.5 pg/mL streptavidin solution was then injected (at 40 uL/min) for 15 min in order to allow
binding of biotin from the SAM layer with streptavidin. 0.2 uM D17.4 biotinylated anti-hIigE
aptamer solution in PBS was heated at 95°C for 5 min and then kept at room temperature
for 20 min. The activated 0.2 uM biotinylated anti-IgE aptamer solution in PBS was injected
(at 40 pL/min) after streptavidin injection for 20 min in order to prepare anti-hlgE aptamer
immobilised QCR. PBS buffer was injected (at 40 plL/min) over anti-hlgE aptamer

immobilised QCR (Figure 6.1) for nearly 50 min in order to establish a stable baseline.

hIgE

Anti-hIgE aptamer
¥
a0

Streptavidin

(O Biotin

Figure 6.1. Specific binding of higE to D17.4 biotinylated anti-hlgE aptamer functionalised
on a QCR.
6.2.3 Steps of excitation

AT-cut thickness-shear-model4.3 MHz QCRs were used for carrying out experiments
involving detection of higE with varying concentrations. Subsequent frequency sweeps (10

sec, 0.1 V) and fixed frequency scans (10 sec, 0.1 V) were taken in PBS in order to establish
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a baseline for 5 min. The measurement interval between two successive cycles of a
combined scan comprising frequency sweep followed with a fixed frequency scan was 3 sec.
PBS was injected (at 40 uL/min) over anti-higE aptamer immobilised QCR while the baseline
measurements were taken. A solution of higE at a given concentration prepared from
diluting 1mg/mL hiIgE stock in PBS was introduced (at 40 pL/min) over the functionalised
QCR following the baseline measurements for 30 min in order to aid binding of higE with
anti-hige aptamer. Similar frequency sweeps and FFD scans as mentioned above were
taken during higE injections as well. The concentration of higE varied from 1.31-10.53 nM.
Resonant frequency from a particular frequency sweep was estimated from fitting of the
experimentally obtained electrical admittance data using the BVD model (Figure 3.1). The
essential parameters including resonant frequency (‘Qpgs), feed through capacitance 6

and the characteristic shear wave impedance were obtained before baseline

T[ b
measurements using a set of three frequency sweeps taken during PBS injection over
functionalised QCR. Functionalised QCR was driven at "Qpgs for all the fixed frequency
scans taken during PBS and higE injections. The resonant frequency from each fixed

frequency scan was evaluated using Eq. 3.9.

6.3 Quantification of Human Immunoglobulin E

The primary objective was to demonstrate the feasibility of FFD technique for higE detection
using aptamer as a receptor. QCR resonant frequency shifts obtained from FS and FFD
techniques were compared. A satisfactory agreement was observed during the baseline and
higE binding phases for a given concentration (Figures 6.2 & 6.3) which showed the
feasibility of further simplifying QCR quantification method. Further, use of aptamer as a
receptor permits regeneration [261] of sensor surafce. However, regeneration is not the
motive of this research. FFD and FS techniques were capable of detecting 1.31 nM hIgE in
45 sec (based on SNR > 5) employing a sample volume of 30 uL, which corresponds to a

mass of 7.5 ng.
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Figure 6.2. Resonant frequency shifts due to higE binding using FS method for different

concentrations.
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Figure 6.3. Resonant frequency shifts due to higE binding using FFD method for different
concentrations.
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The resonant frequency shifts obtained from FFD and FS methods after 30 min of higE
injection for different concentrations were also in good agreement with each other (Figure
6.4).

400
FS

350 4 FFD

300

250

200

150 +

100

Resonance frequency shift (Hz)

50

Figure 6.4. Resonant frequency shifts 30 min after higE injection for different concentrations.

The agreement between the two methods regarding estimated resonant frequency shifts
after 30 min of higE injections for different concentrations varied between -4.21 and +3.94
Hz (Figure 6.5). Such differences are due to inaccuracies in calibration procedure.
Discrepancies between FFD and FS estimates can be further improved through accurate

calibration procedure as mentioned in Section 4.3.6.

101



5
e 1.31 nM hIgE
£ 3 - 2.63 nM higE
- M 5.26 nM higE
oS 27 =5 10.53 nM higE
< -
[ ]
a 14
B
o
g 0
§ -1-
= ]
©
T -2
m -
>
-3 4
4
5

Figure 6.5. Variation in resonant frequency shifts after 30 min for FFD method (at different

higE concentrations) method with respect to FS method.

The average baseline noises determined using Allan deviation for FS and FFD methods
were 0.91 Hz (SD,, 0.135 Hz) and 0.80 Hz (SD,, 0.137 Hz) respectively. Similarly,
variation of SNR for different higE concentrations were constructed for FS (Figure 6.6) and
FFD (Figure 6.7) techniques as described in Section 5.4. The response of higE was fitted
with a linear function (0 & & ¢ for FS and FFD techniques as it fell on the linear regime of
sigmoidal curve. LODs were calculated based on a SNR value greater than for FS and FFD
techniques. The obtained LODs from FS (0.96 nM) and FFD (1 nM) techniques were
comparable with the critical concentration of IgE (1.53 nM) need for allergy diagnosis [226—
228]. Although, the minimum detectable concentration achieved in this work (1.31 nM) is two
orders of magnitude lower in comparison to the reported minimum detectable concentration
(13.15 pM) using 10 MHz QCR, it can be improved by performing an optimisation of the
appropriate aptamer and the buffer. Overall, a simple, fast, easy-to-use and robust
biosensing technique (i.e. FFD) has been demonstrated for hIgE detection, which is

potentially low cost as fabrication is scalable.
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Figure 6.6. Variation of SNR at different higE concentrations for frequency sweep (FS)

method
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Figure 6.7. Variation of SNR at different higE concentrations for FFD method

6.4 Investigation of Specificity

Human Immunoglobulin G (higG) comprising a molecular weight of 150 kDa was selected as
the negative control for non-specific adsorption study as it has a molecular weight similar to
higE (190 kDa). PBS was injected (at 40 pL/min) over anti-hiIgg aptamer immobilised QCR
for 5 min followed by immediate injection (at 40 pL/min) of 10.53 nM hlgG solution for 30 min.
Similar frequency sweeps and fixed frequency scans were taken during PBS and higG
injections as mentioned in Section 6.2.3. Variation of resonant frequency shifts with time
determined from FS and FFD methods for both baseline and non-specific adsorption phases
were in good agreement with each other (Figures 6.8 & 6.9).
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Figure 6.8. Resonant frequency shifts due to binding of 10.53 nM higE and 10.53 nM higG

on functionalised QCRs using FS method

50 5 Baseline in PBS

A—‘_. Injection of higE/hlgG

-100 higG (FFD)

-150
-200
-250 A

-300 -

Resonance frequency shift (Hz)

-350

400 L ——
0 300

T T T T T 1
900 1200 1500 1800 2100 2400
Time (sec)

T
600

Figure 6.9. Resonant frequency shifts due to binding of 10.53 nM higE and 10.53 nM higG
on functionalised QCRs using FFD method

105



Results obtained from non-specific adsorption experiment pertaining to 10.53 nM hlgG were
compared with that obtained from specific adsorption experiment involving the same
concentration of higE. Resonant frequency shifts estimated using FS and FFD techniques
after 30 min of 10.53 nM injection of higE over anti-higE aptamer functionalised QCR were
approximately 28.83 and 26.68 times the resonant frequency shifts obtained after 30 min of
10.53 nM injection of higG over anti-hlgE aptamer functionalised QCR using FS and FFD
techniques respectively (Figure 6.10).
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Figure 6.10. Resonant frequency shifts 30 min after 10.53 nM hIgE and higG injections

The variation in resonant frequency shifts with respect to FS method for specific and non-
specific adsorption studies employing FFD method were approximately 3.94 and 1.10 Hz
respectively (Figure 6.11). Use of D17.4 biotinylated anti-hIgE aptamer is believed to be

primary reason for the specificity of the developed acoustic sensor.
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Figure 6.11. Variation in the resonant frequency shifts after 30 min from FFD method for
10.53 nM higE and 10.53 nM higG with respect to frequency sweep (FS) method.

