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ABSTRACT

The reliable use of Micro-Electro-Mechanical-Systems (MEMS) for biological applica-
tions, generally termed as Bio-MEMS, is one of the fastest growing fields today. Research
in this field has attracted much attention and commercialization of reliable point of care
sensors have also been successfully accomplished. For accurate diagnosis of a disease, the
biomarker needs to be detected in very low concentrations. Hepatitis B surface antigen
(HBsAg) is one such biomarker that can be used to efficiently detect Hepatitis B, which
is one of the major diseases in need of improvement in its detection methods. It causes
the inflammation of liver called cirrhosis or hepatocellular carcinoma which ultimately

leads to death.

The method most commonly used in diagnostic centres for HBsAg detection is chemilu-
minescence immunoassay, with a detection limit as low as 0.05 ng/ml. However, there
is a possibility of shift in the trend of the detection method used, with research on
mass-sensitive sensors gaining ground. Of the various mass-sensitive label-free sensors
developed, the surface acoustic wave (SAW) based sensors have shown great promise in
the recent years for detection of biomolecules. Numerous advantages are offered by SAW
sensors, of which portability, availability of multiplexed detection and electrical readout

are a few.

In this work, we present a SAW-based dual delay line immuno-biosensor for successful
in vitro detection of HBsAg. The device works in dual delay line configuration, with
one delay line used for the measurement of the sample and the other for reference. As
such, the effect of common factors like noise and humidity on the output characteristic
of the system is avoided. The reason for choosing a delay line configuration is that the
space between the input and output electrodes can be used as the sensing area. The
work is based on numerical simulation of the device using a finite element analysis tool,
and its design and fabrication for optimum performance. Devices with three different
interdigitated electrode widths are fabricated on two different piezoelectric substrates.
The recombinant antibody used for the capture of the target biomolecule, Hepatitis B
Surface Antigen is produced. The immobilization of the antibody to the sensing surface
is achieved using a linker molecule. Samples of HBsAg of varying concentrations (0.0818

IU/ml to 818000 IU/ml) were used for measurements, whereby the detection of HBsAg
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in the sample was confirmed by the change in So; parameter of the system in real-
time whenever the antigen-antibody reaction took place on the system platform. The
sensitivity and selectivity of our proposed piezoelectric device are remarkable for liquid
medium detection. A limit of detection, as low as 0.139 IU/ml is achieved. Also, a
comparison has been made among the six devices, and a label-free detection method has

been proposed.
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Chapter 1

Introduction and Literature Survey

1.1 Introduction

THE past few decades have witnessed vast advancements in electronic devices for
use in the field of biosensing. With rapid advancements in sensor technology, efficient
detection of diseases like diabetes and cancer has become possible. Although high sensi-
tivity has been achieved for detecting certain diseases owing to extensive research, there
are quite a few diseases that still require attention in terms of fast and reliable detec-
tion. For this purpose, a lot of researchers are looking into efficient ways for the use
of different types of electronic devices as biosensors. Out of many such devices, mass
sensitive devices like microcantilevers and surface-acoustic wave (SAW) based devices
are gaining ground. SAW sensors are sensitive to both mass and elastic constants. They
are shown to be extremely useful for the analysis of both small and large molecules as
well as whole cells interacting with an immobilized binding molecule. The output signal
gives information about the pure mass loading, intrinsic properties of bound materials,
or viscoelastic effects like structural rearrangements. In this thesis, we will look into the
prospects of using a SAW device for the detection of a clinical biomolecule: hepatitis B
surface antigen (HBsAg).

This thesis highlights the attempt that has been made to develop a point of care surface

1
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acoustic wave device using a recombinant antibody for hepatitis detection. It can be
used as an alternative to chemiluminiscense assays, which are conventionally employed
for such detection. The disadvantages of the conventionally used assays are that they are
costly, time-consuming and require a lot of expertise in handling. Moreover, they cannot
be used as point of care diagnostic devices, which enable quick detection. Employing
electronic systems for disease detection could open new avenues for future applications
not only for Hepatitis B, but numerous other diseases which are in need of early detection.
Rapid diagnostics and point of care systems is what can contribute to the advancement
of detection methods for early diagnosis of numerous diseases, and the current work has

widespread application potential in this field.

1.2 Literature Survey

1.2.1 Hepatitis B

There are a large number of diseases which require urgent attention in terms of easy and
fast detection methods. One such disease is Hepatitis B, which is in need of improvement
in its detection methods. It causes the inflammation of the liver, and the patient even-
tually develops cirrhosis, end-stage liver disease or hepatocellular carcinoma, leading to
death [1] . Hepatitis B virus (HBV) has infected more than 300 million people worldwide
and over 2,50,000 people die annually [2]. HBV is a DNA virus, which is a member of

the Hepadnaviridae family [3], and its structure is shown in Figure 1.1.

Serological and virological markers of HBV infection include hepatitis B surface antigen
(HBsAg), Antibody to surface antigen (Anti-HBs), Antibody to hepatitis B core antigen,
Anti-HBcAg(IgM), Antibody to hepatitis B core antigen, Anti-HBcAg(IgG), hepatitis B
e antigen (HBeAg), Antibody to e antigen (Anti-HBe) and HBV DNA [4, 5|. Symptoms
of hepatitis B can be nausea, abdominal pain, vomiting, fever, jaundice, dark urine and

changes in stool colour [3].

HBsAg is the surface antigen of the HBV and the first marker to appear in the serum

following infection. It is present on the envelope protein of HBV virion [4|. It has
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E antigen (HBeAg)

«—Surface antigen (HBsAg)
Genomic DNA

Core antigen (HBcAg)

Lipid bilayer membrane

FIGURE 1.1: Structure of Hepatitis B virus (HBV)

been reported that HBsAg carriers have manifold increased chances of developing PHC
(Primary Hepatocellular Carcinoma) than HBsAg negative individuals occupying the
same geographical region [6]. In many cases, the immune system of the person affected
with HBV clears off HBsAg completely from the body. Only in some patients, it develops
into a chronic infection. Usually, a serum sample from the patient is used for detection.
If detection is negative, HBV infection is ruled out. But if positive, the patient is infected
with HBV. A repeat test after six months determines if the infection has resolved or is
chronic. The detection period for HBsAg in the serum is different for acute and chronic
infections. For acute infection, HBsAg can be detectable between 2 to 12 weeks, while

the presence of HBsAg for more than six months indicates the chronic infection [1, 2, 4].

1.2.2 Current Methods for detection of HBsAg

The traditional methods adopted by diagnostic centres for HBsAg detection include
chemiluminescence immunoassay, electrochemical immunoassay, polymerase chain reac-
tion, enzyme-linked immunosorbent assays (ELISA) and PCR assays. These methods
are both time-consuming and expensive.

All immunoassays use the specific antigen-antibody interaction for analytic purposes.

Chemiluminescent immunoassay is a technique in which the label, or indicator, of the
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antigen-antibody interaction, is a luminescent molecule. This molecule may be lu-
minophore markers or enzyme markers. The electrochemical assay uses the same prin-
ciple of antigen-antibody interaction, but it is a solid phase system, with the antigen-
antibody reaction and electrochemical detection occurring in the same device. ELISA|
a very reliable immunoassay, uses various antigen-antibody combinations. It always
includes an enzyme-labeled antigen or antibody, and enzyme activity is measured colori-
metrically by using a substrate that changes color when modified by the enzyme. The
light absorption of the product formed after substrate addition is measured. PCR, assays,
when used for immunosensing, involves the specificity of an ELISA with signal amplifi-
cation of polymerase chain reaction.

The method most commonly used for HBsAg detection is chemiluminescence immunoas-
say, with a detection limit as low as 0.05 IU/ml [7]. Both antigen and antibody-based
assays are used for the diagnosis of HBV infection [8-14]. Attempts to detect HBsAg
with novel techniques have been tried by a lot of researchers. In 2005, Valanne et al. [§]
developed a fluorescent nanoparticle label-based rapid and sensitive HBsAg immunoas-
say. An immunochromatographic assay for the detection of hepatitis B surface antigen
(HBsAg) was developed using Fe30,4 nanoparticles as signal materials by Oh et al. [14]
in 2014. A rapid diagnostic test (RDT) based on an immunochromatographic test devel-
oped by Chevaliez et al. [15] in 2014 also showed remarkable results. Such outstanding
developments in research led way to the availability of a large number of commercially

available kits for detection of HBsAg, which are shown in Table 1.1.

TABLE 1.1: Commercial kits available for HBsAg detection

Name of the kit Principle of Limit of Single use/ Ref
(Manufacturer) detection detection Multiple use
Advia Centaur Magnetic microparticle  0.12 ng/ml Multiple [16]
HBsAg (Bayer) enzyme immunoassay
Monolisa HBsAg Direct sandwich 0.08 ng/ml Multiple [17]
Ultra (Bio-Rad) chemiluminescence
immunoassay

Continued on next page
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Table 1.1 — continued from previous page

Name of the kit Principle of Limit of Single use/ Ref
(Manufacturer) detection detection Multiple use
Liaison HBsAg Direct sandwich 0.050 Multiple [18]
(Dia-Sorin) chemiluminescence IU/mL
immunoassay
Vikia HBsAg Enzyme immunoassay ~ 0.09 ng/ml Single [19]
Ultra
(bioMe “rieux)
AxSYM HBsAg Enzyme immunoassay  0.16 ng/ml Multiple [20]
V2 (Abbott)
ICT-CLEIA Semiautomated 0.2 Multiple [21]
immune complex mIU/mL
transfer
chemiluminescence
enzyme immunoassay
Architect HBsAg Chemiluminescent 0.130 Multiple [22]
QT assay microparticle IU/mL
(Abbott) immunoassay (CMIA)
Advanced Quality Colloidal gold enhanced  0.5ng/ml Single [23]
One Step HBsAg immunochromato-
Test (InTec) graphic
assay
CobasAmpliprep/ Molecular techniques ~ 6.25 IU/mL Single [24]
CobasTagMan
assay (Cobas)
Determine In vitro qualitative 95.16% Single [25]
(Abott) immunoassay
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1.2.3 Mass-sensitive Sensors

Although the use of chemical and optical methods have continued for a long time now,
there is a possibility of shift in the trend of the detection method used as research on
mass-sensitive sensors is gaining ground and favourable results have been obtained [9-
12]. Dominant among the mass sensitive sensors are cantilevers and surface acoustic
wave (SAW) based sensors. To highlight the major developments in this field, a few hon-
ourable mentions can be made from the historical background of mass-sensitive sensors.
Cantilevers were used by Moulin et al. [26] in 2000 to differentiate lipoproteins and their
oxidised form by measuring the surface stress involved. The use of affinity cantilevers
for applications related to cardiac diagnostics by Rao et al. [27] in 2007 was another
groundbreaking work in this field. By 2012, diverse applications like detection of E. coli,
B. anthracis, B. subtilis, Human Anti-IgG, streptavidin, egg albumin, BSA and HBV
DNA were accomplished [28]. Various geometry optimisations and integrations with
other technologies were also done to improve the efficiency of microcantilevers [29-31],
but it still faced issues related to selectivity. The other mass-sensitive sensor that came
to the forefront was the SAW device. Long after Lord Rayleigh proved in 1885 that me-
chanical waves similar to water waves travel on the surface of a solid, devices supporting
these acoustic waves came to be used for sensing applications since the late 20th century.
The applications of SAW sensors vary from chemical analysis, film detection, gas sensor,

pressure sensor and temperature sensor [32-35].

1.2.4 Surface Acoustic Wave Devices

In this section, we summarize the basics of piezoelectricity, SAW generation, interdigi-

tated transducers and types of SAW devices.

Piezoelectricity

The term "Piezoelectricity" is derived from the Greek word "piezo", which means pres-
sure, thus referring to electricity generated by means of pressure. The name was first

proposed by Hankel in 1881, while the phenomenon was discovered by Pierre and Jacques
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Curie in 1880 [36]. Piezoelectric crystal consists of dipoles arranged in a particular fash-
ion, where the centre of gravities of both the positive and negative charges are located
and neutralized at the same point. When an external force is exerted on the crystal
surface, the center of gravities shift due to the applied force, and it results in the devel-

opment of charges along the surface [37], as shown in Figure 1.2. The reverse effect is

Mechanical stress

F T+

Piezoelectric material

IMechanicaI stress

&

FIGURE 1.2: Transformation of mechanical stress into electrical energy

called converse piezoelectricity. When a voltage is applied to the surface of a piezoelec-
tric material, deformation of the material, either compression or elongation occurs. The
polarity of the voltage signal determines whether the material becomes compressed or

elongated.

Surface Acoustic Wave and its Generation

Surface acoustic waves are elastic waves that travel along the surface of the piezoelectric
substrate, typically within 1-2 wavelengths from the surface, and is sensitive to any mod-
ifications on its path of propagation. Anisotropic substrates like lithium niobate, lithium
tantalate, quartz and langasite are the commonly used substrates for SAW generation.
Parameters like crystal orientation, SAW velocity (v), coupling coefficient (k2), permit-
tivity and temperature coefficient of delay (TCD) determine the generation of SAW in
these substrates [38]. Table 1.2 below lists the properties of commonly used substrates

138].
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TABLE 1.2: Table for comparison of piezoelectric substrates for SAW generation

Material SAW Velocity Av/v TCD

(m/s) (%) (ppm/°C)
LiNbO3,Y-Z 3488 2.4 94
LiNbO3, 128°Y-X 3979 2.7 75
Quartz, SiOg, ST-X (42.75°Y-X) 3159 0.06 0
LiTaOg X-112°Y 3300 0.35 18
LiNbO3, 64°Y-X 4742 5.5 80
LiNbO3, 41°Y-X 4792 8.5 80
LiTaOs, 36°Y-X 4112 24 32
Si0s/LiNbO3, 128°Y-X 3990 3 0

In 1885, Lord Rayleigh put forward the theory that mechanical waves similar to water
waves travel on the surface of a solid and these waves came to be known as Rayleigh
waves [38]. There are two types of acoustic waves that exist based on how particles move

respective to their equilibrium position [39]:

1. Longitudinal wave, in which the displacement is parallel to the propagation direc-

tion.

2. Shear wave, where particles move orthogonally to the direction of propagation.
Shear waves can again be classified into two, shear vertical (SV) wave and shear

horizontal (SH) wave.

Interdigitated Transducer (IDT)

The heart of a SAW device is the interdigitated transducer, or IDT. White and Voltmer
in 1965 proposed the idea of the first IDT, which went on to revolutionize the applications
of SAW devices. An IDT is nothing but a pair of comb structures arranged in alternating

fashion, which acts as the port for the generation and detection of SAW [38].
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FIGURE 1.3: Structure of IDT

Application of a continuous periodic voltage to the IDT generates surface perturbations
due to the converse piezoelectric effect, and are enhanced by the consecutive pair of elec-
trodes, thus launching a surface wave perpendicular to IDT structure. IDT is generally
bidirectional, i.e., it generates the surface wave of equal amplitude in both the directions

and its efficiency is maximized when the input and output IDTs are electrically matched.

Based on the application, the IDT structure can be modified to obtain different devices
such as band pass filters, resonator, oscillator, sensor, etc [37]. SAW devices generate
and detect acoustic waves by the transduction of electrical energy to mechanical energy

via the IDTs fabricated on the surface of a piezoelectric material.