6.5 Conclusion

Detection of immunoprotein levels in human serum favour diagnosis of hypersensitivity
reactions. In particular, human immunoglobulin E (hlgE) serves as the potential biomarker
for allergic diseases. Online measurement of higE using a fast and inexpensive sensing
technique is therefore of utmost importance. Real-time measurement capability, portability
and ease of use features of QCM therefore aid in higE detection. Herein, a simple QCM
based technique termed as FFD technique has been demonstrated for higE detection. The
agreement of the FFD with conventional frequency sweep (FS) method suggests that higE
binding can be quantified with reasonable accuracy from each impedance data point. The
minimum detectable hlgE concentration (1.31 nM) is comparable with then threshold
concentration of hlgE needed for allergy diagnosis. The selectivity of the developed sensor
was investigated employing FFD method by estimating the resonant frequency shift
occurring from non-specific interaction of 10.53 nM higG solution in PBS with anti-higE
aptamer immobilised QCR. Negligible resonant frequency shift (13.04 Hz) was obtained in
comparison to the resonant frequency shift (347.96 Hz) obtained for specific interaction of
10.53 nM hlIgE solution in PBS with anti-higE aptamer immobilised QCR. The higher affinity
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of D17.4 biotinylated anti-hlgE aptamer contributed towards encouraging sensitivity and

specificity of the developed IgE sensor.
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Chapter 7
Conclusion and Future Work

7.1 Achievement of Objectives

This thesis was essentially triggered by the unmet need for simplicity, online measurement,
multiplexability and high time resolution features in a biomolecular recognition tool. The
introductory literature review therefore focused on mechanical resonators such as
cantilevers [35], surface acoustic wave devices [45], quartz crystal microbalance [55] and
film bulk acoustic resonator [262] which involve minimal intermediate sample preparation
and washing procedures for investigation of biomolecular interactions. The possibility of
miniaturisation and integration with electronics makes mechanical resonators a potential
contender of a simplified biomolecular interaction tool. Quartz crystal microbalance has been
used to illustrate a mechanical resonator in this thesis. QCM is commonly used to study real-
time biomolecular interactions by measuring shifts in resonant frequency and dissipation of a

quartz-crystal-resonator.

Commonly used resonant frequency and dissipation quantification methods associated with
QCR such as admittance analysis [53] or QCM-D [141], which require repeated sweeps or
ringing, are limited in time resolution (~1 second) due to the need for numerical fitting and
averaging. This restricts the ability to study transient processes including gas-to-surface
adsorption-desorption kinetics [145], protein-DNA interactions and protein folding [75], to
name a few which mostly occur in a time scale ranging from sub-millisecond to few
milliseconds. Further literature survey revealed a QCR quantification technique with
improved time resolution. A 5 MHz QCR [83] was used for studying the shifts in resonant
frequency and dissipation at multiple resonance modes with 10 ms time resolution through
utilisation of single frequency measurements. However, single frequency measurement
method can only be used to study specific transient processes which are strictly repetitive in

nature. Such a method is also applicable over a narrow bandwidth.

Consideration of the challenges of state-of-the-art QCM techniques led to the development
of a novel analytical method for measurement of QCR resonant frequency and dissipation by
utilising a fixed frequency drive (FFD). FFD method terminates the need for fitting and
measurement dead time unlike conventional methods and is applicable over a broad
bandwidth. Quick needle touches were made on the self-assembled-monolayer-

functionalised surface of a 14.3 MHz QCR in order to mimic a very fast dynamic process like
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mass binding. Resonance frequency shifts associated with the transient processes of the
touches were recorded with ~112 ps resolution for the first time using continuous FFD
technique. FFD measurements depicted 1 order of magnitude lower baseline noise (0.3 Hz)
compared to continuous frequency sweep measurements (5.4 Hz) for a thiolated surface in

phosphate buffered saline solution at a data acquisition rate of ~ 66.5 ms.

FFD technique has been used for demonstration of label free detection of a small gram
negative bacterial infection biomarker namely N-hexanoyl-L-Homoserine lactone (~199.2
Da), using molecular imprinted polymer nano particle as the receptor. A limit of detection of
180 nM has been obtained, which is comparable with the nanomolar threshold concentration
necessary for initiation of infections in humans. The feasibility of FFD method has been
shown for direct detection of large immunoprotein such as immunoglobulin E (~ 190 kDa)
using aptamer as the receptor. A limit of detection of 1 nM has been achieved, which is
commensurable with the critical concentration (1.53 nM) necessary for prediction of human
allergies. An optimisation of bioassays can lead to improvement of LODs for both the

biomolecules.

The agreements between FS and FFD techniques can be further improved with a more
accurate calibration. This fixed frequency based simple method for determination of
resonance frequency and dissipation of a mechanical resonator, with no need for averaging
or fitting would potentially allow online integration and truly realtime measurements with low

noise and also allow a significant greater multiplexability.

7.2 Comparison of FFD with state-of-the art techniques

Comparison of FFD technique with state-of-the art techniques based on simplicity, time
resolution and future potentials for online integration and multiplexability have been

discussed below.

1. FFD enables simpler estimation of resonant frequency, dissipation factor and

motional branch parameters of a QCR

A resonance mode of an AT-cut quartz crystal resonator has been modelled using the

Butterworth-Van Dyke (BVD) equivalent circuit. With the drive frequency and characteristic

wave impedance known, the resonant frequency shift along a process can be quantified

directly from the derived analytical expression using the measurements of motional

reactance i.e. imaginary component of motional impedance recorded from a fixed frequency

drive (Eg. 3.19). The dissipation factor can be quantified from the experimentally measured
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motional resistance, i.e. the real component of motional impedance (Eq. 3.20). Accurate
calibration and prior evaluation of shunt capacitance would result in true estimate of motional
impedance. The drive frequency, which is fixed and set by the experimenter, is a known
parameter and does not need to be located in the vicinity of QCR resonant frequency. The
driving frequency can be located anywhere within ~2.8 resonance bandwidth of a 14.3 MHz
QCR (Figure 3.1).

It has been shown that the characteristic wave impedance remains practically constant
(Figure 3.1), and therefore the value measured using frequency sweep method at the
beginning of a process on the surface, such as binding, can be used throughout the process.
The characteristic wave impedance for a batch of QCRs at a given fundamental resonant
frequency can also be provided by the QCR manufacturer. Hence, the FFD method allows
real-time determination of resonant frequency and dissipation factor from each acquired
impedance data point without the need for any fitting or averaging as in frequency sweep
and ring down methods [85]. Oscillator circuits employing a frequency counter can easily
estimate resonant frequency of a QCR devoid of any numerical fitting or analytical modelling.
When the QCR oscillation amplitude is known, the dissipation factor can be estimated using
an automatic gain control oscillator circuit [120]. The frequency sweep method can
independently quantify QCR motional branch parameters including motional resistance,
motional inductance and motional capacitance apart from resonant frequency and
dissipation factor. Motional inductance and motional capacitance can be estimated from FFD,
oscillator circuit and ring down methods provided that the QCR characteristic wave
impedance magnitude is known to the user. Motional resistance can be directly measured
using the FFD method whereas for oscillator circuit and ring down methods, use of a BVD

model is essential for its estimation.
2. FFD provides high time resolution and low noise

Resonant frequency shifts can be read out using a continuous fixed frequency drive (FFD) at
a time resolution or time per measurement that is practically limited either by the duration of
transient processes on the QCR or the digital data acquisition time period of the instrument,
whichever is dominant. For the commonly used 5 MHz QCR and the 14.3 MHz QCR used in
this dissertation, the transient oscillation (COX , where 0 is the quality factor and] is the
fundamental angular resonant frequency in rad/s) durations are ~215.3 us and ~44.5 pus
respectively. The digital data acquisition rate for impedance for the measurement device

used for the doctoral study is 30.518 kHz, i.e. a time period of ~32.7 ps. Hence, for 14.3
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MHz QCRs, the time resolution of resonant frequency shift measurement using the fixed
frequency drive (FFD) method presented in this thesis is governed by the transient
processes. Quick needle touch experiments were carried out on a self-assembled-
monolayer (SAM) functionalised 14.3 MHz QCR in phosphate buffered saline (PBS) solution
and resonant frequency shift features with rise time front of ~112 ps (rise time measured
between transient levels 10% and 90% [154]) were distinguished using the fixed frequency
drive (FFD) method (Figure 4.15).

Shifts in resonant frequency of a 5 MHz QCR were previously estimated with a time
resolution of 10 ms by applying a phase shifted Lorentzian fit function on the deviation of
electrical admittance data obtained from fixed frequency drive for a given time with respect
to a reference state [83]. However, those fixed frequency measurements were only
applicable for repetitive electrochemical processes involving square wave amperometry and
cyclic voltammetry. A time resolution of 10 ms has been reported for frequency shift
measurements using oscillator circuitry for a 10 MHz QCR [73]. Minimum time per
measurement for oscillator circuits can be as low as 0.8 ms with use of reciprocal frequency
counters [135]. The fastest resonant frequency readout obtained from a bench-top VNWA
network analyser used in this dissertation was 0.8 s, although the time taken for a frequency
sweep was ~66.5 ms. A highest time resolution of 5 ms has been provided by Q-Sense
Company for resonant frequency measurement using ring down method [84] for a 5 MHz
QCR. However, 5 ms time resolution is not enough to monitor biomolecular interactions
[263,264] occurring in ps scale. Further, such a figure has not been substantiated by
experimental data. Moreover, the analysis should be carried out with the same sensor as the
noise from the sensor surface dominates. Hence, in this work, the comparison has been

restricted with the available network analyser.

Estimation of Allan deviation baseline noises using the FFD method for a SAM-
functionalised 14.3 MHz QCR for 30 data acquisition rates ranging from 32.7 to 41888481.2
us have been explored in this dissertation (Figure 4.14). A study was also performed using
FS method for the same SAM immobilised 14.3 MHz QCR for 3 data acquisition rates
comparable to those used during fixed frequency measurements (Table 4.1). The baseline
noise (0.3 Hz) measured using FFD by a custom built network analyser for a data acquisition
rate of ~59.18 ms was found more than one order of magnitude lower than the noise (5.4 Hz)
measured using FS by a commercial bench-top network analyser for a data acquisition rate

of ~66.5 ms, which was the fastest rate setting on the bench-top analyser. The noise level
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provided by Q-Sense for ring down studies for SAM immobilised surfaces was 2 Hz [54]. In
general, the noise resolution ¥'Q[265] for an oscillator circuit using reciprocal counter is

given by
AQ — (7.1)

where "Qis the QCR fundamental resonant frequency, 0is the time resolution and "Q is the
reciprocal counter frequency. Hence, 60 ms time resolution and 1 GHz reciprocal counter
will provide a noise resolution of 0.24 Hz for 14.3 MHz QCR which is comparable with FFD
method, although use of reciprocal counter increases the complexity of circuitry [135]. Allan
deviation baseline noise has been estimated for anti-corrosion cataphoretic painting coated
5 MHz QCR in distilled water for data acquisition rates ranging from 1 sec to 2hrs 46 mins
[133]. The noise varied from 0.021 to 0.84 Hz [133]. To the best knowledge of the author,
studies relating baseline noises at different instrument data acquisition time periods for a

given sensor surface are missing in the QCR literature for ring down method.
3. FFD has the future potential for on-line integration and multiplexability applications

In order to have a wide spread applicability; there is a need for a sensing technique that is
suitable for large scale manufacturing. Hence, the solution is to incorporate the technique in
integrated circuits or chips. The implementation of frequency sweep [73] and oscillator circuit
[266] methods in printed circuit boards have already being explored for QCRs. An integrated
circuit was also fabricated for estimation of QCR dissipation factor using ring down method
[267]. However, exploration of integrated circuits for QCR resonant frequency estimation
employing ring down method is missing in the literature. The estimation of QCR parameters
using an analytical formula for the FFD method is simple and unique which gives it the
strength to be applied on chip or multiplex with a much simpler circuit than other methods.
With no need for a frequency synthesizer, a radio-frequency pulse generator or a fast
analog-to-digital converter as in frequency sweep, ring down and oscillator circuit methods,
FFD method potentially allows simple, inexpensive and low-power measurement of QCR
resonant frequency and dissipation factor shifts, which can be implementable on printed
circuit boards. The entire electronics excluding the QCR such as quartz driver circuit and
data acquisition unit can also be implemented on a single silicon chip. Such a feature will

enable online measurements in industrial processes [5,268,269] using QCRs.
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Frequency sweep, ring down and oscillator circuit techniques have been explored for
multiplexability applications [54,101,102,270-281]. In case of multiplexed detection, multiple
QCR sensor surfaces are often fabricated on a single piece of quartz substrate. Such a
sensor is termed as multi-channel monolithic QCM (MQCM). All QCRs can be driven in
parallel by using separate driver circuits such as oscillators, pulse generators or frequency
synthesizer for individual QCR and then synchronising the output from each of them by
means of a central processing unit. This makes the integrated electronic circuit bulky in size,
thereby making it difficult to be multiplexed. QCRs can also be driven in series mode with
use of electronic switches which add complexity to the circuit. With no need for numerical
fitting, the FFD method potentially favours a greater degree of multiplexing than the existing
methods.

MQCMs are affected by acoustic and electrical couplings among adjacent QCRs, which
need to be addressed for its effective operation. The acoustic wave generated in one QCR
interferes with another after propagation through the quartz. Electrical coupling can arise due
to the residual charges on QCRs [278] from multiple drives or from the electrical impedance
of the solution flowing between the adjacent QCR fluidic channels [101]. Such interferences
modulate the QCR responses, thereby generating erroneous results. Acoustic coupling in
any method can be suppressed by various ways. Use of an inverted mesa quartz substrate
[101] is one of the methods. Insertion of polydimethylsiloxane wall between adjacent QCR
electrodes positioned on a single quartz [101] has also been tried for suppression of acoustic
coupling. Maintaining a certain distance between the QCRs [280] also favours suppression
of acoustic coupling. Spurious electric couplings in frequency sweep and FFD methods
between the QCRs can be eliminated during data processing to a high degree from prior
calibration; thereby relaxing requirements for design complexity, such as shielding.
Calibration for frequency sweep method can be more cumbersome as the MQCM device
needs to be calibrated at each and every frequency with a certain frequency span, whereas
in FFD method, calibration at a single frequency such as bare QCR resonant frequency can
suffice the requirement. For oscillator circuit and ring-down methods cancelling electric
coupling apparently are immensely more problematic as there is no reported evidence of any
defined calibration procedure in the existing literature, which limits the degree of

multiplexability using these methods.
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7.3 Future Investigations

Fixed frequency drive method has been validated in this dissertation with a quartz crystal
resonator for biomolecular applications. But in principle, the method is applicable over a
range of mechanical resonators. Also, FFD measurements depend on the accuracy of the
calibration procedure. Although, it has been successfully used for direct detection of two
classes of biomolecules with a range of molecular weight, the use of 14.3 MHz QCR in
conjunction with FFD method does not appear to be sensitive in comparison to other
conventional techniques for the explored biomolecules (Tables 5.1 & 6.1). Improvement of
LOD through use of improved assay is extremely important. This involves use of appropriate
receptors, quality surface functionalisation and use of appropriate buffer. Some important
future studies which can be carried out based on these limitations have been discussed

below.

7.3.1 Exploring detection of C6-HSL and hIgE in clinical samples

The initial feasibility studies of FFD technique have been carried out by detecting C6-HSL
and higE in spiked PBS solution which is relatively simpler in nature. However, in reality,
such biomarkers are usually found in complex samples such as serum [225], saliva [173],
stools [173] and sputum [181] at lower concentrations along with several other molecules
that are often larger and possess high concentrations. Hence, it is important to test the

capability of FFD technique for detection of C6-HSL and hiIgE in clinical specimen.

7.3.2 Exploring detection of other biomarkers

FFD technique has been successfully used for detection of two biomarkers namely N-
hexanoyl-L-homoserine lactone (199.2 Da) and total human immunoglobulin E (190 kDa) in
spiked PBS solution. Hence, it will be impressive to extend the concept of FFD for detection
of other category of biomarkers namely cardiac disease biomarker such as C-reactive
protein [282] (25.1 kDa), prostate cancer biomarker such as prostate specific antigen [282]
(26 kDa) and Alzheimer’s disease biomarker such as clusterin [163] (75 kDa) in spiked PBS
solution for the initial feasibility studies. In the later stage, detection should be carried out in

clinically relevant samples for each biomarker.

7.3.3 Exploring higher frequencies for sensitive detection

The theoretical absolute mass sensitivity "Y for resonant frequency shift of a QCR is given

by the following equation [62]:
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Y — (7.2)

where "Oh "h "O and ¢ are the unperturbed fundamental resonant frequency, density,

frequency constant and overtone number or resonance mode (¢  p for fundamental mode)
of QCR. It is evident from Eq. 7.2 that the theoretical absolute mass sensitivity Y is directly

proportional to the term £€"Q as the other parameters are constant for any AT cut QCR.

Streptavidin detection experiment was carried out using FS and FFD methods by driving a
14.3 MHz QCR around its 3" overtone, i.e. 42.9 MHz. Frequency sweeps (0.1 sec, 0.6 V)
and FFD scans (0.1 sec, 0.6 V) around 42.9 MHz were taken every 1 min during injection of
PBS (at 40 pL/min) for 15 min. 42 nM streptavidin solution in PBS was then flowed (at 40
pL/min) over SAM immobilised 14.3 MHz QCR surface (Section 4.3.3) for 15 min and similar
FS and FFD measurements were also taken during injection of streptavidin. The average
shift in resonant frequency from the baseline (measurements before streptavidin injection)
due to streptavidin-biotin binding (Figure 7.1), calculated from the fixed frequency drive or
FFD (-570.7 Hz) was within 2 % of that estimated from the frequency sweep method by
fitting the experimentally recorded impedance employing the BVD model (-579.3 Hz).
Baseline noise estimated from FS and FFD methods were 4.1 and 4.4 Hz respectively.
Assuming £ o (3™ overtone mode) and"Q p ® MHz, the estimated maximum resonant
frequency shift using Sauerbrey theory (Eq. 4.2) comes out to be -690 Hz. The measured
resonant frequency shift values at 3™ overtone were found to be within -18% of the

theoretical estimate for both FS and FFD methods.
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Figure 7.1. 3" overtone resonant frequency shift due to streptavidin binding using frequency

sweep and FFD methods with 1 min measurement interval.