Types of SAW Devices

SAW devices can be broadly classified into two types:

1. Resonators: The resonators are either one-port or two-port devices, having either
one or two IDTs deposited on a piezoelectric substrate, between a pair of reflec-
tion gratings, as shown in Figure 1.4 [37]. In a resonator, the acoustic waves are
launched within a resonant cavity, thus causing the signal to be reflected back to

the generating IDTs.

2. Delay Lines: Delay-lines are two-port devices. It consists of two IDTs, one that
generates the wave by converting the applied electrical signal to an acoustic wave,
and the other that detects the wave and converts it back to an electrical signal. The

space between the IDTs, across which the surface acoustic wave will propagate, is
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Reflector Reflector Reflector Reflector

Y Y

Input/Output IDT Input IDT Output IDT

(a) (B)

FIGURE 1.4: (A) One-port, and (B) Two-port SAW resonator

known as the delay line. The schematic of a delay line configuration of the SAW

device is shown in Fig.1.5

O) ©

Input IDT Output IDT

FIGURE 1.5: SAW delay line

1.2.5 Surface Acoustic Wave (SAW) Sensors

As discussed in the previous section, SAW devices use piezoelectric materials to generate
an acoustic wave. Coupling to any medium contacting the surface strongly affects the
velocity and/or amplitude of the wave [38|. The factors affecting the increase in sensitiv-
ity of the sensor are the substrate material, velocity of SAW, the transducer geometry,
surface modifications and the presence or absence of a guiding layer. Confinement of the
wave’s energy near the surface makes them sensitive to surface changes and perturba-
tions, thus making them ideal for sensing applications [39]. The earliest uses of SAW
devices as sensors were to detect changes in pressure and temperature [40-42]. Wohltjen
was one of the pioneers in this field, reporting the use of SAW sensors for gas sensing.
After this, Rayleigh SAW devices have been used in numerous sensing applications, as

varied as dew-point sensing, humidity sensing and chemical vapour sensing [43-47]. In
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1983, Roerderer et al. did immunosensing in liquids to detect the binding of goat anti-
human IgG and human IgG using a Rayleigh SAW wave [48]. But they suggested that
Rayleigh waves are not suitable for liquid sensing as it showed poor sensitivity and limit
of detection. As applications like bio-sensing typically require detection in a liquid en-
vironment, it is here that Shear Horizontal Surface Acoustic Wave generating substrates
came into play. The use of SAW devices for biosensing purposes is discussed in detail in

the next section.

1.2.6 Surface Acoustic Wave (SAW) Biosensors

Biosensors are a result of the multidisciplinary adventure between physics, biochemistry,
surface chemistry, materials science and electronics. It is one of the fastest-growing and
most impactful fields in global scientific research. One of the hallmark features of this
field is early detection, which remains the holy grail in the fight against medical di-
agnostics. Recent advances in medical diagnostics require the development of platforms
capable of early detection of disease-causing agents. Hence, the need of the hour is point-
of-care (POC) devices that can mimic the in-vivo situations on in-vitro platforms. SAW
biosensors allow the label-free detection of an antigen in real-time by monitoring changes
in frequency and amplitude of a wave that results from changes in the physiochemical
properties (mass density, temperature, viscosity, pH, etc.) in the area where sensing
takes place. Acoustic wave bio-sensing by direct analyte detection was done using quartz
crystal microbalances (QCMs) as early as 1988 [49]. However, these devices were oper-
ated at frequencies as low as 50 MHz. By Saurbrey’s equation [49], this in turn meant low
sensitivity. Hence, to increase sensor sensitivity, attempts were made to increase the op-
erating frequency. Focus then shifted to Acoustic Plate Mode (APM) sensors that relied
on the transmission of bulk waves to operate in a liquid environment [43]. More advance-
ments in the field of acoustic devices led to SAW resonators and delay lines to be used for
detection of microorganisms and pathogens for use in medicine, food safety and environ-
mental monitoring [50-81|. In particular, SAW sensors have been used to detect bacteria
[55, 80], DNA [65, 79|, viruses [81] and cancer biomarkers. In 1997, Harding et al. [82]
utilized a love wave acoustic device to monitor antigen-antibody interactions in aqueous

environments. The love wave sensor was robust, reliable and reusable. Another biosensor
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designed by Jun Kondoh et al. [77] had an urease membrane immobilised on the surface
to detect any pH change associated with enzyme reaction. In 2003, Kourosh Kalantar-
Zadeh et.al. [78] developed a novel Love mode surface acoustic wave based immunosensor
based on ZnO/90° rotated ST-cut quartz crystal structures and it was possible to detect
IgG concentrations as low as 500 pg/ml. Darren W. Branch et al. [55], in 2004, achieved
detection of a Bacillus anthracis simulant using love-wave biosensors on 36°YX LiTaOs.
Their work demonstrated that Love-wave biosensors are promising for low-level detection
for whole-cell biological pathogens. In the same year, Marc D. Schlensog et al. [55] de-
signed a biosensor array by coupling aptamers to the surface of a SAW sensor chip, that
demonstrated the versatile applicability of the sensor by immobilizing single-stranded
DNA (ssDNA) for the detection of the corresponding counter-strand. In 2009, Dae-Sik
Lee et al. [66] fabricated a SAW-based immunosensing device, that employed biospecific
interaction between a 6-(2,4-dinitrophenyl) aminohexanoic acid (DNP) antigen and its
antibody, demonstrating the shifts of resonant frequencies on SAW immunosensing de-
vice. In 2012, Lothar Schmid et al. [83] demonstrated a novel SAW-driven closed PDMS
flow chamber driven by surface acoustic waves. It successfully pumped a red blood cell
suspension at a physiological rate of 60 beats/min. F. Di Pietrantonio et al. [84] in 2013
presented an array of biosensors for vapour phase detection of odorant molecules based on
surface acoustic wave (SAW) resonators coated with odorant-binding proteins (OBPs).
The sensing capabilities of three different OBPs, as sensitive layers for SAW devices, are
studied and compared. Another major application of SAW sensors in biosensing was
seen when in 2015, Marina Cole et al. [85] designed a novel two-port resonator-based
shear-horizontal surface acoustic wave (SH-SAW) sensor, with which they achieved the
successful identification of six different tastes: saltiness, sweetness, sourness, bitterness,
umami and metallic tastes. In 2016, Young Wook Kim et al. [86] achieved the detection
of biofilms using a SAW sensor that monitors the total biomass by measuring the reso-
nant frequency of the system. Other novel approaches in SAW device geometry has been
achieved by researchers, utilisation of microcavities to minimise insertion loss [87-93]

and integration with microfluidics [94-99] being some of them.
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1.2.7 SAW Sensors Employing Shear Horizontal Waves

Shear Horizontal-SAW (SH-SAW) devices provide an attractive platform for the design
of biosensors that operate in a liquid medium. As SH-SAW devices yield shear horizontal
surface waves instead of the Rayleigh waves, hence these devices operate more efficiently
in liquid media, where propagation at the solid/liquid interface can be achieved with
minimal energy losses. The reason Rayleigh waves are unsuitable for liquid sensing is
that its longitudinal component generates a compression wave which releases energy
into the fluid, consequently causing a loss of energy. In order to successfully conduct
sensing in liquids, a piezoelectric material with the appropriate crystal cut that supports
SH-SAWs must be selected. Of the materials listed in Table 1.2, 41°YX LiNbOj3 and
36°YX LiTaOj3 are suitable for the generation of SH-SAW, and the wave propagates with

minimal attenuation when in contact with liquid.

PIEZOELECTRIC SUBSTRATE

SV WAVE . SH WAVE : X
EDGE VIEW TOP VIEW

FIGURE 1.6: Difference between SV and SH waves

The use of SH-SAW delay lines is found extensively in the field of biosensing. In 1993,
Jun Kondoh et al. [77] described a delay line biosensor to detect an enzyme reaction
in liquid using SH-SAW. Later, Y. Kwon et al. [100] detected protein molecules in
liquid solutions applying a particular antibody thin film on the delay line of transverse
SAW devices. In 2004, Eric Berkenpas et al. [57] reported an SH SAW delay line

designed and fabricated on langasite. The biotinylated sensor was exposed sequentially
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to biotin-binding deglycosylated avidin, biotin-modified rabbit IgG, and goat anti-rabbit
IgG antibody. As each protein was bound to the sensing surface, marked changes in
the delay line phase were recorded. The following year, the successful development of
an SH-SAW sensor for the detection of DNA hybridization was done by Youngjune Hur
et al. |79]. Taste sensors and sensors to detect whole E. coli bacteria were the next
successful use of SH-SAW delay lines for biological sensing [80, 101]. The year 2008 saw
further development in this field as M. Bisoffi et.al. [81] detected viral bioagents the
SAW biosensor was capable of selectively detecting SNV agents in complex solutions,
such as naturally occurring bodies of water without analyte pre-processing. Another
novel high sensitivity ZnO/SiOg/Si surface acoustic wave (SAW) biosensor working in
delay line configuration for the detection of interleukin-6 (IL-6) was reported by Soumya
Krishnamoorthy et al. [82] in 2008. Again, in 2016, F. Di Pietrantonio et al. [102]
achieved rapid and specific detection of D-serine, an amino acid that has an important
role in the regulation of N-methyl-d-aspartate (NMDA) signalling in the central nervous
system. It had more advantages respect to existing methods of detection and in terms
of speed and simplicity of analysis. Since the presence of negative control is essential for
measurements related to detection, a study was done into the possibility of dual delay
line devices to be used in our work. In 2005, J. Hechner et al. [103]| designed a SAW dual
delay line on 41°YX LiNbOg with an SiO9 protective layer and presented the results of
liquid viscosity and conductivity measurements. Najla Fourati et al. [65] in 2009 had
immobilized a 27-mer DNA-probes on the SH-SAW gold sensitive layer and subsequent
hybridization was investigated with 36-mer complementary DNA-targets. Apart from

these, SAW dual delay lines have also been used for gas as well as humidity sensing.

From this section, we can conclude that SAW sensors are sensitive to both mass and elas-
tic constants. They are shown to be extremely useful for the analysis of both small and
large molecules as well as whole cells interacting with an immobilized binding molecule.
The output signal gives information about the pure mass loading, intrinsic properties of
bound materials, or viscoelastic effects like structural rearrangements. The technology
of SAW devices is compatible with planar integrated circuit technology, and hence have
a promising future in the field of biosensors. Table 1.3 compares the currently existing

biosensors based on SAW devices.
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FIGURE 1.7: Schematic of SAW Dual delay line

TABLE 1.3: Table for comparison of existing biosensors based on SAW devices

Type of SAW Substrate Target Operating LoD Ref
Sensor material Frequency
(MHz)
Love Wave ST-cut Anti-sheep 110 380 cm?g 1 [76]
Immunosensor ; quartz IgG

Dual delay line

SH-SAW ; Delay line 36°YX Urea (pH 50.8 3 nM [77]
LiTaO3 change)
Guided SH-SAW, 36°YX Organic 103 20 pg/mm?  [53]
Dual delay line LiTaO3 compounds
Love mode ZnO layer Anti-rat 89 500 pg/ml  |78]
immunosensor; over ST-cut IgG
Delay line quartz
Love-wave biosensor;  36°YX cut Bacillus 103 1.0-2.0 [55]
Delay-line LiTaO3 anthracis ng/cm?
Love-wave biosensor ST-cut Human 142 75 pg/cm?  [56]
array quartz thrombin

Continued on next page
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Table 1.3 — continued from previous page
Type of SAW Substrate Target Operating LoD Ref
Sensor material Frequency
(MHz)
Pure SH-SAW LagGasSiO14 Rabbit IgG 92 25 nM [57]
Biosensor; Delay line (Langasite)
SH-SAW ; Dual 36°YX DNA 100 1.55 [79]
delay line LiTaO3 ng/ml/Hz
Love wave AT-cut E. coli 118 106 [80]
immunosensor; quartz bacteria bacteria/ml
Delay line
Love Wave ST-cut Anti-sheep 110 380 ecm?g 1 [76]
Immunosensor ; quartz IgG
Dual delay line
SH-SAW biosensor 36°YX Coxsackie 325 3.6 x 105 [81]
LiTaOg virus B4 viruses,/ pul
SH-SAW; Delay line ZnO thin  Interleukin- T47.7 0.165 fg/ml  [82]
films grown 6
on Si0O9
SH-SAW; Dual delay  36°YX cut DNA 104 6.3 Hz/ng  [65]
line LiTaOg
SAW immunosensor; Nanocrystalline 6-(2,4- 176 20 ng/ml  [66]
Delay line ZnO Film DNP)
on Si amino-
hexanoic
acid
Love wave Zn0/36°YX  Human 130 2 pg/ml [104]
immunosensor; cut LiTaOg immuno-
Delay line globulin G
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Table 1.3 — continued from previous page

Type of SAW Substrate Target Operating LoD Ref
Sensor material Frequency
(MHz)
SAW-driven 128°Y-Cut  Red blood 142 60 [83]
chamber; LiNbO3 cell beats/min
Microfluidic setup
Immunosensor array; Quartz Odorant- 392 9.2 Hz/ppm  [84]
SAW resonator (ST-cut) binding
proteins
SAW electronic 36°YX cut 6 different 434 0.1 M [85]
tongue LiTaO3 taste
solutions
SAW sensor using ZnO film E. coli 400 166 pg [86]

biofilm; Delay line

1.2.8 Functionalisation of Sensor Surface

Surface morphology can have a profound effect on acoustic wave propagation and sub-
sequently on sensor properties. Selectivity is a parameter that decides the performance
of a sensor. To achieve high selectivity, the device surface needs to be properly func-
tionalized for protein immobilization. There are numerous ways in which a sensor sur-
face can be functionalized. In 1992, Folker et al. [105] did a study on self-assembled
monolayers of alkanethiols on gold. They also discussed in detail the effect of short
and long-chain constituents. J.Spinke et al. [106] used sulfur-based molecules contain-
ing biotin and hydroxyl groups to create a wide variety of self-assembled monolayers
on gold surfaces. Surface plasmon resonance was used to study in situ the binding

of streptavidin to these monolayers from solution. The self-assembled monolayers al-

lowed a high degree of control over the surface properties. In 2002, Peng Jiang et.al.
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[107] studied in detail about the growth of monodispersed PbS nanoparticles on self-
assembled monolayers of 11-Mercaptoundecanoic Acid on Au(111) substrate. They sug-
gested that the arrangement of the PbS nanoparticles reflects the structure of the thiol
outer surface. Again, Tlili et al. [108] designed the steps of surface functionalization
to develop a robust biosensor based on quartz crystal microbalance technique for anti-
gen detection, thus establishing the fact that mass-based techniques could be used for
antigen detection. The gold electrode was functionalized with the self-assembled mono-
layer technique. The modified surface was activated with N-hydroxysuccinimide (NHS)
and 1-(3-(dimethylamino)propyl)-3-ethylcarbodimide hydrochloride (EDC) cross-linker
for antibody coupling. The non-specific sites were blocked with bovine serum albumin
molecules. Different concentrations of antigen could be detected with good reversibility
in real-time. J. Christopher Love et al. [109] in 2005 did an exclusive study and gave
important insights into the formation, patterning, functionalization and applications of
SAMs. In the same year, Francesca Cecchet et al. [110] investigated quantitatively the
mechanism of electron transfer (ET) through densely packed and well-ordered SAMs of
11-mercaptoundecanoic acid on gold. In 2007, E. Briand et al. [111] did a combined
FT-RAIRS, AFM and QCM investigation into the functionalisation of gold surfaces
with thiolate SAMs. One interesting finding of their work is that the lowest amount
of antibody was immobilised on the MUA-containing base layers but their bioefficiency
was better. In 2008, Dae Jung Kim et al. [112| devised a simple method for the re-
moval of thiols on gold surfaces using an NH4OH-H9O9-HoO solution. Zhengjian et
al. [113] in 2009 showed how 16-mercaptohexadecanoic acid (MHA) film and rat anti-
human IgG protein monolayer were fabricated on gold substrates using the SAM method.
The surface of the gold substrate was modified with a long carbon chain thiol, namely,
16-mercaptohexadecanoic acid (MHA), because sulfur-containing molecules (thiols, sul-
fides and disulfides) have a strong affinity for gold and interact with it, yielding an Au-S
bond. He again probed the specific interaction forces between Human IgG and Rat Anti-
Human IgG by SAM and Atomic Force Microscopy [114]. In 2011, Myungok Yoon et
al. [115] established that orientation of antibody was retained by protecting the antigen-
binding site of the antibody prior to immobilization to w-functionalized mixed SAM of

12-mercaptododecanoic acid and 1-heptanethiol. The number of immobilization bonds
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formed between each antigen-binding site protected antibody molecule and the solid sur-
face was controlled by optimizing the mole fraction of the activated carboxyl group of
the linker molecules in the mixed SAM. Another important study done by P. Bhadra et
al. [116] in 2015 looked into n-alkanethiol chain lengths on a gold-coated surface and
their effect on antibody-antigen binding efficiency. SAMs of different chain lengths of
n-alkanethiol were covalently immobilized on 1 cm X 1 cm gold-coated surfaces to form
well-packed monolayers. Alkanethiol with chain lengths, n = 2, 3 has less antibody im-
mobilized on SAM surface due to the loosely packed nature of SAM. Antigen estimation
revealed that antigen-binding efficiency greatly increased upto n = 11 SAM. Beyond n

= 11, no increase in antigen binding was observed.

1.2.9 Outcome of Literature Survey

1. Of the various diseases that are in need of urgent attention in terms of point of
care detection, Hepatitis B is one of the most prominent. To develop an efficient
immunobiosensor, Hepatitis B Surface Antigen (HBsAg) will be the target molecule

of choice.

2. To avoid the complexity of charge-based detection, the requirement was an in-vitro
platform that can mimic the in-vivo interactions between the target antigen and
its corresponding antibody. Hence, a mass-based sensor working in SAW delay line

configuration was used for detection.

3. The quality of detection in liquid medium is affected by insertion loss, which is
taken care of by shear-horizontal SAW. Hence the substrates chosen for SH-SAW

generation are 41°YX LiNbO3 and 36°YX LiTaOsg.

4. Surface functionalisation plays a crucial role in antibody immobilisation on the
sensor surface. A thin gold film is required on the sensing surface so that an 11-
MUA linker molecule can be used for the attachment of the anti-HBsAg antibody

by the EDC-NHS method.
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1.3 Objectives of the Work

Based on the literature survey, the problem formulation has been done and the following

objectives have been set for the thesis work:
1. Design and finite element simulation of the SAW delay line using the COMSOL
Multiphysics Tool.
2. Fabrication and characterization of SAW delay line devices.
3. Production of Anti-HBsAg antibody as recombinant scFv.
4. Immobilisation of the recombinant scFv on the sensing surface.

5. Detection of Hepatitis B Surface Antigen (HBsAg) using the SAW dual delay line.

1.4 Novelty of the Work

The succesful development of a point of care Surface Acoustic Wave (SAW) based sys-
tem for in-vitro sensing of HBsAg is encompassed in the work described in this thesis.
It is capable of detecting HBsAg, both in PBS and human serum. A method is also
described for the regeneration of the sensing layer, using a buffer of a particular pH, thus

introducing a method to reduce the cost of operation of the device.

1.5 Thesis Outline

The thesis has been organized into 7 chapters, and their contents are briefly outlined as

follows:

Chapter 1 introduces the objective of the thesis work, which is to develop a surface
acoustic wave device, working in a dual delay line configuration for the efficient detection
of Hepatitis B disease. The motivation behind the objective and the brief summary of
the literature survey are presented. The scope and salient features of the work done have

been discussed.
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In Chapter 2, the design and simulation of a SAW delay line are described which was
done using finite element analysis tool COMSOL Multiphysics. Six different devices were
simulated, varying the IDT widths and the piezoelectric substrate. Eigen value analysis
under the piezoelectric devices module was implemented in order to evaluate the resonant
frequencies of the structures under varying conditions. A comparison of the displacement
and voltage profiles at the input and output IDTs was then done for the devices. The
maximum and minimum element sizes of 20 ym and 1 pm respectively were adopted for
meshing. Simulations were done to evaluate the resonant and antiresonant frequency,
admittance variations and the shear horizontal wave generation for a sinusoidal input
voltage. The IDT parameters like aperture and number of finger pairs were calculated
using MATLAB for an optimum design. The mask layout was finally designed in Clewin

software.

In Chapter 3, the results related to the fabrication and characterization of the SAW
devices are shown. The fabrication was done in the National Nanofabrication Centre,
I1Sc Bangalore. The piezoelectric substrates chosen for the generation of shear horizontal
surface acoustic wave (SH-SAW) were 41°YX LiNbOgz and 36°YX LiTaOg. On each of
these, IDTs and a sensing region made of gold metal with a chromium adhesive layer
were fabricated. After successful lift-off, the devices were separated using a wafer dicing
machine to get the dual delay lines, which could then be used as a reference channel
and a measuring channel. The s-parameters of the devices were measured using Vector

Network Analyzer, and matching networks were designed.

Chapter 4 discusses the synthesis of recombinant Anti-HBsAg. Serological markers of

HBYV infection include hepatitis B surface antigen (HBsAg), Antibody to surface antigen
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(Anti-HBs), hepatitis B core antigen (HBcAg), Antibody to core antigen (Anti-HBc),
hepatitis B e antigen (HBeAg), Antibody to e antigen (Anti-HBe) and HBV DNA.
HBsAg is the first marker to appear in the blood of an infected person. To efficiently
detect HBsAg in the blood of infected patients, we aim at the expression and purification

of the recombinant Anti-HBsAg antibody, expressed as a fusion protein MBP-scFv.

In Chapter 5, immobilisation of the antibody on the sensing surface on the device is
discussed. To achieve high selectivity, the device surface needs to be properly func-
tionalized for protein immobilization. There are numerous ways in which a surface can
be functionalized. For the proposed SAW-based sensor, 11-Mercaptoundecanoic acid
was used as the linker molecule, and then the reliable EDC/NHS method was used
for protein immobilisation. EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) is
a crosslinking agent used to couple carboxyl or phosphate groups to primary amines,
while N-hydroxysuccinimide (NHS) increases the stability of the active ester. Mouse
Anti-HBsAg antibody and the MBP-scFv was then immobilised on the sensing surface.
EDX, AFM, FESEM and ATR-FTIR were done in every step, which confirmed the im-
mobilization of Anti-HBsAg on the sensor surface.

In Chapter 6, the detection of HBsAg using functionalized devices is discussed. The
s-parameters were measured for each device using a Vector Network Analyzer (VNA)
and were then connected via appropriate matching circuits to obtain maximum power
transfer. Out of the two delay lines, one is used as the sample channel, while the other
was used as the reference channel. For the detection purpose, two different sets of im-
mobilization were done: one with the commercially available Anti-HBsAg and the other
with the recombinant Anti-HBsAg antibody. A comparison between the two was done.
Apart from the sensitivity, time-based experiments were also done and successful detec-
tion of HBsAg was achieved.

Chapter 7 lists the conclusion of the research work and recommendations for future work.

It contains an overview of the thesis and enlists the vital findings reported in the thesis.
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Chapter 2

Finite Element Simulation of
SH-SAW Delay Line

THIS chapter outlines the 3D-Finite Element simulation of a shear horizontal surface
acoustic wave (SH-SAW) generating delay line. Fabrication of piezoelectric devices is
crucial, owing to the brittleness of the piezoelectric substrates and sensitivity of SAW
generation to parameters like crystal orientation, electrode width, and substrate thick-
ness. As such, a thorough study of the behavior of the SAW devices using a simulation
tool is beneficial to reduce the risk of wastage of resources in fabricating dysfunctional
SAW devices. Also, the nature of the SAW varies, depending on the choice of piezoelec-
tric substrates and the electrode design parameters. Hence, all six proposed devices were
simulated using the simulation tool COMSOL Multiphysics. Three delay lines with In-
terdigitated Transducer (IDT) widths, viz. 4 pm, 8 pm and 12 pm, on two piezoelectric
substrates, namely 41°YX LiNbOs and 36°YX LiTaOg were considered, giving a total of
six devices. This study includes the resonant and anti-resonant frequency determination
using eigenmode analysis, computation of admittance values using the frequency anal-
ysis, and the time-dependent simulation to check the generation of SH-SAW on all six

devices. Finally, the aperture widths of the IDT designs are calculated for the efficient

23
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design of the IDT geometry. These parameters, obtained by FE simulation, were then

used for designing the mask layout for microfabrication of the SAW devices.

2.1 Components of a SAW Delay Line

A SAW delay line consists of three main parts: the piezoelectric substrate, interdigitated
transducers and a sensing film, both made of gold. These components are shown in

Figure 2.1 and are discussed in detail.

FIGURE 2.1: Components of a delay line

The main components of the SAW delay line sensor are as follows [37, 38, 117]:

1. The piezoelectric substrate: Piezoelectric materials are inherently anisotropic,
so the properties of elastic waves are dependent upon both the cut angle and the
direction of SAW propagation The main function of the substrate is to facilitate
the passage of the acoustic wave. Materials with higher velocity are preferred to
reduce propagation loss. The nature and frequency of the acoustic wave generated

in a piezoelectric substrate is determined by the following factors:
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1. Piezoelectric crystal orientation
2. Thickness of the piezoelectric substrate used

3. Geometry of the metal IDTs

Since our aim is to design a SAW delay line that will be used for detection in liquid
medium, a shear-horizontal wave generating substrate is the most preferred one,
due to the low losses involved. Through proper selection of the specific substrate
materials, the particle displacements on the SH-SAW device can be polarised to
be parallel with the sensing surface. Because there is no normal displacement on
the surface, energy dissipation into the liquid is not severe. Two substrates were
chosen for generating the SH-SAW, namely 41°YX LiNbOg3 and 36°YX LiTaO3,
with SAW velocity of 4379 and 4112 m/s respectively on a metallized surface. A
41°Y-cut indicates that the crystal is cut at the plane 41° rotated from the Y-
plane about the X-axis. Similarly, a 36°Y-cut indicates that the crystal is cut at
the plane 36° rotated from the Y-plane about the X-axis.

Another important parameter is the electromechanical coupling constant k2, which

is defined as twice the magnitude of the short-circuit velocity change, i.e.

K2 = 22V (2.1)
Vo

In physical terms, k2 gives the fraction of the total potential energy of the wave
that appears as ¢, the potential generated at the surface by the SAW, the remain-
der being used to produce the elastic deformation of the piezoelectric substrate.
The efficiency with which RF voltage applied to the IDT couples to the mechanical
deformation depends on the piezoelectric substrate material used. 41°YX LiNbOj3
exhibits almost four times higher value of k? than 36°YX LiTaO3. The temperature
coefficient of delay (TCD) gives an idea of the temperature stability of the sub-
strate. 36°YX LiTaOg shows a better temperature stability than 41°YX LiNbOg.

The material properties of the two substrates are shown in Table 2.1 [37, 38, 117].
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TABLE 2.1: Material properties of piezoelectric substrates

Type of  Euler angles (degree) SAW velocity k2 TCD
substrate ¢ 0 ¥ (m/s) (%) (ppm/°C)
41°YX 0 41 0 4379 17.2 80
LiNbOg
36°YX 0 36 0 4112 4.7 32
LiTaOs3

If one of the material properties can be properly modulated by the quantity to be

measured, the effect of sensing can be created.

2. Interdigitated Transducers (IDTs): A delay line consists of two sets of IDTs,
which serve as the input and output ports for the electrical signals. An IDT consists
of a pair of overlapping interspersed finger arrays, made of conducting material.
The IDTs are placed at opposite ends of the piezoelectric material. The input
transducer generates a spatially periodic electric field with a periodicity determined
by the spacing of the adjacent electrodes. This field generates surface waves through
the piezoelectric effect with maximum efficiency at frequency fy where the acoustic
wavelength equals the periodicity, L of the transducer. Other frequencies will have
reduced SAW generation efficiency due to cancellation of waves generated at one
end of the transducer with those at the opposite end. The generated surface wave
propagates to the output transducer. The output IDT then senses the electric
fields which accompany the wave due to piezoelectric effect.

The acoustic wavelength, A is determined by the IDT geometry and spacing, d as
shown in the following equation:

A= 4d (2.2)

The fundamental frequency of the device, is the frequency fy of the generated

surface acoustic wave in a neutral environment, and is given by:
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High frequency of operation results in more sensitive devices because sensitivity is
proportional to square of the operation frequency. It is known that increasing the
number of IDT pairs could reduce insertion loss at the centre frequency. As the
number of IDTs increases, the magnitude at the center frequency increases and the
bandwidth of the centre lobe decreases. However, the ripples around the centre

frequency increases.

Width, d

T

Aperture, Wa

l

FIGURE 2.2: An IDT structure, showing the width and aperture

3. A gold thin film: A thin metallic film of gold can be sputter coated between the
two electrodes, to be used as the sensing area. The reasons why gold was chosen

are listed below:

a. Gold is least reactive towards other elements

b. Because of its electrical conductivity, it enhances the electromagnetic feedthrough

between the transucers.

c. Provides the necessary foundation for the thiol-surface chemistry used to at-

tach biomolecules.

d. Least stable chemisorption rate

The thickness of the sensing area is an important factor in measuring the frequency
change of the SAW device. Due to relatively lower shear acoustic velocity of gold,

thin films on top of piezoelectric layers provide strong waveguiding.
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2.2 Finite Element Simulation

Finite Element Method (FEM) is a widely used numerical technique for solving partial
differential equations governing natural phenomenons. This versatile technique takes
into account the effects of piezoelectric perturbation, diffraction, backscattering, energy
storage caused by non-radiating bulk waves, and electric flux leakage from the substrate
surface. Using the vastly popular simulation tool COMSOL Multiphysics, finite element
simulation of a particular device can be done from the designed geometrical structure
using the constituent material properties, and for a set of applied boundary conditions,
response of the device to an excitation source can be visualised. To simulate SAW sen-
sors, the complete set of fundamental equations related to piezoelectricity that relate the
mechanical and electrical domains need to be solved. This approach requires discretiza-
tion of the domain under study into smaller areas called elements, which are connected
at specific points called nodes. The wave equations are discretized and solved to generate
displacement profiles and voltage profiles at each node. The use of FE simulations to
model wave propagation characteristics and SAW response are available extensively in

literature [115, 116, 118-121].