50 MHz QCR also called mesa quartz crystal was also explored for streptavidin detection. 50
MHz QCR was cleaned using a different protocol which has been reported in Section A.11.
Continuous frequency sweeps at 665 ms data acquisition rate employing SDR network
analyser were taken every ~1.25 sec during 15 min flow of PBS followed with subsequent
flow of 2.5 pg/mL streptavidin (at 40 uL/min) over biotin thiol immobilised 50 MHz QCR for
another 15 min. The result obtained from 50 MHz QCR was compared with the streptavidin
binding result for 14.3 MHz QCR. Resonant frequency shifts due to biotin-streptavidin
interaction obtained for 50 MHz QCR was approximately -2080 Hz as compared with -140
Hz for 14.3 MHz QCR (Figure 7.2) for the same concentration of streptavidin (42 nM).
Baseline noise estimated for 14.3 and 50 MHz QCRs were 1.5 and 3.5 Hz respectively. The
measured resonant frequency shift value (-2080 Hz) using 50 MHz QCR was within -26% of
the theoretical estimate (-2806 Hz) obtained using Sauerbrey equation (Eqg. 4.2). Hence,
exploration of higher order resonance modes of 14.3 MHz QCR or using a QCR with an
unperturbed fundamental resonance greater than 14.3 MHz will be interesting in terms of

sensitive detection of disease biomarkers.
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Figure 7.2. Variation of resonant frequency shift in continuous frequency sweep mode
involving streptavidin binding experiments employing SDR network analyser for 14.3 and 50
MHz QCRs.

However, it is evident from Section A.9 that the quality factor reduces with the increase in
fundamental resonant frequency of QCR and is enhanced at higher modes of vibration of a

QCR. The minimum obtainable Allan deviation noise {, W[ ::, for a liquid loading of a

QCR is given by the following [153]:
. T PP T QR (7.3)

where "Qs the nominal frequency, — and” , absolute viscosity and density of the liquid.

Hence, noise increases with increase in frequency and therefore, there is a limit to which
higher frequencies can be explored for sensitive detection depending on the attainable

experimental noise and quality factor.

7.3.4 Modification of calibration procedure

Accuracy of measurements depends on the calibration procedure. The calibration has been

performed between two terminals of short, open and loaded electrical circuits (Figure 7.3).
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Ideally, the calibration should be performed using the same circuits between the electrodes
on a printed circuit board (PCB) with which a QCR attaches for enabling electrical
connection (Figure 7.4). The ends of a resistor and a wire need to be soldered on the PCB
for taking measurements from loaded and short circuits respectively in the proposed set up.

Ideal calibration procedure aids in getting rid of parallel capacitance contribution appearing

from PCB.

o (o] Open
o, O Short
o, N \v/ O Loaded

Figure 7.3. Calibration set up used for this dissertation
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Figure 7.4. Modified calibration set up for accurate measurements

7.3.5 Exploring self-oscillating quartz crystal resonator

The QCR is driven at a fixed frequency using a frequency generator for all the FFD
experiments reported in this dissertation. However, a single quartz crystal resonator in a self-
oscillating mode such as an automatic gain control (AGC) oscillator circuit using
encapsulated quartz can serve as a generator of fixed frequency drive for a sensor QCR, as
well and provide temperature compensation (Figure 7.5). The oscillator and the sensor
QCRs can be also in the same liquid for better compensation. There is no need for any
frequency counter as impedance meter attached to the sensor QCR can be utilised for its
passive interrogation of resonant frequency and dissipation using FFD method. Such a

mode of operation will be useful for online integration and multiplexability applications.
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Figure 7.5. A simplified block diagram for a self-oscillation mode

7.3.6 Exploring applications apart from biomolecular

measurements

The main focus of this dissertation has been on validation of fixed frequency drive technique
for biomolecular measurements. But this can be applied over a range of other applications
where acoustic sensors can be applied such as humidity sensing [283], adsorption studies of
crude oil on different surfaces [284], health monitoring of equipment [285], viscosity studies
of industrial oils [286], and studying the tribological characteristics of immersed alumina and
stainless steel surfaces in charged aqueous suspensions [287], to name a few.
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Appendix A
Supplementary Information

A.1 Calibration Theory

In reality, it is difficult to measure the voltage and the current between the terminals of an
AT-cut QCR directly. Hence, true current and true voltage between the terminals of a QCR
is obtained by the linear combination of the measured voltage and current at any two points
inside the complex quartz network. Let, 0 and 0 are the voltages at any two arbitrary
points inside the quartz network. Hence, true current and true voltage can be written as

follows:

0 oD Yi ®Di 1 Q¢ o (A.1)

gl

Vi @R a0 (QQ (A2)

In Egns. (A.1) and (A.2), constants ®and Qare dimensionless while constants ¢and @have
the dimensions of conductance. The unknowns ¢, &, ®and ‘Qcan be evaluated from the

following four conditions.

e True voltage at short circuit is zero.

(of 1)) oV T (A.3)

0 and® are the voltages measured at the two arbitrary points under short circuit

condition.

e Let,"Y be the open circuit voltage measured by cathode ray oscilloscope.

Cw Q) Y (A.4)
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0 and 0 are the voltages measured at the two arbitrary points under open circuit

condition.

e True current at open circuit is zero.

Cad

g
=

(A.5)

0 and O are the voltages measured at the two arbitrary points under short circuit

condition.

e Let, 'Y be the impedance of the circuit under loaded condition.

T

— Y (A.6)
(1))

0 and 0 are the voltages measured at the two arbitrary points under loaded condition.

The constants ¢y @ wand ‘Qobtained by solving simultaneously Eqgns. (A.3), (A.4), (A.5) and

(A.6) are as follows:

. 0 0 O 0 O Y A7)
)] )] )] L L L )] )] Y
. 0 0 0 O 0 - (A8)
W = = .
L L )] L L L )] )] Y
. o Y
W = = (A.9)
)] )] U U
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QO — — (A.10)

Using Egns. (A.7), (A.8), (A.9) and (A.10), true voltage (®w ), current ('O ) and the

impedance (® ) between the terminals of a QCR can be rewritten as follows:

0 0 0 0 Y )
. & (A.11)
0 0 0 0
O O b 0O 0 0 0 0 Y 3
- 0 (A1l2)
0] 0] L U v v v U Y
0 0 0 0 0 © 0 O Y y
8 A (A.13)
0 0 0 0 0 0 0 0

0 and O are the measured voltages at the two arbitrary points inside the complex

network of the resonator.

Validation of the calibration theory has been carried out for known components (Table A.1).

Type of electrical Theoretically Calibrated impedance % Error with
circuit measured impedance (L) respect to theory
(L)
180 L] resistor in 211.63 215.076 1.6
series with 100 pF
capacitor
200 L] resistor in 281.96 284.352 0.8

series with 56 pF
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capacitor

Table A.1. Comparison of impedance magnitudes between theoretically and experimentally

measured techniques

A.2 Explanation of Mathematica code for producing the calibration
file (abcd.dat)

The following segment narrates the steps to obtain an abcd.dat file using Wolfram

Mathematica.

startDir = "B:\\LboroCalibration"; : The following command allows the user to choose the
starting directory where all the necessary files related to calibration are stored.

SetDirectory[ SystemDialoginput[ " Directory"”,startDir, WindowTitle ->

"Select a directory for to open calibration file OC, SC, LC, VC"]]

The abovementioned command allows the user to select a directory from his workspace for
opening the calibration files. OC, SC, LC and VC represent the frequency scan files related
to open circuit, short circuit, loaded circuit and diode measurements (voltage circuit) using
ADT machine.

Output:
\\ws3.Iboro.ac.uk\MM-AlzheimersDiagnostics\ArnabGuhaProject\Arnab

Experimental Data\LU2_20160606_calibration_14 3 MHz

{vCal, calRes} = {8 ¥ ,@ } : The following command allows the user to enter the
value of measured rms voltage obtained from oscilloscope and the resistance of the loaded

circuit.

Output: {2.62054,100.0}
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FilesinDir = FileNames["LUZ2_calibr*.fms", IgnoreCase -> True] : The following command
lists all the calibration files with ‘fms’ extension from the required directory starting with the

phrase ‘LU2_calibr’.

Output:

{LU2_calibr_14 3 MHz_20160606_100_ohm_LC_0000.fms,
LU2_calibr_14 3_MHz_ 20160606 100 ohm_LC_0001.fms,
LU2_calibr_14 3 _MHz_20160606_1_853_V_rms_VC_0000.fms,
LU2_calibr_14 3_MHz_20160606_1_853_V_rms_VC_0001.fms,
LU2_calibr_14 3_MHz_20160606_SC_0000.fms,
LU2_calibr_14_3_MHz_20160606_SC_0001.fms,
LU2_calibr_20161102_14 3 _MHz_OC_0000.fms,

LU2_calibr_20161102_14 3 _MHz_OC_0001.fms}

DirFile = MatrixForm[Transpose[{Table[i, {i, 1, Length[FilesinDir]}], FilesinDir}],

TableAlignments -> Left] : The following command lists the calibration files in a tabular

manner.
Output:

1 LU2_calibr_14 3 MHz_ 20160606 100 ohm_LC_0000.fms

2 LU2_calibr_14 3_MHz_ 20160606 100 ohm_LC_0001.fms

3 LU2_calibr_ 14 3 MHz_20160606_1_853_V_rms_VC_0000.fms
4 LU2_calibr_14 3_MHz_20160606 1 853 V_rms_VC_0001.fms
5 LU2_calibr_14_3_MHz_20160606_SC_0000.fms

6 LU2_calibr_14_3_MHz_20160606_SC_0001.fms
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7 LU2_calibr_20161102_14 3 MHz_OC_0000.fms
8 LU2_calibr_20161102_14 3 MHz_OC_0001.fms

namPatt = {"OC_", "SC ", "LC_", "VC_"} : The following command is used to assign the

open circuit, short circuit, loaded circuit and voltage circuit calibration files.
Output:

{OC_, SC_,LC_,VC.}

{OCxifile, SCifile, LCfile, VCfile} = Table[FilesinDir
[Last[Position[StringCases[FilesinDir, namPatt[i]], namPatt[i]1]1]1[2]]1. {i,
Length[ namPatt] }]

The abovementioned command lists the name of the last file among each category namely

open circuit, short circuit, loaded circuit and voltage circuit calibration files respectively.
Output:

LU2_calibr_20161102_14 3 _MHz_OC_0001.fms,
LU2_calibr_14_3_MHz_20160606_SC_0001.fms,

LU2_calibr_14 3_MHz_ 20160606 100 ohm_LC_0001.fms,

LU2_calibr_14_3_MHz_20160606_1_853 V_rms_VC_0001.fms

fCalibrfa_,b_,c_,d_, M1_, M2_] ={{a, b}, {c, d}}.{M1, M2}
The abovementioned command defines the calibration equation.
Output:

{a2Ml +b M2, cMl +dM2}

fCalibrMx[calMatr , M1_, M2 ] := calMatr. {M1, M2}

The abovementioned command establishes relationship between calibration matrix and the

arbitrary voltages obtained under different conditions.
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{TrueCurrent[a ,b ,c ,d ,MlI , M2 ], TrueVoltage[a ,b ,c ,d , Ml ,M2 ]} =
fCalibr[a, b, c, d, M1, M2]

The above command defines the calibration equation for true current and true voltage
respectively.

Output:

[aMl +bM2, c MLl +dM2)

Fabcd[Mloc , M2oc_, Mlsc_, M2sc , MlLc , M2Lc , Mlvc , M2vc , RL , vVcalib ] =
{{ (M2oc (Mlsc M2Lc - MlLc M2sc) vWealib) /
( (Mloc M2Lc - MlLc M2oc) (Mlwvc M2sc - Mlsc M2wvc) RL) ,
- (Mloc (Mlsc M2Lc - M1Lc M2sc) vWecalib) /

( (Mloc M2Lc - MlLc M2oc) (Mlvc M2sc - Mlsc M2ve) RL) },
M2sc vCal Mlsc vCal

r

{H[lvc M2sc - Mlsc M2vc ! -Mlvec M2=sc + Mlsc M2vc }]

The above command line assigns the mathematical expressions for a, b, ¢ and d

respectively.
extradrop = 40;

The above command assigns the maximum number of rows to be dropped off from the
beginning of any frequency scan file.

headSize = 31;

The above command assigns the header size of any frequency scan file.

header = Take [Import[VCEfile, "TSV"], headSize - 2] ;

The above command reduces the head size of VC file to 29.
Dimensions [Header]

The above command will display the current head size.
Output: {29}

hdList = MatrixForm[ {Range [Length[header]], header}"]

The above command will display the list of headers of VC file in matrix format.
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Output:

f 1 {Frequency mode scan}

2 {1
3 {Scan time, 0.100012)
4 {Bmplitude, 0.1}
5 {Central frequency, MHz, 14.3}
i) {Span frequency, MHz, 0.2}
7 {Decimation factor, 2}
6 {1
9 {DDS1 settings:)

10 {Function, 1}

11 {1

12 {DDSZ settings:)

13 {Function, 1}

14 {Bmplitude, 1.}

15 {Gainl, 5.015}

16 {Gain2, 5.015)

17 {1

18 {DDS3 settings:)

19 {Function, 0}

20 {Bmplitude, 1.}

21 {Gainl, 51.943}

22 {GainZ, 51.943})

23 {1

24 {DDS4 settings:}

25 {Function, 0}

26 {Bmplitude, 1.}

27 {Gainl, 51.943)

28 {Gain2, 51.943}

\ 29 {1
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headerOC = Take [Import[OCfile, "TSV"], headSize] ;
CdOCd = Drop[Import[OCfile, "TSV"], headSize];
headerSC = Take[Import[S5Cfile, "TSV"], headSize];
CdSCd = Drop[Import[SCfile, "TSV"], headSize];
headerLC = Take[Import[LCfile, "TSV"], headSize];
CdLCd = Drop[Import[LCfile, "TSV"], headSize];
headerVC = Take[Import[VCfile, "TSV"], headSize];

CdVCd = Drop[Import[VCEfile, "TSV"], headSize]; (xDatax)

The above command lines allow the user to import and drop off the head size from all
category of fms files, i.e., OC, SC, LC and VC.

gainslF = {headerOC[15, 2], headersSc[[15, 2], headerLC[15, 2], headervC[1l5, 2]}

The above command will read and displaylF gain among the header portion of each file.
Output:

{5.015, 5.015, 5.015, 5.015}

gains3F = {headerOoC[[21, 2], headerSC[[21, 2], headerLC[21, 2], headerVC[21, 2]}

The above command will read and display 3F gain among the header portion of each file.
Output:

{51.943, 51.943, 51.943, 51.943}

ListLinePlot[{cdocd'[1], cdocd'[2], cdscd™[1], cdscd'[2]},
PlotStyle -+ Thick, PlotLegends -+ Automatic]

The above command transposes the column matrix to a row matrix for a particular file and
plots it with the number of observations. For example, CdOCd'[[1]] represents the
transposed form of the first column of data for a fms scan file of an open circuit
measurement.
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Output:

1000

500 f

ListLinePlot[{CdvCd'[1], cdvcd'[2], cdvcd'[3], cdvcd'[4]},
Plotstyle - Thick, PlotLegends -» Automatic]

Similarly, the above command will give the output displayed below:

500 L‘

200 400 600 800 1000 1200 1400

=500 F

1000 |-

datLength = Dimensions [CdOCd] [1]
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The above command will display the number of data points pertaining to 1% column of an

open circuit fms file.
Output: 1526

{headerOC[[3] , headerSC[3] , headerLC[3] , headerVC[3]}

The above command will display the third row of the headSize for each category of file.

Output:

{{S5can time, 0.100012}, {Scan time, 0.100012},
{Scan time, 0.100012}, {Scan time, 0.100012}}

{Dimensions [CAOCd] [1] , Dimensions [CdSCd] [1],
Dimensions [CALCA] [1], Dimensions [CdVCd] [1]}

The above command allows the user to verify the number of data points pertaining to each
file.

Output: { 1526, 1526, 1526, 1526 }

sizeOK = (Dimensions[CdSCd][[1] = datLength) &&
(Dimensions [CdLCd] [1]] == datlLength) && (Dimensions[CdVCd] [1]] == datLength)

The above command verifies that whether the dimensions of a particular column in each fms
file (SC, LC, VC etc) is same or not.

Output: True

inDex = Range [Length[CdOCd]] ;

inDHead = Range [Length [header0C]] ;

The above command allows the user to perform the indexing of the number of rows for the
data and header related files for an open circuit measurement.

Length[headerOC] : The following command will display the length of the header file for an

open circuit measurement file.

Output: 31
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datLength : The following command will display the length of the data points for each files.
Output: 1526

datlength +0.5
midIndx = Round[ ]
2

The above command finds the index number for the central data.