For our device simulation, COMSOL Multiphysics Version 4.4 was used. Modal analysis
was carried out to analyse the freely propagating eigenmodes and eigen-values, followed
by harmonic analysis to analyse the time-dependent behaviour of the generated acous-
tic waves. 3D geometry of the devices was utilized, which contributed to more precise
simulation results considering that the acoustic wave generated was of a shear-horizontal
nature. However, the use of a 3D geometry instead of a 2D geometry increased the com-
putation time and system memory usage manifold. A system with 8 GB RAM was used
for the computation. However, any computation involving a mesh of more than 30,000
elements led to issues of shortage of memory. Hence, the number of elements was limited

to 30,000 in all the simulations.
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2.3 Results and Discussion

The input parameters provided for the simulations are listed below:

1. Geometry of the SAW device structure to be simulated
2. Co-ordinate systems with rotation angles for the piezoelectric substrate
3. Material properties

4. Boundary conditions

The steps in the simulations carried out for the SAW delay line are as follows:

1. The eigen mode analysis was performed, in which no voltage was applied to the
structure. This analysis gives us the resonance and anti-resonance frequencies,
where the constructive and destructive interference occurs respectively. In terms
of displacement profile, the displacement was maximum at the ends of the structure
in resonant frequency, while the displacement was maximum at the middle of the

IDT in anti-resonant frequency.

2. Admittance values were plotted for the delay line using frequency analysis, and the
maximum and minimum values were obtained at the resonance and anti-resonance

values.

3. Time-response simulation was carried out to calculate the displacements and volt-
ages at the output IDTs. To avoid mass loading effects, massless IDTs were used

for simulation.

2.3.1 Rotation Angle of Piezoelectric Substrates

In the first step, SAW velocity of the substrates for different crystal rotations from 0°
to 180° was checked using eigen mode analysis for the proper optimization of rotation

angle. Here, "free" and "short" indicate the absence and presence of ground applied to
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the substrate surface. The value of SAW velocity was calculated using the equation:

veaw = foA (2.4)

The values obtained were in consonance with those obtained from literature [37,38], thus
indicating that a particular rotation can be used to obtain the proper conditions for
SAW propagation. In our case, for generating the SH-SAW, 41°YX LiNbO3 and 36°YX
LiTaO3 showed a SAW velocity in accordance with the theoretical values of 4379 and

4112 m/s respectively on a shorted surface [38].
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FIGURE 2.3: Velocity of SAW on rotated Y-cut substrates: (A) 41°YX LiNbOj sub-
strate, (B) 36°YX LiTaO3 substrate

2.3.2 Eigenmode Analysis

The eigenmode analysis was carried out for the two substrates with three different IDT
widths. Figure 2.4 show the deformation of the substrates at the resonant frequency
for all six devices. It can be observed that maximum deformation occurs at the area

under the IDT at the resonant frequency, which is desired for confirmation of the value

of operating frequency.
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FIGURE 2.4: Eigenmode analysis showing maximum deformation at the resonant fre-
quency for: (A) 41°YX LiNbOj3 substrate, (B) 36°YX LiTaO3 substrate
Table 2.2 shows the different values of resonant and anti-resonant frequencies obtained
for the six devices. All devices exhibit a behaviour that agrees with the theoretical values
for that particular substrate and the width of the IDT.

TABLE 2.2: Resonant and anti-resonant frequencies from eigen mode analysis

Type of substrate IDT width Resonant frequency Anti-resonant
(pm) (MHz) frequency (MHz)
41°YX LiNbOg3 4 274.141 274.175
8 137.033 137.037
12 91.156 91.248
36°YX LiTaOj3 4 254.715 254.734
8 127.347 127.352
12 84.898 84.904
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2.3.3 Frequency Analysis
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FIGURE 2.5: Variation of admittance values for IDT widths of (A) 4 ym , (B) 8 um,
and (C) 12 ym
The computation of admittance values by frequency analysis gave us the maximum and
minimum admittance at the resonant and anti-resonant frequency respectively. Figure
2.5 give us an idea of the variation of admittance for a particular range of applied frequen-
cies of input signal. As observed from the eigenmode analysis, a peak was observed at
the resonant frequency, indicating maximum admittance of approximately 100 siemens,

while a dip was observed of about 107 siemens at the anti-resonant frequency, showing

minimum admittance.
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2.3.4 SH-SAW Generation

To check the nature of the SAW generated, periodic boundary conditions were kept along
Z-axis, which effectively makes the IDTs of infinite aperture and keeps the simulation
geometry small. The desired orientation of the substrates were obtained by using the
Euler angles in the rotated coordinate system. The mesh was limited to 30000 elements in
each case due to computational constraints. A critically damped region of size one lambda
was made on the left of the input IDT, right of the output IDT and below the substrate,
to eliminate spurious reflections that occur at the edge of the device. A sinusoidal input
voltage of 5.sin(27ft) V, was given to the input IDT to activate the inverse piezoelectric
effect, where the applied potential difference induced mechanical deformations in the
crystal. Figure 2.6 shows the 3D geometry used for COMSOL simulation alongwith the

dimensions.
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FIGURE 2.6: Geometry of simulated structure with dimensions

&

The propagation of shear-horizontal SAW propagating through the device surface of a
delay line is shown in Figure 2.7. The generation and propagation of the SH-SAW proves

that the various material properties and boundary conditions were appropriate.
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FI1GURE 2.7: Generation of SH-SAW on the delay line structure

2.3.5 Displacement and Voltage profiles

The generation of SH-SAW was checked for all six devices, and a comparison was done
for the displacement profiles and voltage profiles at the output electrodes. As mentioned
in the earlier section, a sinusoidal input voltage of 5.sin(27ft) V was applied at the input
port, and a point evaluation was done at a particular point on the output port of the
delay line. The simulations were carried out for 100 ns with a time step of 0.01 ns from
the time of application of electric signal to the input IDT. Figure 2.8(A) and 2.8(B)
shows the displacement profiles for three different IDT widths on 41°YX LiNbOg3 and
36°YX LiTaOg respectively.

Similarly, Figure 2.9(A) and 2.9(B) shows the voltage profiles for three different IDT
widths on 41°YX LiNbO3 and 36°YX LiTaOg respectively. The voltage at the output
IDT starts to rise in about 18, 38 and 50 ns for 41°YX LiNbO3 and 22, 42 and 52 ns for
36°YX LiTaOs.

Finally, a comparison is shown between the voltage profiles for IDTs of same width on
the two substrates considered, as shown in Figure 2.10. As it can be clearly observed,
for a input voltage of peak value 5 V, the output voltage is seen. Also, there is more
delay in the propagation of the wave in the devices on 36°YX LiTaO3 wafer, owing to

the slower velocity of SAW on that substrate compared to 41°YX LiNbOg substrate.
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(a) (B)

FIGURE 2.8: Comparison of displacement profile for different IDT widths on: (A)
41°YX LiNbOj3 substrate, (B) 36°YX LiTaOg substrate

(a) (B)

FIGURE 2.9: Comparison of voltage profile for different IDT widths on: (A) 41°YX
LiNbO3 substrate, (B) 36°YX LiTaO3 substrate

F1GURE 2.10: Comparison of voltage profile for IDTs of same width on different sub-
strates for IDT width: (A) 4 pm, (B) 8 pum, and (C) 12 pm
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2.4 Determination of IDT Parameters

An optimal design for an IDT must match the real impedance, i.e. IDT resistance to
the source resistance (considered 50 ). The number of finger pairs in our case was
kept fixed at 40. The IDT finger overlap or aperture width (W,) was then adjusted so
that the IDT design achieves the correct IDT resistance. Equation 2.5 [37| was used to

optimize the aperture for the different devices.

1 1 1
Wk L4 R 2.5
® 7 500 120N, e(4k2Np+j7r> (2:5)

Here, Cs represents the capacitance per unit length for a pair of fingers, while N, is the
number of finger pairs. The value of Cg for 41°YX LiNbO3 and 36°YX LiTaOg3 are 4.6
pF/cm and 4.4 pF/cm respectively [37, 38, 117]. The number of finger pairs were fixed

at 40. Table 2.3 shows the values of different parameters used in IDT optimization.

TABLE 2.3: Parameters for IDT optimisation

Type of substrate Cg (pF/cm) IDT width (um) fy (MHz) Aperture width (mm)

41°YX LiNbO3 4.6 4 274.14 2.3
8 137.03 4.6
12 91.15 7
36°YX LiTaO3 4.4 4 254.71 1.5
8 127.34 3.1
12 84.89 4.6

2.5 Summary

The finite element simulation of six SAW devices with different device dimensions have
been achieved. The resonant and anti-resonant frequencies were checked, followed by the
plotting of the admittance curves. The delay line structure for each device was simulated
and the generation of Shear-Horizontal SAW tested. The displacement profile and voltage

profile of all delay line devices have been compared. Finally, the IDT parameters were

Abstract-TH-2229 136153002



Chapter2: Simulation of SH-SAW Delay Line 37

obtained to achieve the maximum efficiency of the fabricated devices. The importance
of the simulations carried out and the parameters calculated, discussed in length in this
chapter, is in the microfabrication of efficient SAW devices, which will be described in the
next chapter. The mask layout design, which is necessary for the lithography process, is
created using the IDT width, aperture width and crystal orientation that were validated

using the 3D Finite Element simulations.
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Chapter 3
Fabrication of SAW Devices

THIS chapter outlines the process followed to fabricate the Surface Acoustic Wave
based dual delay line devices for the detection of Hepatitis B Surface Antigen (HBsAg).
The SAW devices were fabricated using the Indian Nanoelectronics Users Programme
(INUP) facility at the National Nanoelectronics Fabrication and Characterisation (NNfC)
facility in the Centre for Nanoscience and Engineering (CeNSE), IISc Bangalore. The
fabrication steps are discussed in detail, followed by the characterisation of the devices
and design of matching circuits, which were done using the facility in the Centre for

Nanotechnology, II'T Guwahati.

3.1 Fabrication Process Flow

The aim of the fabrication was to create SAW dual delay lines on two substrates, namely
41°YX LiNbOg3 and 36°YX LiTaO3. As discussed previously in Chapter 2, three IDT
widths were considered, so three device designs were included in the mask layout. The
substrates used were purchased from University Wafer. The fabrication was carried out

in a class 100/1000 clean room, the process flow of which is shown in Figure 3.1.

39
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FIGURE 3.1: Process flow of microfabrication

3.2 Details of Microfabrication Steps

The steps followed in the microfabrication are discussed in detail in the following section:

1. Cleaning of wafer: Two piezoelectric wafers, one each of 41°YX LiNbOj3 and
36°YX LiTaO3, were cleaned using acetone, isopropanol and deionized (DI) water.
After that, the wafers were dried using nitrogen stream. The diameter of both the

wafers were 3 inch and thickness 500 pm.

2. Dehydration bake: Dehydration bake was done for 10 minutes at 110 °C to

remove any residual liquid on the substrate surface.

3. Spin coating of primer: Some substrates are naturally hydrophilic due to water
on the surface layer because of ambient humidity. Unless it is removed before the
coating of photoresist, this layer of water can be the cause of etch undercutting or
complete removal of the photoresist film. Thus, to ensure adhesion of PR during
developing and wet etching, it was necessary to convert the surface to a hydrophobic
one, which was achieved using a primer. Hexamethyldisilazane (HMDS) was used

as the primer for our wafers. It was spin coated at 6000 rpm for 1 minute.
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4. Spin coating of photoresist: AZ5214E was used as our photoresist of choice. It
was dispensed on the substrates and spin coated at 4000 rpm for 1 minute over the

HMDS primer.

5. Soft bake: Soft bake was done for 1 minute at 110 °C to ensure proper adhesion

of the photoresist to the substrate surface.

6. Lithography: Lithography is the process of transferring an image from a photo-
graphic mask to a substrate. Direct writing was done to define the device designs
onto the photoresist on the wafers using Heidelberg uPG-501 Machine. The mask

designs for the two wafers were done using Clewin software, and are shown in

Figure 3.2.

FIGURE 3.2: Layout of mask design using Clewin software for: (A) 41°YX LiNbOsg
substrate (B) 36°YX LiTaOg substrate

The resolution of the design was 4 pm, which is the minimum feature size in the

design. The bond pads, shown in the designs are required for electrical connection.

7. Development: The development of the wafers post-lithography was done to re-
move the exposed resist using MF26A developer solution for 1 minute. The wafers
were then observed under an optical microscope to check if the devices were free
from any fabrication defects. The images in Figure 3.3 show the devices with

different IDT widths after development.
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FIGURE 3.3: Devices after development with IDT width: (A) 4 pm, (B) 8 ym, and
(C) 12 pm

8. Chrome-gold deposition: Proper development of the photoresist was confirmed
by observing the patterns on the substrate surface under an optical microscope
(LEICA). Then we went ahead with the deposition of an adhesion layer of 10 nm
chrome and 90 nm gold, which was carried out by an RF-sputtering unit. The base
pressure and deposition pressure were maintained at 5 x 107 Torr and 6 x 1073
Torr respectively. The pump down time was 60 minutes, and the deposition was
carried out at room temperature. The gas flow of Argon was maintained at 130

SCCM. The process parameters for chromium and gold are given in Table 3.1.

TABLE 3.1: Sputtering parameters

Parameters Chromium Gold
Thickness (nm) 10 90
DC Power (V) 100 25

Deposition time (secs) 20 200
Deposition rate (A/s) 4 4
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9. Lift-off: Lift-off is the penultimate and most crucial step in the proper fabrication
of a device in microfabrication. In our case, a PG-developer solution was used at

60°C for 30 minutes to achieve proper lift-off of the deposited metal.
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FIGURE 3.4: Devices after lift-off with IDT width: (A) 4 pm, (B) 8 pm, and
(C) 12 ym

The height of the deposited metal was then checked using the Dektak XT surface
profiler, an advanced thin and thick film step height measurement tool. The height

of the chrome-gold layer was found to be 83 nm.

The final devices on the two wafers after lift-off are shown in Figure 3.5. These
wafers were then taken out of the clean room and the subsequent step of dicing

was done in the packaging laboratory.
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FIGURE 3.5: Final devices after lift-off on: (A) 41°YX LiNbOs3, (B) 36°YX LiTaO3

10. Dicing: Since the microfabrication was done on a piezoelectric wafer, proper con-
ditions should be maintained in the process owing to its brittle nature. The instru-
ment used for this purpose was a semi-automatic MTI-cut wafer dicing machine,

as shown in Figure 3.6.

FIGURE 3.6: Wafer dicing machine

The various stages of dicing are shown in Figure 3.7. A glass plate was first mounted
on a chuck and heated to 125 °C. Wax is then melted on top of the glass plate so
that the wafer can be firmly secured on it. Then, the setup was left to cool down

for 15 minutes. Once the desired temperature was obtained, the chuck with the
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substrate on it was mounted onto the dicing machine, the blade width of which was
0.35 mm. The cutting speed and moving speed of the blade were set to 4 mm /min
and 50 mm/min, while the cut depth was set at 0.5 mm, which was equal to the
thickness of the wafer. Throughout the dicing process, water supply was kept on
so that it keeps the surface of the blade and wafer cool. Once the dicing process
was completed, the individual devices were dipped in acetone and sonicated to
remove the wax stuck to it. Figure 3.7 shows the various stages in the dicing of
the piezoelectric wafers. After sonication, the devices were free of any residual wax

and ready for characterisation.

()

FIGURE 3.7: Various stages in the dicing of the wafers, (A) Fixing the wafer on the
glass, (B) Mounting the glass plate with wafer onto the chuck, (C) Dicing in progress,
and (D) After completion of dicing

At the end of the microfabrication process, we had SAW dual-delay lines of three varying
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IDT widths, viz. 4 pm, 8 pm and 12 pm on two different substrates, namely 41°YX
LiNbOg3 and 36°YX LiTaO3. One such dual delay line is shown in Figure 3.8.

FIGURE 3.8: One SAW dual-delay line

3.3 Characterisation of the SAW Dual-Delay Lines

For a two-port device with input and output ports, scattering parameters, or S-parameters
in short, are the the best means to check the efficiency of the device. S-parameters can
be defined as the ratio of the output power to input power. For a two-port device, if
a signal is incident on one port, part of the signal will reach the other port and a part
of it will be reflected back. The four S-parameters, shown in Figure 3.9 measures the
following parameters:

S11 : The ratio of reflected signal to the signal incident on Port 1

S12 : The ratio of the signal reaching Port 1 to the signal generated at Port 2

So1 : The ratio of the signal reaching Port 2 to the signal generated at Port 1

S22 : The ratio of reflected signal to the signal incident on Port 2

S21

)

Su > PORT 1 PORT 2 <5u

e

S12

FIGURE 3.9: S-parameters for a two port network

A SAW delay line is a two-port device, with the two sets of IDTs acting as the input and

output ports. To check the individual ports of all six devices, the S1; and Sog parameters
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are measured using Vector Network Analyzer (VNA). In a SAW delay line, the signal
is transmitted from Port 1 and received at Port 2, so S9; measured as a function of
frequency helps us to measure acoustic wave transmission [117]. In network analyzer
measurements, insertion loss (IL) can be calculated from the S9; parameter, using the

following equation:

IL = 20 log10 [S21] (3.1)

As the device under consideration is a dual delay line, we have two input ports and
two output ports, as shown in Figure 3.10. Hence, a four-port Vector Network Analyzer
is the instrument of choice to measure frequency responses, and to do the complete

characterisation of the SAW device.

Delay Line 1
[ |
I |
I I
Port 1 : : Port 2
I |
| . _ _ _ _ _ _ _ _ _
I I
I I
I I
Port3 | | Port 4
I I
| _ _ _ _ _ _ _ _ _ ___ _
Delay Line 2

F1GURE 3.10: A four port SAW dual-delay line

3.3.1 Design of Matching Networks

To make a SAW device function efficiently, matching network is one of the most important
design considerations. For maximum power transfer, the input and output impedances
of the device should have a common value of 50 ohm. The final fabricated SAW device

may not have 50 ohm impedance, as the presence of metal film and IDTs make it a

Abstract-TH-2229 136153002



Chapter3: Fabrication of SAW devices 48

capacitive type load to the voltage source electrically. Hence it should be externally
matched. The matching network design for the SAW delay line is done by first taking
the impedance value at the resonant frequency from the Smith chart for the unmatched
device. The Smith chart is an effective tool to confirm that both the input (S11) and the
output impedances (S99) are matched at the operating frequency, which is critical to the
efficiency of the SAW device. The matching circuit is designed depending on the value
of the load resistance, Zp, of the SAW device, which consists of a small real part and a
high capacitative imaginary part. As the source impedance of 50 €2 is higher than the
load impedance, the matching network arrangement is shown in Figure 3.11. It is built
using an inductor in series and a capacitor in parallel in an L-type network. Using the
appropriate network, the impedance as seen from the source at the operating frequency
becomes equal to 50 2, thus reducing unwanted reflections of the acoustic wave and

improving the frequency response of the SAW device.

L L
[
Input — __ C C _ Output
® °

FIGURE 3.11: Matching LC-network

Since the device under test (DUT) in our work is a dual delay line, the matching network

design is shown in Figure 3.12.
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FIGURE 3.12: Matching networks in a dual delay line

3.3.2 Experimental results

The S-parameters are measured using a VNA (Model: PNA-L, Make: Keysight). The
dips for the S-parameters are observed around the expected resonant frequencies after

using a matching network.

The impedance of the setup was measured at the expected resonant frequency, and then
the matching network was designed based on these values. Table 3.2 shows the values of

the components in the LC-matching networks for all six devices.

TABLE 3.2: Matching network parameters

Substrate IDT width ~ Impedance (ohm) Matching Network

(pm) Port 1 Port 2 L1 (nH) C1(pF) L2(nH) C2(pF)

41°YX 4 1-j3.68 18-j15 6.21 81.42 22.68 15.51
LiNbO3 8 2-j11.5 4-j14 24.77 114 32.06 78.8
12 9-j38 12.8-j44 99.82 74.48 114.8 59.49

36°YX 4 6-j20 26.9-j36 22.45 33.54 37.73 11.48
LiTaO3 8 1.7-j13 15-j8.6 27.32 132 39.03 37.84
12 2.6-j46.9 15.2-j5.8 107.8 158.7 53.51 56.23
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As shown in the Figure 3.13 and Figure 3.14, without impedance matching, transmis-
sion (in dB) at the resonant frequency was lower when the matching network was not
used. The S-parameters (S1; and S93) were measured for each device, and the use of
a properly designed matching network led to a large increase in the power transmitted

from the input port to the output port at the resonant frequency.
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FIGURE 3.13: Sq; and S99 parameters of delay lines on 41°YX LiNbOg substrate with
and without matching networks for IDT width: (A) 4 pm, (A) 8 um, and (C) 12 pm
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FIGURE 3.14: Sq; and Soo parameters of delay lines on 36°YX LiTaO3 substrate with
and without matching networks for IDT width: (A) 4 pm, (A) 8 ym, and (C) 12 pm
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3.4 Summary

From the results obtained in this chapter, it can be concluded that the resonant frequency
obtained after using matching networks for the fabricated devices are in consonance with
the expected theoretical as well as the simulated values. Table 3.3, shown below compares
the values of resonant frequencies obtained for the different devices.

TABLE 3.3: Comparison of resonant frequency values

Substrate IDT width (pm) Resonant frequency (MHz)

Theoretical Simulated Experimental

Without MC  With MC

41°YX LiNbO3 4 273.68 274.14 298 266.8
8 136.84 137.03 146.9 140.5
12 91.22 91.15 102.9 95.1

36°YX LiTaOg3 4 257 254.71 262 250.45
8 128.5 127.34 132.5 125.7
12 85.66 84.89 90.1 88.28

Abstract-TH-2229 136153002



Abstract-TH-2229 136153002



Chapter 4

Cloning, Expression and
Purification of Anti-HBsAg sckv

THIS chapter discusses the cloning, expression and purification of the recombinant
antibody for capture of the target molecule, HBsAg. In our work, we have generated a
recombinant antibody against HBsAg and expressed it in E. coli. This protein is used
on the sensor surface of the fabricated SAW device. The materials and methods are dis-

cussed in the first section, while the results obtained are shown in the subsequent section.

4.1 Materials and Methods

Bacterial cell culture

The glycerol stock of Escherichia coli strains and recombinant clones were stored in
-80 °C. These were cultured in LB or 2xTY medium, with or without ampicillin as per

requirement.

95
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Plasmid Isolation

Plasmid was isolated using HiPurA plasmid DNA miniprep purification kit (HiMedia).
3 ml E. coli culture grown overnight was taken into a tube and centrifuged at 12,000
rpm for 1 minute. The bacterial pellet was resuspended in 250 ul resuspension solution
(HP1) and then 250 pl lysis solution (HP2) was added. Then it was mixed thoroughly
by gently inverting the tube 4-6 times. Subsequently, 350 ul neutralization solutions
were added and mixed thoroughly by gently inverting the tube 4-6 times. Samples
were centrifuged at 12,000 rpm for 10 min at room temperature to obtain compact white
pellet. Supernatant was carefully transferred into HiElute miniprep spin column and then
centrifuged at 12,000 rpm for a min at room temperature. Column was washed twice
with 500 pl wash solutions (HPB) and centrifuged at 12,000 rpm for 1 minute at room
temperature. Flow through liquid was discarded and the empty tube was centrifuged
to remove the excess wash solution. Water (30 ul) was added in column and allowed
to stand for 2 min at room temperature, followed by centrifugation at 12,000 rpm for 1

minute. Eluted plasmid was stored at -20 °C.

Agarose gel electrophoresis

DNA samples were resolved by agarose gel electrophoresis. Agarose gel (0.8-1%) was
prepared containing ethidium bromide (0.5 pg/ml) in 1X TAE buffer. After loading
samples, gel was run at 80 V for 1 hour at room temperature. The DNA fragments were
visualized using gel documentation system (Bio-Rad, ChemiDoc XRS+). Composition

of the buffer and staining solutions are given in Appendix A.

Polymerase chain reaction (PCR)

PCR was performed using a thermal cycler (Bio-Rad, C1000). The standard PCR pro-
gram was followed which involved initial denaturation for 5 minutes at 95 °C, followed
by 30 cycles of 30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C, and the final extension was

performed for 5 minutes at 72 °C. Sequence of primers used are given in Appendix A.
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Reaction mixture:

2X Master mix (HiMedia) 50.0 pl

Forward Primer 4.0 pl (Conc.= 100 puM)
Reverse Primer 4.0 pl (Conc.= 100 M)
Template 8.0 pul

Water 34.0 pl

Total volume 100.0 pl

Restriction digestion

PCR amplified product and plasmid were digested with restriction endonucleases like
Sall, BamHI and Xhol (NEB) as per the requirement. The reaction mixture was incu-
bated at 37 °C for 2 hours. The reaction was terminated by heat inactivation at 65 °C for
20 minutes. The restriction digested product was resolved by agarose gel electrophoresis.

The composition of reaction mixture is given below:

DNA sample 20.0 pl (Conc. = 90 ng/pl)
10X CutSmart buffer 4.0 pl

Enzyme 1 1.0 pl

Enzyme II 1.0 pl

Water 14.0 pl

Total reaction volume 40.0 pl

Quantification of DNA

The UV-Vis spectrophotometry was used to quantify DNA. The spectrophotometric
measurements were made at 260 nm and 280 nm using the spectrophotometer. The
concentration of DNA was estimated from the absorbance at 260 nm considering Asggg
= 1 for a solution of 50 pg/ml of dsDNA when the path-length is 1 cm. The ratio of
Aggo/Aggy was used to detect contamination by protein. Values near 2 for this ratio
was considered as good. UV-Vis spectrophotometry was done using the DU 730 [Model]

UV /Vis Spectrophotometer, manufactured by Beckman Coulter, USA.
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Preparation of competent cell

Competent Fscherichia coli cells were prepared by the CaCly method. A single colony
was inoculated in 5 ml LB media and incubated overnight at 37 °C with shaking. 500
ul of primary culture was inoculated into 25 ml of LB media and grown till its ODggg
reached 0.4-0.5. The pellet was resuspended uniformly in 12.5 ml of chilled sterile 50
mM CaCly and kept on ice for 45 minutes. The cells were harvested at 3,000 rpm for
10 minutes at 4 °C and pellet was re-suspended in 2 ml chilled 50 mM CaCly. Sterile
glycerol (20% of final volume) was added to the cell suspension and aliquots of 100 ul
each were made in sterile vials and stored in -80 °C for further use. The composition

and preparation of sterile CaCly and glycerol is given in Appendix A.

Transformation in bacterial cells

The plasmid was transformed into chemically competent Escherichia coli cells by the
standard heat shock method. Plasmid (50 ng) or ligation mixture (10 ul) was added in
100 pl competent cells and incubated in ice for 45 minutes. The cells were subjected to
heat shock at 42 °C in water bath for 60 s and chilled on ice immediately afterwards. 900
ul of LB media was added and the cells were incubated for 1 hour at 37 °C with shaking.
Cells were harvested by centrifugation at 5000 rpm for 8 minutes at 4 °C and resuspended
in 100 pl LB media. The cells were plated on LB agar (LBA) plate containing ampicillin
followed by incubation at 37 °C for 12-16 hours. Subsequently, the colonies were picked
and inoculated in 5 ml LB media containing ampicillin. Further, plasmid was isolated

using HiPurA plasmid DNA miniprep purification kit (HiMedia).

Expression and purification of recombinant protein

The recombinant plasmid constructs, scFv-pET-22b(+) and scFv-pMAL-p5x were trans-
formed into competent E. coli cells (100 ul) by the standard heat shock method. Trans-
formed cells were plated on LB agar plate containing ampicillin (100 ug/upl). A single
colony was inoculated in 5 ml 2xTY media containing ampicillin (100 pg/pl) and 1%

glucose. It was incubated overnight at 37 °C with shaking (180 rpm). Then, it was
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further sub-cultured (1:200 dilution) into 100 ml 2xTY media containing ampicillin. It
was incubated at 37 °C with shaking (180 rpm) till its ODggg reached 0.6-0.8. The
expression of recombinant protein was induced by Isopropyl S-D-thiogalactopyranoside
(IPTG). Cells were harvested by centrifugation and re-suspended uniformly in PBS (pH
7.4). The whole cell lysate was prepared by sonication for 5 cycles each of 60 s, at
25% amplitude on ice using ultrasonic processor (Hielscher). Homogenate was clarified
by centrifugation at 10,000 rpm for 15 minutes at 4 °C. The supernatant was saved and
stored at -20 °C for further processing. In case of periplasmic extract, the harvested cells
were resuspended in 10 ml of buffer containing 30 mM Tris-HC1, 1 mM EDTA and 20%
sucrose. After 20 minutes incubation on ice, centrifugation was done at 4000 rpm for 20
minutes at 4 °C. The supernatant is removed, and the pellet is resuspended in 5 ml of
ice-cold 5 mM MgSO,4. Another 30 minutes incubation was done on an ice bath, followed
by centrifugation at 10000 rpm for 20 minutes at 4 °C. The supernatant obtained is the

periplasmic extract. The precipitate is referred to as the insoluble fraction in this work.

Protein estimation by Bradford’s assay

The concentration of purified protein samples were estimated by Bradford assay using
Bradford reagent (Sigma). Solutions of BSA (HiMedia) with known concentrations were
prepared to generate a standard curve. Bradford reagent (200 pl) was added to each
sample and incubated for 10 minutes at room temperature. Subsequently, absorbance

was measured at 595 nm.

SDS-PAGE

The protein samples as well as standard protein marker were resolved using Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis(SDS-PAGE). The 4% stacking and
12% separating gels of thickness 0.75 mm was prepared. The electrophoresis was run
at constant voltage of 120 V for both stacking and separating gel in a MiniVE vertical

electrophoresis system (GE Healthcare). The electrophoretic run was monitored with
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tracking dye, bromophenol blue present in sample buffer. After the completion of elec-
trophoresis, the gels were stained with the coomassie brilliant blue (CBB). The buffer

composition of SDS-PAGE is given in Appendix A.

Enzyme-linked immune sorbent assay (ELISA)

The recombinant protein was detected by ELISA. Recombinant scFv having His-tag was
detected using mouse anti-His antibody (1:1000 dilution, Calbiochem), while MBP-scFv
was detected using Anti-MBP antibody (1:1000 dilution, Sigma-Aldrich). HRP (Horse
Radish Peroxidase) tagged secondary antibody (Sigma) (1:1000 dilution) was used as the
secondary antibody. The wells of ELISA plate were washed with PBS after every step of
immobilisation. Reaction was stopped by adding 50 ul of 8 N HoSOy4, and absorbance

was measured at 492 nm. The composition of substrate solution is given in Appendix A.