Output: 763

{TimSc, CentF, SpanF, Decim, GainAll, AmplSc} = {headeroC[3, 2], headeroc[5, 2] 10°,
headeroc[6, 2] 10°, headeroC[[7, 2], headeroc[[15, 2], headeroc[4, 2]};

The above command will provide information about scan time, central frequency, frequency
span, decimation factor, 1F gain and amplitude from the header portion of the open circuit

file.
Output:

({TimSc, CentF, SpanF, Decim, GainAll, AmplSc})

{D.lDDDlE, 1.43 %107, 200000., 2, 5.015, D.:L}

parF[headlF ] := {hEEle[[S, 2], headlF[5, 2] 10%,
headlF[6, 2] 10%, headlF[7, 2], headlF[15, 2], headlF[4, 2]};

The above command assigns a vector for scan time, central frequency, frequency span,
decimation factor, 1F gain and amplitude from the header portion each file.

paraM =
MatrixForm|[ {parF[headerOC], parF[headersC], parF[headerlLC], parF[headervC]}]

The above command displays scan time, central frequency, frequency span, decimation

factor, 1F gain and amplitude in a matrix format for each type of file.

Output:
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0.100012 1.43%x107 200000. 2 5.015
0.100012 1.43%107 200000. 2 5.015
0.100012 1.43x107 200000. 2 5.015
0.100012 1.43%x107 200000. 2 5.015
1.0 x10°
nPointsE=tim = E‘loor[ TimsS c:]
1024 x 32 Decim

The above command estimates the length of data points based on decimation factor and

time scan.

Output: 1526

nPointsEstim = datLength

The above command checks whether the estimated number of data points matches with that

of the actual length of the data.

Output: True

cUlAcc = (Transpose[CdOCd] [1] + 1 Transpose[CdOoCd] [2]) / gainslF[[1];
cU2hoc = (Transpose[CdOCd] [3] + 1 Transpose [CdOCd] [4]]) / gainslF[[1];
cUlAsc = (Transpose[CdSCd] [1]] + & Transpose[CdSCd] [2]) / gainslF[2];
cU2Asc = (Transpose[CdSCd] [3] + 41 Transpose[CdSCd] [4]]) / gainslF[[2];
cUlALec = (Transpose[CdLCd] [1] + 1 Transpose [CdALCd] [2]) / gainslF[3];
cU2ALec = (Transpose[CdLCd] [3] + 1 Transpose [CALCd] [4]]) / gainslF[3];
cUlAvc = (Transpose[CdVCd] [1]] + &1 Transpose[CdAVCd] [2]) / gainsl1F[4];
cU2Avc = (Transpose[CdVCd] [3] + 41 Transpose[CdAVCd] [4]]) / gainslF[[4];

The above command calculates the array of input voltages obtained from two channels
pertaining to each type of circuit measurement. The above command also takes into account

the real and imaginary components of the measured voltages for each kind of circuits.
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cUloc =
(Transpose [CdOCd] [1, midIndx] + i Transpose[CdOoCd] [2, midIndx]) / gainslF[1];
cU2oc = (Transpose[CdOCd] [3, midIndx]] + i Transpose [CdOCd] [4, midIndx]) /

gainslF[1];

cUlsc = (Transpose[CdSCd] [1, midIndx]] + 1 Transpose [CdSCd] [[2, midIndx]) /
gainslF[2] ;

cU2sc = (Transpose[CdSCd] [3, midIndx]] + 1 Transpose [CdSCd] [4, midIndx]) /
gainslF[2];

cUlLc = (Transpose [CdLCd] [1, midIndx]] + i Transpose [CALCd][[2, midIndx]) /
gainslF[3];

cU2Lc = (Transpose[CdLCd] [3, midIndx]] + i Transpose [CdLCd][4, midIndx]) /
gainslF[3];

cUlvc = (Transpose[CdVCd] [1, midIndx]] + i Transpose [CdVCd][2, midIndx]) /
gainslF[[4];

cU2vc = (Transpose[CdVCd] [3, midIndx]] + i Transpose [CdVCd] [4, midIndx]) /
gainslF[[4];

The above command will provide information about the input voltages (OC, SC, LC and VC)

for the central data point, i.e. for the central frequency.

cUlAvc[midIndx] - cUlve

The above command allows the user to verify that whether the code for cU1Avc and cUlvc

were written correctly or not.
Output:
0.+0.1

{cUlecc, cU20c, cUlsc, cU2=sc, cUlsc, cUlLc, cU2Lec, cUlvec, cU2vc}

The above command will display information about the input voltages (OC, SC, LC and VC)

for the central data point, i.e. for the central frequency.

Output:

{121.528 +108.7511, —225.5942-180.234 1, -49.5025+220.15¢6 1,
25.7908 -213.047 1, -49.5025 +220.156 1, 52.0799 +128.89 1,
-137.261-165.5181, 117.808 +95.3111 1, -230.262-167.9841}
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cU2=sc vCal cUl=sc vCal

{ec, dc} = { , ]
cUlve cU2=3c - cUlsc cU2ve -cUlve cU2sc+ cUlsc clU2ve

The above command will display the value of ¢c and d based on the central data point.
Output:

{-0.0128377+0.0127698 1, -0.0147802+0.0120022 1}

voltMeasCal = FullSimplify[Chop[{cC, dAC}. {cUlvec, cU2vc}]]

The above command will allow the user to recalculate the value of voltage obtained from
oscilloscope measurements based on the value of c and d based on central data point.

Output: 2.69

abedM = Fabed[cUloc, cU20c, cUlsc, cU2sc, cUlLe, cU2Lc, cUlve, cU2vc, calRes, vCal]

The above command will display the value of a, b, ¢ and d based on the central data point.

Output:

{{-0.000289635-0.000358546 1, -0.000151739-0.0002111461},
{(-0.0128377+0.01276981i, —0.0147802 +0.01200221}}

voltMeasCal = FullSimplify[Chop[abedM. {cUlLe, cU2Lc}] ]

The above command will display the value of true current and true voltage for a loaded

circuit.

Output:

{0.0170084 -0.00150652 i, 1.70084 -0.190652 1}

voltMeasCal[[2]
crop| ]
voltMeasCal[[l]]

The above command will allow the user to calculate the value of true impedance for the

loaded circuit.

Output: 100
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cUlLc : The following command will display the value of input voltage based on central data

point for channel 1.

Output:

52.0799 +128.891

singleFile = SystemDialogInput["FileSave", startDir, WindowTitle -
"Save a single frequency point calibrating file (a,b,c,d) file"]

The above command will allow the user to create an abcd.dat file pertaining to a single

frequency point in the working directory.

Output:

B:\LboroCalibration\abcd single 1f

ValueQ[singleFile]

The above command verifies that whether a single file has been created or not.
Output: True

If [ValueQ[singleFile], Export[singleFile,
{{Re[abcdM[1, 1]], Im[abcdM[1, 1]]}, {Re[abcdM[1l, 2] ], Im[abcdM[1, 2]]},
{Re[abcdM[2, 1]], Im[abcdM[2, 1]]]}, {Re[abcdM[[2, 2]]], Im[abecdM[2, 2]]}},
n"pEV"] , Print["abecd file name not given"]]

The above command will export the value of a, b, ¢ and d based on central frequency point

to the single file created.
Output:

B:\LboroCalibration\abcd single 1f

singleFile=.

The code for obtaining an abcd.dat file for central frequency point finishes here.

abcdMA = Table[Fabcd[cUlAoc[[i]] , cU2Roc[i]l, cUlAsc[i], cU2Asc[i], cUlALc[i],
cUZ2ALc[[i]] , cUlAvc[i] , cU2Avc[i], calRes, vCal], {i, 1, datLength}];
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The above command will tabulate the complex values of a, b, ¢ and d pertaining to each

data point and will store that in array.

abecdMA[midIndx] = abcdM

The above command verifies that whether the value of a, b, c and d obtained previously for a
single frequency point matches with the value of a, b, ¢ and d obtained from the middle index

of a set of data from the tabulated array.
Output: True

Dimensions [abcdMA]

The above command will display the dimensions of the tabulated array of a, b, c, d values.
Output: {1526, 2, 2}

SpanF (i-1)
ErMy = Ta.ble[CentE‘ - + SpanF, {i, 1, da.tI.ength}] ;
2 datLength-1

The above command will produce an array of frequency based on the data length.

abedMAtoF =
Table[{frMy[i], Re[abcdMAi, 1, 1] ], Im[abcdMA[i, 1, 1]]], Re[abcdMA[i, 1, 2] ],
Im[abcdMAi, 1, 2]], Re[abecdMAi, 2, 1]], Im[abcdMAi, 2, 1]],
Re[abcdMA[i, 2, 2]], Im[abcdMAi, 2, 2]1]1}, {i, 1, datLength}];

The above command will tabulate the frequency and complex values of a, b, ¢ and d

pertaining to each data point in an array format.

Dimensions [abcdMAtoF]

The above command will display the dimension of the array comprising of frequency and

complex values of a, b, c and d.

Output: { 1526, 9 }

abcdMAtoF [midIndx]]

The above command will display the value of frequency along with complex values of a, b, ¢
and d of the middle index of the array abcdMAtoF[[midIndx]].
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Output:

{1.42999)(1[}?, -0.00028%9635, -0.000358546, -0.000151739,
-0.000211146, -0.0128377, 0.01276598, -0.0147802, O.UIEDDEE}

arrayFile = SystemDialcogInput["FileSave", startDir,
WindowTitle » "Save an array of frequency calibrating (a,b,c,d) file"]

The above command will allow the user to create an abcd.dat file pertaining to multiple

frequency points in the working directory.
Output:
B:\LboroCalibration\abcd array 1f

If[ValueQ[arrayFile], Export[arrayFile, abcdMAtoF, "TSV"],
Print["abcd file name not given"]]

The above command will export the values of a, b, ¢ and d based on multiple frequency

points to a single file.

Output:

B:\LboroCalibration\abcd array 1f

arrayFile=.
The code for obtaining an abcd.dat file for multiple frequency points finishes here.

A.3 Resonant frequency shift calculation using Sauerbrey theory

The thickness, 0 of an AT cut QCR in terms of wavelength can be written as follows:

) ﬂ‘

0 (A.14)

where A is the wavelength of the bulk acoustic wave and ¢ is the overtone number. For, the
fundamental mode of vibration € is equal to 1. The overtone number € is always an odd

integer for AT cut QCRs.

Using Eq. A.14, the unperturbed resonant frequency for the ¢ order resonant mode, "Qis

given by:
139



0 - -
A

(A.15)

where Qis the velocity of the bulk acoustic wave through quartz and "Ois the frequency

constant for an AT cut quartz crystal. Hence, the unperturbed fundamental resonant

frequency of a QCR "Qcan be written as follows:

0 —  —

CQ £0Q

Differentiating Eq. A.15 with respect to ¢, we get:

or, — —

The thickness, 0 of a quartz crystal can also be written as follows:

1

0 J—

where, ” is the density of the quartz and 0 s the effective area of the QCR.

Differentiating Eq. A.20 with respect to &, we get:

or, - —

Using Egs. (A.19) and (A.22), we get the following Sauerbrey’s equation [50]:

Using Eqg. A.15, we can write as follows:

oO-
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Using Egs. (A.17), (A.20), (A.23) and (A.24), we obtain the following expression for resonant

frequency shift, Y'Qdue to inertial loading at a particular resonance mode for an AT cut QCR:

YyQ SR (A.25)

A.4 Quick needle touch experiments in air and PBS using VNWA

and custom built network analysers

A completely assembled SAM immobilized QCR sensor was connected to a VNWA network
analyzer as mentioned in Section 4.6.2. The QCR underwent a 7 min long continuous
frequency sweep with a data acquisition rate of 1.25 Hz in air and during the sweep the
crystal was quickly touched (< 1 sec) for numerous times by a needle tip. After that, the
quartz crystal underwent subsequent frequency sweeps of 11 and 65 minutes in air
corresponding to data acquisition rates of 0.8 and 0.13 Hz respectively. The quartz crystal
was touched in a similar fashion with the needle tip during individual continuous frequency
sweep. Similar frequency sweeps were carried out with the QCR in PBS medium employing
VNWA network analyzer. For 1.25 Hz sampling rate in air, a sharp decrease in frequency
around ~ 180 sec has been observed, thereby indicating mass loading (Figure A.1). For the
same sampling rate in PBS, gradual decrease in resonant frequency has been observed
around ~ 50 and 150 secs (Figure A.2). A sharp increase in resonant frequency has been
observed around ~ 325 sec, thereby indicating elastic loading (Figure A.2). Sharp rise in
resonant frequency has been observed around ~ 50, 325 and 550 secs in air for a data
sampling rate of 0.8 Hz (Figure A.3) which gives the indication of dominance of elastic
loading over mass loading. For the same sampling rate in PBS, nothing significant was
observed in terms of resonant frequency variation (Figure A.3). Decrease and increase in
resonance frequencies were observed around ~ 2800 and 3200 secs for 0.13 Hz sampling
rate in air. Sharp rise in resonant frequency was observed around ~ 3500 secs for the same

sampling rate in PBS (Figure A.4).
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Figure A.1. Variation of resonant frequency shift with time for continuous frequency sweep
in air at 1.25 Hz sampling rate employing SDR network analyzer
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Figure A.2. Variation of resonant frequency shift with time for continuous frequency sweep

in PBS at 1.25 Hz sampling rate employing SDR network analyzer
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Figure A.3. Variation of resonant frequency with time for continuous frequency sweep in air

and PBS at 0.8 Hz sampling rate employing SDR network analyzer
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Figure A.4. Variation of resonant frequency with time for continuous frequency sweep in air

and PBS at 0.13 Hz sampling rate employing SDR network analyzer
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The resonant frequency of the thiol functionalized QCR was estimated before application of
continuous fixed frequency drives and the QCR was connected to a custom made network
analyzer (Section 4.2.1). The QCR underwent subsequent fixed frequency scans around
resonance for 2147, 268, 34, 20, 10 and 5 seconds in air corresponding to data acquisition
rates of 1, 7, 60, 477, 3816 and 30518 Hz respectively. The QCR was also touched for
numerous occasions for less than a second during each of the continuous FFDs. After that,
PBS buffer was deposited on top of the QCR using a micro pipette in such a way that there
is no void space above the crystal surface. For most of the cases, rise in resonant frequency
is observed in air and PBS medium, thereby indicating dominance of elastic loading over
inertial loading. For 1 Hz sampling rate in air, decrease in resonant frequency was observed
till 1000 secs and beyond that, a gradual increase in resonant frequency was observed.
Similar phenomenon was observed for a FFD taken in PBS at the same sampling rate
around ~ 1600 sec. Such observations indicated that elastic loading was dominant during
the later part of the fixed frequency scan (Figure A.5). Frequent sharp rise in resonance
frequencies were observed both in air and PBS for other sampling rates including 7, 60, 477,

3816 and 30518 Hz, thereby giving indication of elastic loading (Figures A.6 & A.7).
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Figure A.5. Variation of resonant frequency with time for continuous FFD in air and PBS at 1

Hz sampling rate using customized network analyzer
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Figure A.6. Variation of resonant frequency with time for continuous FFD in air and PBS at 7

Hz sampling rate using customized network analyzer
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Figure A.7. Variation of resonant frequency with time for continuous FFD in air and PBS at
60, 477, 3816 and 30528 Hz sampling rates using customized network analyzer

A.5 Continuous mode FFD and FS experiments for streptavidin

detection

14.3 MHz QCRs were cleaned and functionalized with self-assembled mono layer of thiols in
the same way as reported during intermittent mode experiments (Sections 4.3.2 & 4.3.3).
Continuous frequency sweeps at different sampling rates (0.13, 0.8 and 1.25 Hz) and fixed
frequency drive (FFD) around PBS resonant frequency at a data acquisition rate of 7 Hz
were performed separately using VNWA-3E and custom made network analyzers
respectively for 30 min. 2 uL of streptavidin was spiked in PBS buffer after 15 minutes of
PBS flow in order to achieve a final concentration of 2.5 ug/mL. Resonant frequency shifts
obtained from continuous frequency sweeps for sampling rates of 0.13, 0.8 and 1.25 Hz
were -135, -142 and -89 Hz respectively. -170 Hz was observed in case of continuous FFD
(Figure A.8). Continuous frequency sweep data corresponding to a sampling rate of 1.25 Hz
was extremely noisy. The change in relative dissipation (Figure A.9) on account of

streptavidin binding were negligible for continuous mode experiments
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Figure A.8. Variation of resonant frequency shift with time pertaining to streptavidin binding
experiments for continuous FFD and FS methods
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Figure A.9. Variation of relative dissipation with time pertaining to streptavidin binding
experiments for continuous FFD and FS methods

A.6 Continuous mode FFD experiments involving higE detection

14.3 MHz QCRs were immobilised with biotinylated anti-hlgE aptamer as per the protocol
mentioned in Section 6.2.2. PBS buffer was flowed over anti-hlgE aptamer immobilised QCR
(at 40 uL/min) for 50 min. After that, fixed frequency drive at 0.5 V driving voltage was taken
for 60 minutes duration. Natural hige was spiked in PBS buffer after 30 minutes of buffer
flow in order to achieve the desired final concentrations. Negative control experiments were
carried out separately by flowing PBS buffer and 21.06 nM higG over the biotinylated anti-
higE aptamer surface. Continuous FFD was operated at a data acquisition rate of 7 Hz.
Maximum resonant frequency shift obtained from 30 minutes of injection of 2.63, 5.26, 10.53
and 21.06 nM higE were nearly -50, -101, -168 and -316 Hz (Figure A.10) respectively.
There was hardly any change in relative dissipation due to binding of higE with anti-higE

aptamer (Figure A.11) from the continuous FFD experiments.
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Figure A.11. Relative dissipation shifts involving hlgE binding using continuous FFD