Western blotting

Protein lysate were separated by 12% SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes (FloroTrans, PALL). Nonspecific binding was blocked with
3% bovine serum albumin in PBS (pH 7.4) (Sigma Aldrich) containing 0.1% Tween 20
(HiMedia) for 2 hours at room temperature. The membrane is incubated with primary
antibody (1:1000 dilution) overnight at 4 °C, followed by incubation with HRP-tagged
secondary antibody (1:2000 dilution). Protein was detected using Super Signal West
Dura kit (Thermo scientific). The detailed compositions of buffers are given in Appendix

A. The blots were imaged using ChemiDoc XRS+ (Bio-Rad).

Surface Plasmon Resonance

The kinetics of binding study was estimated using SPR-based biosensor (Biacore X100
system from Biacore, GE). The HBsAg was covalently immobilized on CM5 chip by
using an amine coupling kit according to manufacture’s protocol. Briefly, immobilization
involves activation of carboxymethyl groups on a dextran-coated chip by reaction with

N-hydroxysuccinimide, followed by covalent bonding of the ligands to the chip surface via
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amide linkages and blockage of excess activated carboxyl with ethanolamine. The sensor
chip was equilibrated with 10 mM phosphate buffer (pH 7.4). The surface was activated
by passing 1:1 mix of 0.4 M EDC and 0.1 M NHS, at a flow rate of 10 ul/min for 7
min. Recombinant HBsAg in PBS was added to 10 mM sodium acetate coupling buffer
and immobilized for 10 min with default flow rate. Excess activated groups were blocked
using a 7 minute injection of 1 M ethanolamine, pH 8.5, at a flow rate 10 ul/min.
The compositions of buffers are given in Appendix A. The analyte was injected with
varying concentration at 25 °C. To remove non-specific interaction, the assay channel was
subtracted by control channel. The kinetic constant was determined by BlIAevaluation

3.1 software and the 1:1 binding model was used.

Data Analysis

SigmaPlot was used to create graphs for all analysis. FError bars represent standard

deviation in the data.

In the next section, the experimental results obtained are discussed in detail.

4.2 Cloning of scFv in pET-22b(-+) vector

The recombinant antibody is a single chain variable fragment (scFv) molecule having
the variable regions of an anti-HBsAg antibody. The original antibody was generated
using hybridoma technology [122]. The authors of that paper [122] cloned the scFv in
pHENT1 vector. This vector does not allow expression of the scFv with any additional
tag. Therefore, it is difficult to purify the scFv from bacterial extract.

Hence, in our present work, we have used the scFv cloned in pHEN1 [122] as the start-
ing material. We subcloned the scFv in another bacterial protein expression vector for

expression and purification.
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The primers for the recombinant scFv fragment were designed as shown below:
Forward primer (HBSF) : 5-TAATACGACTCACTATAGGG-3

Reverse primer (BSR) : 5’-GCTAGTTATTGCTCAGCGG-3

The scFv was amplified by PCR using the scFv cloned in pHEN1 (pHENI1-scFv) as
template. After amplification, scFv was sub cloned in pGEM-T Easy vector (Promega)
through T/A cloning as per the manufacturer’s protocol and transformed into E. coli
DHba. This is explained in Figure 4.1.

scFv “—

l PCR

BamH1  scFv Xhol

PGEMT Easy | 1/A Cloning
vector

scFv

FIGURE 4.1: Sub-cloning of the anti-HBsAg scFv in pGEM-T Easy vector through
T/A cloning
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The transformed colonies were distinguished from the untransformed colonies by blue-
white screening. The sequence of the insert after the cloning was confirmed by DNA
sequencing, which was performed at the DNA sequencing facility at University of Delhi.

The sequence of the insert is shown in Figure 4.2.

GAGGTGCAGCTGCAGCAGCCCGGGGCTGAGCTGGCGACGCCTGGGGCC
TCATTGAAGATGTCCTGCAAGGCTTCTGGCTACTCATTTAGCACCTACAAC
ATTCACTGGGTAAAGCAGACACCTGGACGGGGCCTGGAATGGATTGGAA
CTATTTATCCAGGAATTGGTGATACCTCCTACAATCAGAAGTTCAAAGGCA
AGGCCACATTGACTGCAGACAAAT CCTCCAGCACAGCCTATTTGCACCTCA
ACAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGCAAGAAGTGAC
ATCTACTATGGTAACTACAATGCTTTGGACTACTGGGGTCAAGGAACCTC
AGTCACTGTCTCTTCAAGTGGTGGTGGGAGCGGTGGTGGCGGCACTGGC
GGCGGCGGATCTATTGTGATGACCCAGACTCCACTCTCCCTGCCTGTCAG
TCTTGGAGATCAAGCCTCCATCTCTTGCAGAGCTAGTCAGAGCATTGTCCA
CAGTTATGGAGACACCTATTTGGAATGGCACCTGCAGAAACCAGGCCAGT
CTCCAAAGCTCCTGATCTACAAAGTTTCCAACCGATTTTCTGGGGTCCCAG
ACAGGTTCAGTGGCAGTGGATCAGGGACAGAATTCACACTCAAGATCAG
CAGAGTGGAGGCTGAGGATCTGGGAGTTTATTTCTGCTTTCAACGTTCAT
ATGTTCCGTGGACGTTCGGTGGAGGCACCAAGCTGGAACTCAAACGG

FIGURE 4.2: Sequence of 5s scFv

The sequencing results for the scFv insert in pGEMT-Easy vector were found to be
correct. Subsequently, the scFv was cloned in the bacterial expression vector pET-

22b(+), as explained in Figure 4.3.
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scFv RdT

pET22b(+)

pGEMT Easy
(5493 bp)

(3016 bp)

Double digestion by
BamH1 and Xho1

PET22b(+)
scFv (5493 bp)

J Ligation

scFv

PET22b(+)
(5493 bp)

FIGURE 4.3: Cloning of the anti-HBsAg scFv in the bacterial protein expression vector
pET-22b(+)

4.2.1 Restriction Digestion of pGEM-T Easy and pET-22b(+)

The bacterial expression vector, pET-22b(+) was chosen as our vector for cloning since it
is a high expression vector. It contains the pel B leader sequence at N-terminal end which
directs the protein to periplasm space and has a His-tag that makes the purification
of protein easier. The expression vector pET-22b(-+) carrying the RDT gene and the
pGEMT Easy vector containing the scFv insert were digested with restriction enzymes
BamHI and Xhol. The digested products were verified by agarose gel electrophoresis, as

shown in Figure 4.4.
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M scFv_pGEMT pET-22b-RdT

PET-22b(+)
(5493 bp)
pGEMT
(3016 bp)
scFv
(747 bp)
RDT
(462 bp)

FIGURE 4.4: Restriction digestion of pGEM-T Easy vector carrying scFv and pET-
22b(+) carrying RDT gene. Both were double digested with restriction enzyme BamHI
and Xhol at 37 °C overnight. M=DNA ladder

4.2.2 Gel Elution

After double digestion by BamHI and Xhol, the digested vector backbone and scFv
were eluted out of the gel. The eluted products were checked again by agarose gel

electrophoresis, shown in Figure 4.5.

M scFv pET22b(+)

S «——— 5493 bp

<«——747bp

FIGURE 4.5: Agarose gel electrophoresis of eluted double digested pET-22b(+) vector
backbone (5493 bp) and the scFv (747 bp). M= DNA ladder
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4.2.3 Ligation Reaction for Cloning into Expression Vector

The gel eluted products, namely the anti-HBsAg scFv insert and pET-22b(+) vector
were ligated using T4 DNA ligase. The ligated product was transformed into E. coli

DHb5a and spreaded over Agar-ampicillin plate, as shown in Figure 4.6.

FIGURE 4.6: Agar-Ampicillin Plate comprising of colonies obtained after ligation

A master plate was made for colonies selected from transformed clones (Figure 4.7).
From this plate, a single colony was picked up and sent for sequencing to the DNA
Sequencing Facility of Delhi University. The sequence information is given in Figure 4.8.

The DNA sequencing confirmed the clone.

FI1GURE 4.7: Master plate of E. coli DH5« colonies containing the scFv insert
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ATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGC
CGGCGATGGCCATGGATATCGGAATTAATTCIIGGAGGTGCAGCTGCAGC
AGCCCGGGGCTGAGCTGGCGACGCCTGGGGCCTCATTGAAGATGTCCTGCAAGG
CTTCTGGCTACTCATTITAGCACCTACAACATTICACTGGGTAAAGCAGACACCTGG
ACGGGGCCTGGAATGGATTGGAACTATITATCCAGGAATTGGTGATACCTCCTAC
AATCAGAAGTTCAAAGGCAAGGCCACATTGACTGCAGACAAATCCTCCAGCACA
GCCTATTTGCACCTCAACAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGC
AAGAAGTGACATCTACTATGGTAACTACAATGCTTTGGACTACTGGGGTCAAGGA
ACCTCAGTCACTGTCTCTTCAAGTGGTGGTGGGAGCGGTGGTGGCGGCACTGGCG
GCGGCGGATCTATTGTGATGACCCAGACTCCACTCTCCCTGCCTGTCAGTCTIGG
AGATCAAGCCTCCATCTCTTGCAGAGCTAGTCAGAGCATTIGTCCACAGTTATGGA
GACACCTATTTGGAATGGCACCTGCAGAAACCAGGCCAGTCTCCAAAGCTCCTGA
TCTACAAAGTTTCCAACCGATTTICTGGGGTCCCAGACAGGTICAGTGGCAGTGG
ATCAGGGACAGAATTCACACTCAAGATCAGCAGAGTGGAGGCTGAGGATCTGGG
AGTTTATTTCTGCTTTCAACGTTCATATGTICCGTGGACGTICGGTGGAGGCACCA
AGCTGGAACTCAAACGGETEGAGCACC

(a)

MKYLLPTAAAGLLLLAAQPAMAMDIGINSEBEVQLQQPGAELATPGASLKMSCKAS
GYSFSTYNIHWVKQIPGRGLEWIGTIYPGIGDTSYNQRFEKGKATLTADKSSSTAYILHL
NSLTSEDSAVYYCARSDIYYGNYNALDYWGQGTSVTVSSSGGGSGGGGETGGGGSIV
MTQTPLSLPVSLGDQASISCRASQSIVHSYGDTYLEWHLQEPGQSPELLIYEVSNRES
GVPDRFSGSGSGTEFTLKISRVEAEDLGVYFCFQRSYVPWIFGGGTKLELKREEH

(8)
FIGURE 4.8: Sequencing results for the scFv cloned in pET22b(+): (A) DNA Sequence
(B)Protein sequence. "ATG" in green bold letters: Start codon; Orange letters: PelB

leader; "GGATCC" in green background: BamHI; Extra "G" in Yellow; Blue letters:
sckv; "CTCGAG" in light blue background: Xhol; "CAC" in grey: Histidine

4.2.4 Clone Confirmation by Double Digestion

Plasmid was isolated from the selected clone. The purified plasmid was double digested
using the enzymes BamHI and Xhol. The images of agarose gel electrophoresis are shown

in Figure 4.9.
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Digested

M scFv_pET22b(+) M scFv_pET22b(+)

pET22b(+)
(5493 bp)

scFv
(747 bp)

(a) (B)

FIGURE 4.9: (A) Images of agarose gel electrophoresis of scFv cloned in pET-22b(+),
and (B) After digestion with BamHI and Xhol. M=DNA ladder

4.2.5 Expression of Soluble scFv

Once the clone was confirmed by double digestion and DNA sequencing, the plasmid
of scFv-pET-22b(+) was purified and transformed in E. coli BL21 cells by heat shock
method. The transformed cells were selected on Agar-ampicillin plate and glycerol stock
of the same was made for long term storage. Subsequently, we tried different methods
to induce this clone to express recombinant His-tagged scFv. The generalised scheme of

the work is shown in Figure 4.10.
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scFv

pET22b(+)
vector

l Transformation

scFv

pET22b(+)
vector

Induction
Optimization

Checked by SDS-PAGE and Western Blot analysis

FIGURE 4.10: Schematic representation of the steps in expression and characteristisa-
tion of recombinant scFv

We have tried different induction conditions and level of expression of the scFv was

checked by SDS-PAGE analysis. Here, we discuss our observations:

Induction by 0.5 mM IPTG at 30 °C

Here, the clone was induced by 0.5 mM IPTG at 30 °C overnight. Expression of the
scFv in whole cell lysate, insoluble fraction and in periplasmic extract was checked by
SDS-PAGE analysis. The data is shown in Figure 4.11. The scFv was detected only in

the insoluble fraction, not in other fractions.
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scFv_pET22b scFv_pET22b BL-21
Whole cell Insoluble Periplasmic Periplasmic Insoluble
lysate fraction extract extract fraction

Unind. Ind.  Unind. Ind. M Unind. Ind.

<«——29kDa

FIGURE 4.11: SDS-PAGE analysis of expression of the scFv in different fractions after
induction with 0.5 mM IPTG at 30 °C. Extracts of E. coli BL21 clone was used as
control. Expected molecular weight of the scFv is 29 kDa. M=Protein marker.

Induction by Varying IPTG Concentration and Temperatures

Subsequently, we tried different concentrations of IPTG (0.5, 1 and 2 mM) and different

temperatures (28 °C and 37 °C) for induction of expression of the scFv. Samples were

analysed by SDS-PAGE as shown in Figure 4.12. However, we did not observe any

induction in expression of the protein in soluble form in these conditions.
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IPTG Induced

M Uninduced 0.5mM 1TmM 2mM

29 kDa

TmM IPTG 2mM IPTG

M BL21 28°C 37°C 28°C 37c

T o

ot e e ol vooe iR

()

FicURE 4.12: SDS-PAGE gel analysis of whole cell lysate samples with different in-
duction conditions: (A) 0.5 mM, 1 mM and 2 mM IPTG at 37 °C and (B) 1 mM and
2 mM IPTG at 28 °C and 37 °C. M=Protein marker.

Induction by Varying IPTG Concentration and Time

We had observed that the scFv production is induced in our system, but the protein is
going in the insoluble fraction. One way to circumvent this problem is to reduce the

amount of IPTG used and also the duration of induction. Therefore, we reduced the
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concentration of IPTG (0.2 mM and 0.5 mM) and treated the culture only for 6 hours

and 8 hours. Even then, we observed the protein only in the insoluble fraction , as seen

in Figure 4.13.

12 hours
Uninduced 0.5 mMIPTG 0.2 mM IPTG

Peri. Insoluble Peri. Insoluble Peri. Insoluble
M Extract Fraction Extract Fraction Extract Fraction

29 kDa
(a)
Unindced 0.2 mM IPTG
Peri.  Insoluble 8 hours 6 hours
Extract fraction Peri. Insoluble Peri. Insoluble
M Extract fraction Extract fraction
29 kDa

(B)

FIGURE 4.13: SDS-PAGE analysis of samples induced with lower IPTG concentration
and shorter duration: (A) 0.5 mM and 0.2 mM IPTG for 12 hours at 37 °C, and (B)
0.2 mM IPTG for 8 hours and 6 hours at 37 °C. M=Protein marker.
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Change in Extraction Technique

Since the protein was expressed only in the insoluble fraction, we tried a change in
the extraction protocol by using different concentrations of sarkosyl (0.2% and 2%) in
the extraction process. Sarkosyl is an ionic detergent and is known to be useful in
resolubilization of protein in the soluble fraction. Figure 4.14 shows the effect of sarkosyl
in solubilisation of our target protein. As shown in Figure 4.14, addition of sarkosyl
helped in solubilisation of some of the scFv and we could detect that in the soluble whole

cell lysate.