A.7 Continuous FFD and FS experiments for C6-HSL detection

14.3 MHz QCRs were immobilised with anti-C6-HSL nano MIPs wusing the protocol
mentioned in Section 5.3.5. PBS buffer was injected over immobilised QCR (at 40 pL/min)
for 50 min. Fixed frequency drive (FFD) at 0.5 V driving voltage was then taken for 60 min
duration. Required volume of C6-HSL was spiked in PBS buffer after 30 minutes of PBS flow
in order to achieve the desired final concentration. Continuous FFD was operated at a data
acquisition rate of 7 Hz. Maximum resonant frequency shift obtained from 30 minutes of
injection of 2.5 and 25 uM C6-HSL were nearly -19.8 and -410 Hz (Figure A.12) respectively.
Similar experiment involving continuous frequency sweeps at 0.8 Hz sampling rate were
conducted for 25 uM C6-HSL using SDR network analyser. A resonant frequency shift of -

46.6 Hz was obtained from continuous frequency sweep experiment (Figure A.13).
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Figure A.12. Resonant frequency shifts involving C6-HSL binding using continuous FFD
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Figure A.13. Resonant frequency shifts involving C6-HSL binding using continuous FS

A.8 Cleaning protocol of mesa QCR

Cleaning of high fundamental frequency QCR (50 MHZz) includes the following steps:

1)
2)
3)
4)
5)
6)
7

QCR is rinsed with milliQ water.

QCR is rinsed with ethanol.

QCR is dried with nitrogen gas after rinsing with ethanol.
QCR is cleaned using argon plasma for 45 seconds.
QCR is rinsed with milliQ water.

QCR is rinsed with ethanol.

QCR is dried with nitrogen gas after rinsing with ethanol.

A.9 Derivation of quality factor and half resonance bandwidth for

liquid loading of a QCR surface

The governing equation for shear motion of the liquid film in contact with a vibrating quartz

crystal in terms of displacement ® from the QCR surface and time 0 is given by

-— " — T
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where — and” are the absolute viscosity and density of the liquid and w is the centre of
mass velocity of the liquid. The trial solution for centre of mass velocity & is given by the

following expression.

o Q7 (A.27)

where] is the unperturbed angular resonant frequency of a QCR at its n™ mode of

vibration.

Using Eq. A.26 and Eq. A.27 and solving for ¢, we get

Using Eq. A.27 and Eq. A.28, the real part of @ can be written as follows.
odd TAT 671 o (A.29)

where]| — is the penetration depth of the bulk acoustic wave.

Force acting per unit area "O0 on the liquid at the QCR surafce is given by the following

expression.

"Oudd s - — —— Al1606 OBl (A.30)

Average power (0 Oufng) n oouft)go n due to liquid motion at the surafce of a
QCR is written as follows

—— A1160 OB1T o6 Ai1006 Q6 — (A.31)

Ca
|

Energy dissipated from the surface during one cycle of oscillation is given by

: ﬁ —
o — = (A.32)
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where’Q £ £Q is the unperturbed QCR resonant frequency at n™ mode of vibration

and "Qis the fundamental resonant frequency of a QCR. The thickness of the quartz 0

can be written as follows

O — — — (A.33)

where @ is the speed of the shear wave through the quartz substrate and * and” are the

shear modulus and density of the quartz. Considering the velocity profile of the acoustic
waveas®w OE¥+ and Eq. A.33, the total energy 'O stored by the quartz per unit area

is given by

0O — w—- — (A.34)

Using Eg. A.32 and E. A.34, the quality factor for liquid loading of one surafce of a QCR at
its "™ mode of vibration is therefore given by

o — - — (A.35)

The expression of half resonance bandwidth for a liquid loading ¢y using Eq. A.35 can be

expressed as follows.
O — Q — (A.36)
The table below depicts the theoretical values of quality factor and half resonance bandwidth

for different QCRs. The parameters of the quartz and DI water have been taken from Section
4.4.4 for calculation of quality factor and half resonance bandwidth.
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QCR and its mode of Quality factor in DI water Half resonance bandwidth

vibration (kHz) in DI water
5 MHz (fundamental) 3700.43 0.68
14.3 MHz (fundamental) 2188.11 3.27
42.9 MHz (3" overtone of 3789.92 5.66

14.3 MHz QCR)

19.5 MHz (fundamental) 1873.79 5.2

136.5 MHz (7" overtone 4957.58 13.76
mode of 19.5 MHz)

Table A.2. Theoretical quality factor and half resonance bandwidth for different QCRs and
its mode of vibration

A.10 Location of spurious modes for 14.3 MHz QCR under liquid
loading

Conductance of 5 different 14.3 MHz QCRs were calculated under DI water loading from
frequency sweeps performed at fundamental and 3™ overtone modes. Frequency sweeps
were taken for a span of 4MHz in order to locate the spurious modes at the above

mentioned modes of vibration. The distance of the peak of the resonance mode from the
peak of the nearest satellite mode has been tabulated below.
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Peak to peak distance (kHz) for DI water loading
14.3 MHz QCR Fundamental mode 3 overtone mode
QCR-1 79.62 45.69
QCR-2 79.78 43.69
QCR-3 79.05 45.61
QCR-4 76.57 44.97
QCR-5 80.82 47.16

Table A.3. Location of satellite modes for fundamental and 3™ overtone modes of vibration

for a 14.3 MHz QCR

5 4
@
£ 4-
[<}]
(2]
c
S 3-
Q
=
T
c
o 24
(&}
1 -
B

Fundamental frequency sweep in DI water

Resonance mode

14.3 MHz QCR-1
14.3 MHz QCR-2
14.3 MHz QCR-3
14.3 MHz QCR-4
14.3 MHz QCR-5

Spurious modes

T
14.3

T
14.4

Frequency (MHz)

Figure A.14. Variation of conductance with frequency during a frequency sweep taken at a
fundamental mode of 14.3 MHz QCRs
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3rd overtone frequency sweep in DI water

3.0+
Resonance mode
14.3 MHz QCR-1
14.3 MHz QCR-2
a‘ 2.5 14.3 MHz QCR-3
13 14.3 MHz QCR-4
8 14.3 MHz QCR-5
c
8 204
g Spurious mode
©
c
[=]
© 454
1.0

T y T v T T
42.7 42.8 42.9 43.0 43.1

Frequency (MHz)

Figure A.15. Variation of conductance with frequency during a frequency sweep taken at a
3" overtone mode mode of 14.3 MHz QCRs
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Appendix B

List of Publications

Most of the work presented in this dissertation has been submitted for publications in the

following journals and conferences.

B.1 Journal Papers

1.

2.

3.

A. Guha, N. Sandstrém, V. P. Ostanin, W. V. D Wijngaart, D. Klenerman, S. K.
Ghosh, “Simple and ultrafast resonant frequency and dissipation shift measurements
using a fixed frequency drive,” Sensors and Actuators B: Chemical, 2018 (Accepted

for publication).

A. Guha, O. S. Ahmad, N. Sandstrom, V. P. Ostanin, W. V. D Wijngaart, D.
Klenerman, S. K. Ghosh, “Real-time and label-free acoustic detection of quorum
sensing signaling molecules using a fixed frequency drive” Analytical Chemistry,
2018 (Under co-author review).

A. Guha, N. Sandstrém, V. P. Ostanin, W. V. D Wijngaart, D. Klenerman, S. K.
Ghosh, “Application of fixed frequency drive method for rapid and direct detection of

human IgE” Sensors, 2018 (Under co-author review).

B.2 Conference Proceedings

1.

2.

A. Guha, N. Sandstrém, V. P. Ostanin, W. V. D Wijngaart, D. Klenerman, S. K.
Ghosh, “Measurement of resonant frequency of a quartz crystal oscillator with
immensely improved time resolution using a fixed frequency drive”, 19" International
Conference on Biosensors and Bioelectronics, 21-22 August 2017, London, UK (Oral
presentation).

A. Guha, N. Sandstrém, V. P. Ostanin, W. V. D Wijngaart, D. Klenerman, S. K.
Ghosh, “Measurement of protein binding with vastly improved time resolution using a
quartz crystal microbalance driven at a fixed frequency”, 5" International Conference
on Biosensing Technology, 7-10 May 2017, Riva Del Garda, Italy (Poster
presentation).
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