2% Sarkosyl 0.2% Sarkosyl 2% Triton-X

Insoluble Whole  Insoluble Whole Insoluble Whole
fraction celllys. ~ fraction celllys. fraction celllys.

M

<«——29kDa

F1GURE 4.14: SDS-PAGE analysis of samples with extraction buffers with different
detergents. Both soluble whole cell lysate and insoluble fraction of each sample were
resolved in this gel.

We performed ELISA and Western Blot experiments to confirm successful extraction of

the scFv in the whole cell soluble fraction.

ELISA showed positive results for the scFv in the sample extracted with sarkosyl. Ab-
sorbance of 0.5 a.u. and 0.9 a.u. were observed for 2% and 0.2% sarkosyl extracted
soluble fraction, as shown in Figure 4.15. A whole cell lysate of untransformed E. coli
BL21 cells was used as the negative control. Next, a Western blot was performed, as

shown in 4.16. Anti-His antibody (Calbiochem) was used as the primary antibody, and
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1l
0 - T T r —_—

2% 0.2%  6hrs, Positive Negative
Sarkosyl Sarkosyl 0.2mM control control
IPTG

Sample Details

FIGURE 4.15: ELISA confirm successful extraction of the scFv into the soluble fraction
by sarkosyl. RDT protein was used as the positive control, while a whole cell lysate of
untransformed E. coli BL21 cells was used as the negative control.

HRP-conjugated Anti-mouse IgG (Sigma) was used as the secondary antibody. The re-
combinant RDT protein that has a His-tag was used as the positive control, while the

whole cell lysate of E. coli BL21 cell was used as the negative control.

Induced RDT
2% sarkosyl  0.2% sarkosyl 0.2 mMIPTG  (+ve control)
| -— —— -— l«—— 29 kDa
e, [—— 20 kDa

FIGURE 4.16: Western blot to confirm presence of the scFv protein extracted with
different concentrations of sarkosyl. RDT protein was used as the positive control

Although we were able to successfully extract the protein in the soluble fraction, we could
not purify the same by affinity chromatography. Presence of detergents are known to
hinder affinity chromatography. As discussed above, we did several optimization exper-
iments to produce the scFv in soluble form using the pET-22b(+) clone. We were able
to express the scFv but failed to get it in the purified soluble form. All the optimization

experiments are briefed in Table 4.1.
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TABLE 4.1: Table showing the attempts at expression of Anti-HBsAg scFv

E. coli Vector Extraction Induction IPTG Protein in Protein in

strain method conditions conc. soluble insoluble
(mM)  fraction fraction
Rosetta pHENI1 PBS lysis 4/6/8 1 No No
gami buffer, hours,
sonication 30 °C
Rosetta  pET- PBS lysis 4/6/8 1 No No
gami 22b(+) buffer, hours,
sonication 30 °C
BL21 pET- PBS+ 8 hours, 0.5 No Yes
22b(+) PMSF+ 30 °C
EDTA
buffer,
sonication
BL21 pET- PBS+ 8 hours, 0.5, No Yes
22b(+) PMSF+ 30 °C 1,2
EDTA
buffer
BL21 pET- PBS+ 12 hours, 1,2 No Yes
22b(+) PMSF-+ 28 °C,
EDTA 30 °C,
buffer 37 °C
BL21 pET- PBS+ 6/8 hours, 0.5 No Yes
22b(+) PMSF+ 30 °C
EDTA
buffer

Continued on next page
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Table 4.1 — continued from previous page

E. coli Vector Extraction Induction IPTG Protein in Protein in
strain method conditions conc. soluble insoluble
(mM)  fraction fraction
BL21 pET- PBS+ 12 hours, 0.2, No Yes
22b(+) PMSF-+ 30 °C 0.5
EDTA
buffer
BL21 pET- Sarkosyl 8 hours, 0.2 Yes Yes
22b(+)  and S-ME 30 °C

lysis bufer

Although we were able to express the scFv in the soluble form using sarkosyl, it could

not be purified by affinity chromatography.

4.3 Cloning of scFv in pMAL-p5x Vector

In the pET-22b(+) system, the scFv was cloned to express as a His-tagged protein.

As this approach failed to produce soluble scFv, we attempted MBP-based bacterial

expression system. pMAL-pbx is a vector that is designed to express a recombinant

protein as an MBP-tagged molecule. Maltose binding protein (MBP) is a large molecule.

It is known to help soluble expression of other smaller proteins tagged to it. Further,

MBP tagged proteins can be easily purified by affinity chromatography. Figure 4.17

shows the scheme of the cloning strategy.
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BamH1
_/
BamH1
PCR
_—
Clone in pMAL-p5x
Sall
Sall BamH1
Ptac Stop codon

promoter

FIGURE 4.17: Schematic diagram of the strategy to clone the scFv in pMAL-p5x to
express it as an MBP-tagged protein

4.3.1 PCR Amplification of the scFv

We performed PCR to amplify the scFv using the pHEN1 clone with the following
primers:

Forward primer: 5-GCAAGTCGACGAGGTGCAGCTGCAGCAGC-3

Reverse primer: 5-GCAAGGATCCTCACCGTTTGAGTTCCAGCTTG-3

These primers were designed to introduce Sall and BamHI restriction sites in the am-
plified product. The PCR product was resolved by agarose gel electrophoresis (Figure

4.18) and the DNA corresponding to the scFv was extracted from the gel.
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M scFv (-ve)

747 bp

FIGURE 4.18: PCR amplification of the scFv to clone in pMAL-p5x. The pHEN1 clone
was used as a template. Primers were designed to introduce Sall and BamHI sites.
(—ve): Negative control of PCR where water was used as template. M=DNA ladder.

4.3.2 Restriction Digestion of the Vector and the scFv

Sall/BamHI

M1 M2 pMAL
(1 Kb) (100 bp) -p5x scFv

pMAL-p5x
(5752 bp)

(747 bp)

FIGURE 4.19: Agarose gel electrophoresis of pMAL-p5x and the scFv double digested
by Sall and BamHI. M1,M2: DNA ladders
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We used Sall and BamHI for directional cloning of scFv in pMAL-p5x vector. The
vector and the PCR, amplified scFv were both double digested by these two enzymes.
Digested products were resolved in agarose gel by electrophoresis (Figure 4.19). Double

digested products were eluted out of the gel and used for cloning.

4.3.3 Cloning of the scFv in pMAL-p5x Vector

Double digested scFv and pMAL-p5x were ligated. Ligation mix was transformed into
E. coli DH5a. Clones were selected on Agar-ampicillin plate. Subsequently, six colonies
were picked up and checked by colony PCR for presence of the insert. Figure 4.20 shows
the result of this colony PCR. As shown in Figure 4.20, all colonies except colony A2

were positive.

M A1 A2 A3 A4 A5 A6 (-ve)

l«—— SscFv
(747 bp)

FI1GURE 4.20: Colony PCR to check clones after transformation with scFv-pMAL-p5x.
PCR was performed using the scFv specific primary.

Sall/BamHI
Ad

M1 M2 Uncut

pMAL-p5x
(5752 bp)

scFv
(747 bp)

FI1GURE 4.21: Clone confirmation by double digestion. Two clones of scFv-pMAL-p5x
(A3 and A4) were digested by Sall and BamHI. In both cases, an insert corresponding
to the size of scFv was observed. M1,M2: DNA ladders
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After colony PCR, plasmid DNA was isolated from clone A3 and A4. Presence of the
insert was checked by double digestion with Sall and BamHI. As shown in Figure 4.21,

both the clones were tested positive in this experiment.

4.3.4 Expression and Purification of MBP-tagged scFv

For expression of the MBP-tagged scFv (MBP-scFv), E. coli BL21 was transformed with
the plasmid DNA of clone A3 of scFv-pMAL-p5x. Transformed clones were selected
over Agar-ampicillin plate and glycerol stock of a selected clone was made for further
processing.

For expression of the MBP-scFv, the transformed clone was grown in LB-Agar media
and induced with 0.4 mM IPTG at 28 °C for 2 hours. Induction in expression of the
protein was checked by SDS-PAGE analysis. As shown in Figure 4.22, we were able to
detect an additional band in the SDS-PAGE corresponding to a protein of size 71 kDa

in the induced sample. This showed that the MBP-scFv was expressed in the sample.

Marker Uninduced Induced

<—— MBP-scFV
(71 KDa)

F1GURE 4.22: SDS-PAGE analysis to check induction by MBP-scFv. MBP-scFv clone
was induced by 0.4 mM IPTG at 28 °C for 2 hours. Expected size of the protein is 71
kDa.

The whole cell extract of the induced sample was further processed for purification of
the MBP-scFv. The recombinant MBP-scFv was purified from the whole cell extract by

affinity chromatography using amylose column (Amylose Resin, NEB). After loading the
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whole cell extract, the column was washed repeatedly with PBS and the bound MBP-
sckv was eluted out using 10 mM maltose. SDS-PAGE analysis of different fractions of
samples collected during affinity chromatography are shown in Figure 4.23. As shown in
Figure 4.23, we were able to purify the MBP-scFv. The purified protein also had some
amount of truncated molecules. However, that does not affect our functional assays as

shown later.

M E1 E2 E3 E4 FT1 FT2

C—

— - <—— MBP-scFV

(71 KDa)
" «— wmepP
(42 KDa)
= =
— —

FIGURE 4.23: SDS-PAGE analysis of different fractions collected in affinity chromatog-

raphy for purification of MBP-scFv. Whole cell extract of induced clone was used. The

MBP-scFv was purified by an amylose column. E1 to E4: Eluted fractions. FT1

and FT2 are flowthrough after loading of the extract to the column. Eluted fractions

from E1 to E4 were pooled together and used in subsequent experiments. M=Protein
Marker.

4.3.5 Functional Assay of the Purified MBP-scFv

The ability of this MBP-scFv to detect the antigen (HBsAg) was checked by ELISA. For
this, ELISA plate was coated by HBsAg (100ng/well). After blocking, purified MBP-scFv
of concentration 150 ng/ul was diluted (1:10 and 1:50) and added to the ELISA plate.
After incubation for 2 hours, bound MBP-scFv was detected using anti-MBP mouse
antibody (1:2000 dilution) followed by anti-mouse HRP-conjugated antibody (1:1000
dilution). Subsequently, the ELISA was developed using OPD in substrate buffer (0.5
mg/ml). The result of this experiment is shown in Figure 4.24. The ELISA showed that

the MBP-scFv binds to the antigen.
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0.7

0.6 1
0.5 1
0.4
0.3
0.21

Absorbance at 492 nm

0.1

0.0

Uncolated 1:50 1:10
MBP-scFv

FIGURE 4.24: The purified MBP-scFv binds to HBsAg. ELISA to check binding of

purified MBP-scFv to HBsAg. ELISA plate was coated with HBsAg. Two dilutions

of MBP-scFv was used. Bound MBP-scFv was detected using anti-MBP scFv. ELISA

data was corrected for background reading in uncoated wells. Mean of four wells is
shown here.

Further, we used SPR to confirm the binding and to calculate the affinity of MBP-scFv
for HBsAg. For SPR, C5 chip was coated with recombinant HBsAg. Purified MBP-
sckv, at different concentrations, was used as analyte. As shown in Figure 4.25, the SPR

sensogram showed binding of the MBP-scFv to the antigen, HBsAg.

The SPR data was fitted to 1:1 binding model and affinity of MBP-scFv for HBsAg was
estimated. The estimated affinity, in terms of dissociation rate constant, kp was 3.8 x

10® M. This shows that the MBP-scFv has good affinity for the antigen.
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FI1GURE 4.25: SPR analysis to check binding of MBP-scFv to HBsAg. C5 chip was
coated with HBsAg. Different dilutions of purified MBP-scFv was used as analyte.

4.4 Procurement of commercially available Anti-HBsAg an-

tibody

The commercially available monoclonal Anti-HBsAg antibody (Sigma Aldrich, SAB470-
0767) was purchased to validate the working of the SAW sensor with different antibodies.
The ability of the Anti-HBsAg antibody to bind to HBsAg (Lab Banaras, Varanasi) was
checked by SPR analysis, as shown by the sensogram in Figure 4.26. This shows that
the antibody procured binds to the antigen. We have used this antibody along with the

recombinant MBP-scFv generated in our laboratory for subsequent works.
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FIGURE 4.26: SPR analysis to check binding of Mouse Anti-HBsAg antibody to HBsAg.
C5 chip was coated with HBsAg. Different dilutions of Anti-HBsAg antibody was used
as analyte.
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4.5 Procurement of hepatitis B surface antigen (HBsAg)

The hepatitis B surface antigen (HBsAg), used for all experiments, was procured from
Lab Banaras (Varanasi, India). The concentration of the protein was checked by Brad-
ford Assay. Its estimate concentration was 100 ng/ul. The purity of the protein was
checked by SDS-PAGE. As shown in Figure 4.27, the HBsAg sample showed one band
of appropriate size in the gel.

In clinics, concentration of HBsAg in a sample is usually measured in terms of IU/ml,

M HBsAg

20 kDa

FIGURE 4.27: SDS-PAGE analysis of recombinant HBsAg. Expected size of the protein
is 20 kDa. M=Protein marker.

using a known standard. We used Enhanced Chemiluminescence Immunoassay (ECI)
developed by VITROS Immunodiagnostic System to measure the concentration of the
recombinant HBsAg in terms of IU/ml. We diluted our stock HBsAg sample to 50 ng/ml
and measured it using the ECI assay. As per this ECI assay, concentration of this diluted
sample was 4090 IU/ml. Therefore, the concentration of the stock HBsAg solution used
in our work is 81.8 x 10° TU /ml.

We performed a sandwich ELISA to find out the detection limit for MBP-scFv, in terms
of IU/ml of HBsAg. For this, we coated an ELISA plate with a commercially available

anti-HBsAg antibody (Sigma). Seven different concentrations of HBsAg were added to
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the wells for 1 hour, followed by MBP-scFv (1ug/ml). Anti-MBP (1:1000 dilution) was
then added as the primary antibody, followed by the secondary antibody, Anti-mouse
HRP (1:1000 dilution). The ELISA was developed using OPD in substrate buffer (0.5
mg/ml).

The result of the ELISA is shown in Figure 4.28. It is evident from the figure that the
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FI1GURE 4.28: Sandwich ELISA to check the binding of HBsAg with the MBP-scFv.

ELISA plate was coated with a commercially available anti-HBsAg antibody to capture

HBsAg added in different concentrations (8.18 x 1072 IU/ml to 8.18 x 102 TU/ml).

Bound HBsAg was detected by MBP-scFv followed by anti-MBP antibody. Average
value of four independent wells were shown.

MBP-scFv has linear binding in a very long concentration range of HBsAg and it can

detect the antigen even at HBsAg concentration of 8.18 x 1073 TU /ml.

4.6 Summary

In this chapter, various attempts to produce the scFv in soluble form using the pET-
22b(+) clone were shown. Since this approach failed to obtain the protein in soluble form,
cloning was subsequently done in pMAL-p5x vector to express the recombinant protein as
an MBP-tagged molecule. Purified MBP-scFv was obtained and then functional assays

were done to confirm the binding of the recombinant protein to HBsAg. We have used
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the purified MBP-scFv, along with the commercially available anti-HBsAg antibody to

functionalize the SAW device.
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Chapter 5

Immobilization of Antibodies on
Sensor surface

IN this chapter, functionalization and immobilization of antibodies to the sensor surface
on the SAW device is discussed. To achieve high selectivity, the device surface needs to
be properly functionalized for biomolecule immobilization. There are numerous ways
in which a surface can be functionalized. For our work, 11-Mercaptoundecanoic acid
(11-MUA) has been used as the linker molecule, and then EDC/NHS method has been
used for covalently linking the mouse Anti-HBsAg antibody. ATR-FTIR, FESEM and
AFM imaging was done in the consequent step, which confirmed the immobilization of

Anti-HBsAg antibody on the sensor surface.

5.1 Scheme of Functionalization

The proposed SAW dual delay line sensor has a gold thin film in the area between the
input and output IDTs. This area is used as the sensor surface to target HBsAg molecule

by immobilizing the antibody to the gold surface.
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The antibody cannot be directly attached to the gold surface. Now, sulphur exhibits
aurophilicity, which is a natural tendency of sulphur to be covalently linked to gold
[123]. This property of Au-S interaction led us to choose 11-Mercaptoundecanoic acid
(11-MUA) as the linker molecule. The piezoelectric substrate was dipped in a 1 mM
ethanolic solution of 11-MUA for 12 hours. This led to the formation of a co-ordinate
bond between the sulphur in 11-MUA and the gold in the thin film, as sulphur has a
lone pair of electrons and bonds easily with gold. Also, the flexible long carbon chain
of 11-MUA serves as a spacer to minimise interference between the protein molecules

attached to 11-MUA at the top and the gold film [123].

The next step in the functionalization process was to attach the antibody using the
reliable EDC/NHS method. The 11-MUA linker molecule has a -COOH group at the end,
which cannot be directly conjugated to the -NHg group present in proteins. The -COOH
group needs to be activated for this reason. This is acheived using the EDC/NHS method.
(1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) or EDC, is a crosslinking agent used
to couple carboxyl or phosphate groups to primary amines, while N-hydroxysuccinimide
(NHS) increases the stability of the active ester. The substrate is dipped in a 1:1 volume
mixture of EDC and NHS.

In the final step, the Anti-HBsAg antibody, taken in acetate buffer was immobilized on
the activated surface. Thus, the SAW device was ready to be used as a sensor for the
capture of the target molecule(HBsAg). The process flow for immobilization of Anti-
hepatitis-B surface antigen (Anti-HBsAg) on a piezoelectric substrate is shown in Figure

5.1.
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FIGURE 5.1: Schematic representation of the process flow for antibody immobilization
on the sensor surface

5.2 Methods for Characterisation

1. Energy Dispersive X-ray Analysis (EDX): EDX works on the fundamental
principle that each element has a unique atomic structure and allows a unique
set of peaks on its electromagnetic emission spectrum. The elemental composi-
tion of the samples during functionalization was observed by an EDX instrument

(Model:Sigma, Make: Zeiss, Germany). The samples were mounted on stubs with

conductive carbon tape.

2. Atomic Force Microscope (AFM): AFM is a tool that is widely used for imag-
ing and manipulating matter at the nanoscale. In our work, we have used an AFM
(Model: Innova SPM, Make: Bruker) for morphological analysis of the sample. The
mode used for characterisation was the tapping mode at a resonance frequency of

300 kHz. The cantilever tip used for the purpose had dimensions 125 pum x 30 pm

x 4 pm, and a spring constant of 40 N/m.

3. Field Emission Scanning Electron Microscopy (FESEM): The surface of
the samples were scanned using an FESEM (Model: JSM-7610F, Make: Jeol).
The samples were attached to the stub on the sample holder and scanned at an

operating voltage of 15 kV and at 150,000X magnification.

Abstract-TH-2229 136153002

11-MUA



Chapters: Immobilization of Antibodies 90

4. Fourier Transform Infrared Spectroscopy (FTIR): FTIR (Model: Frontier,
Make: Perkin-Elmer, USA) was done in attenuated total reflection(ATR) mode to
analyze the samples during functionalization. The scans were carried out in the

wavelength range 4500-500 cm ™!, with a resolution of 4 cm ™.

5.3 Experimental Section

5.3.1 Gold Film Deposition

In the first step, a gold coating of 20 nm was deposited in a 41°YX LiNbOj3 substrate by
using a sputter coater (Quorum Technologies). The deposition was done at a voltage of
1 kV and current 5 mA for 5 minutes. The deposition of the gold thin film was checked
by EDX and AFM analysis.

Figure 5.2 shows the EDX analysis before and after the deposition of the gold film.
Lithium (atomic number=3) shows no peaks in the spectrum because elements below
atomic number 8 cannot be detected easily with EDX. Figure 5.2(B) shows the presence
of peaks for gold (Au) in the spectrum, thus indicating the proper deposition of a gold

film. The spectra are taken in the range 0 to 10 keV.
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FIGURE 5.2: EDX analysis of: (A) 41°YX LiNbOg substrate, and (B) Gold film sput-
tered over 41°YX LiNbOg substrate.
The image obtained by AFM after deposition of the gold on the 41°YX LiNbOg substrate
is shown in Figure 5.3. An area of size 5um x 5um was chosen for scanning with the
AFM tip. As can be seen in Figure 5.3, a layer with negligible roughness can be seen,

which indicates the fine quality of gold film deposited by sputtering.
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FIGURE 5.3: AFM image of gold film on 41°YX LiNbO3 substrate

5.3.2 Growth of 11-MUA SAM

The gold coated 41°YX LiNbO3 substrate was dipped for 12 hours at 4°C in an ethano-
lic solution of 1 mM 11-Mercaptoundecanoic acid (Sigma). Then, it was washed with
ethanol. To check the development of a self-assembled monolayer (SAM) of 11-MUA on
gold, AFM, FESEM and ATR-FTIR analysis were used.

Figure 5.4 shows the AFM image of the surface topology after the growth of a self-
assembled monolayer of 11-MUA. On scanning an area of size 5 yum x 5 pym, an average

height of 13.6 nm was observed.

FIGURE 5.4: AFM image of 11-MUA on 41°YX LiNbOs substrate

The surface morphology of the sample was observed by Field Emission Scanning Electron
Microscope (FESEM), as shown in Figure 5.5. No metal coating was done on the sample
surface. The image was taken at 15 kV operating voltage and a magnification of 150,000X.
Formation of island-like structures are seen on the surface, indicating the possibility of

proper SAM formation.

Figure 5.6 shows the ATR-FTIR analysis of the sample. 11-MUA has a chemical formula
HS(CHg2)190COOH. The spectrum, taken in the wavelength range 4500-500 cm ! with a
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X 150,000 15.0kV.

FIGURE 5.5: FESEM image of 11-MUA on 41°YX LiNbOg substrate

resolution of 4 cm !, shows absorption dips that indicate the presence of ~SH, -COOH
and ~CHy bonds at 2900, 1700 and 1100 cm ™! respectively [124]. This indicates the
presence of 11-MUA over the gold thin film.
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FIGURE 5.6: ATR-FTIR image of 11-MUA on 41°YX LiNbOg substrate

5.3.3 Immobilization of Anti-HBsAg Antibody

In the next step, the substrate is dipped for 1 hour in 1:1 volume mixture of 0.1 M

N-hydroxysuccinimide (NHS) and 0.4 M EDC [Biacore|. This is done to activate the
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-COOH group present in 11-MUA.

In the final step, the device with the activated carboxylic group is dipped in Monoclonal
Anti-HBsAg antibody (Sigma) in acetate buffer, pH=>5.0 (1:1000 dilution) at 4 °C for 12
hrs. The reason for this particular pH selection is because buffering the pH to about 1 pH
point below the isoelectric point (pI) of the protein helps to bind the primary amine of
the protein to the carboxylic acid on the surface activated with EDC-NHS. This happens
because proteins carry a net positive charge below their pI. The pl of the purified MBP-
scFv is 5.5. Hence, the same acetate buffer (pH=5.0) can be used for immobilizing it
to the sensor surface. AFM, FESEM imaging and ATR-FTIR analysis were done in the
subsequent step, which confirmed the immobilization of Anti-HBsAg on the substrate

surface.

Figure 5.7 shows the AFM image of the surface topology after the immobilization of an-
tibodies over 11-MUA. On scanning an area of size bum x 5um, an average height of 24.1
nm was observed. Since this average height obtained was more than the average height
of 13.6 nm observed after the growth of 11-MUA, it can be said that the immobilization

process was successfully done.

5. 78 nmn

FIGURE 5.7: AFM image of surface after antibody immobilization

The FESEM image in Figure 5.8 shows the surface morphology of the sample after
antibody immobilization. The image was taken at 15 kV operating voltage and a magni-
fication of 150,000X. Formation of uniformly deposited island-like structures similar to

the ones after 11-MUA SAM formation were observed.
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F1GURE 5.8: FESEM image of surface after antibody immobilization

Figure 5.9 shows the ATR-FTIR analysis of the sample after antibody immobilization.
The spectrum, taken in the wavelength range 4500-500 cm ™! with a resolution of 4
em™, shows absorption dips that indicate the presence of Amide A and Amide I bonds
at 3300 and 1500 cm ! respectively [148]. This indicates the possibility of successful

functionalization of antibody on the piezoelectric wafer surface.
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FIGURE 5.9: ATR-FTIR image of surface after antibody immobilization

5.3.4 Quantitative Optimisation of Anti-HBsAg Required for Func-

tionalization

To perform optimisation of the antibody functionalization, Anti-HBsAg antibody in 10

mM sodium acetate buffer, pH=>5.0 (Biacore) with different concentrations (1 pg/ml,
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10 pg/ml and 100 pg/ml) were immobilized on three EDC/NHS activated substrates
and left at 4°C for 12 hrs. Subsequently, an ELISA like method was used to detect the
presence of the antibody on the surface. The method is explained schematically in Figure
5.10. The substrate was dipped in anti-mouse HRP-conjugated antibody in PBS with
2% BSA (1:1000 dilution) for one hour at room temperature. This antibody will bind to
the Mouse anti-HBsAg antibody immobilized on the sensor surface. Then, the substrate
were washed with PBS, after which the ELISA was developed using OPD (0.5 mg/ml) as
substrate. For different concentrations of antibody used, different values of absorbance
was seen. Plotting these values give us the results of quantitative optimization, as shown

in Figure 5.10.

: Piezoelectric substrate

with 11-MUA SAM

ii Mouse Anti-HBsAg
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Anti-Mouse Ab Development
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F1GURE 5.10: Detection of anti-HBsAg antibody immobilized on a 41°YX LiNbOj3

substrate. (A) Schematic representation of the ELISA like method used. (B) Results
obtained by the method to detect antibody immobilization

The absorbance data indicates that the Anti-HBsAg antibody at the concentration of 10

ug/ml is sufficient for proper immobilization on the sensor surface.
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5.4 Summary

From the work carried out, it can be concluded that antibody immobilization on the
piezoelectric substrate was successfully obtained by the method followed. The same
method was followed for the attachment of MBP-scFv antibody. The EDC/NHS method
worked efficiently to attach the protein onto the linker molecule used. Analysis carried
out by EDX, AFM, FESEM and ATR-FTIR showed the success of immobilization, and
hence, we can proceed to the detection of antigen by the immobilized antibody. Also,
the ELISA like method carried out gave us an optimum concentration of 10 pg/ml for
proper immobilization. Hence, the surface has been prepared for capture of appropriate

antigen, which is Hepatitis B Surface Antigen (HBsAg) in our case.
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Chapter 6

Detection of HBsAg using SAW
Dual Delay Line

THIS chapter deals with the utilisation of SAW dual delay line to achieve specific
and quantitative detection of HBsAg. The measurement setup used for the detection is
explained, alongwith the measurement scheme that is followed. The device consists of
a piezoelectric substrate, on which two delay lines, each consisting of two interdigitated
transducers (IDTs): a transmitter IDT and a receiver IDT, are separated by a sensing
layer. The piezoelectric substrates considered were 41°YX LiNbO3 and 36°YX LiTaOg3
to generate Shear horizontal SAW (SH-SAW), while gold was chosen as the IDT metal.
The IDTs were fabricated for three different dimensions: 4 pm, 8 pm and 12 pm. Hence,
we have six devices in total, working in six different resonant frequencies. A comparison

of the detection results of all the devices is done in this chapter.

6.1 Measurement Setup

An aluminium metal plate fabricated in the Central workshop at II'T Guwahati was used
for mechanical support of the entire system. On either side of the plate, two holes were
drilled to accommodate the straight Bayonet Neill Concelman (BNC) bulkhead jacks for
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the four ports of the device. A coaxial adapter (SMA-F to BNC-M) was then used to
connect to the coaxial cables of the Vector Network Analyzer (Model: PNA-L, Make:
Keysight). The SAW dual delay line device to be used as the sensor was placed over a
Printed Circuit Board (PCB), and wires were soldered onto the bond pads of the device.
As described in Chapter 3, a matching circuit, generally comprising of an inductor (L)
and a capacitor (C) is needed for maximum power transfer for all four ports of a delay
line. So the matching circuits were connected to the ports, from which connections were

made using wires to the BNC connector for electrical connection.

An individual dual delay line and the experimental setup for the quantitative measure-

ment of HBsAg detection is shown in the Figure 6.1.

Measuring channel Reference channel

Piezoelectric

substrate

Matching network

Aluminium plate
SAW device

PCB

(B)

FIGURE 6.1: (A) A SAW dual delay line, and (B) Measurement setup used in this work

The connection of the measurement setup to the VNA is shown in Figure 6.2. The BNC
jacks attached to the aluminium plate were connected to the coaxial cables of the VNA

via a coaxial adapter.
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F1GURE 6.2: Connection of SAW dual delay line to VNA

6.2 Measurement Scheme

The dual-delay line relies on the high affinity of antigen-antibody interaction for the pre-
cise detection of HBsAg by means of our sensor. Two sets of antibodies were immobilised

on the sensor surface for targeting the HBsAg in two separate set of experiments:

1. Commercially available Mouse Anti-HBsAg antibody (Sigma)

2. Anti-HBsAg MBP-scFv produced in our laboratory (as discussed in Chapter 4).

As discussed in the previous chapter, the detection experiments were performed on the
gold sensing area formed between the transmitting and receiving IDTs. Both these
areas on the sample and reference SAW device were coated with Mouse Anti-HBsAg
antibody that can bind with HBsAg. Eight samples of different concentrations of HBsAg,
starting from 0.0818 IU /ml to 818000 IU/ml were prepared in Phosphate Buffered Saline
(PBS), and used for the sample channel. For the reference channel, PBS was used as the
analyte. The resonance frequency shift was monitored for each concentration to detect

the specific binding of HBsAg to Anti-HBsAg antibody, which was calculated by the
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So1 measurements obtained using a VNA. Figure 6.3 shows a schematic to explain the

connection and the measurement with the VNA.

S21 Parameter

FIGURE 6.3: Measurement of S-parameter with VNA

A regeneration step was included after every reading, which included washing the sensing
area with acetate buffer (pH 5.0) to remove the HBsAg bound to the antibody from the
earlier sample. After the regeneration, the sensing areas were again washed thrice with
PBS to make it ready for subsequent samples. The change in resonant frequency because
of regeneration and washing in both channels was taken each time, to compensate for any
change in the original resonance frequency of the delay lines. After that, a new sample
of HBsAg and PBS were added to the sample and reference channels respectively. Next,

the frequency shift of the sample SAW device was subtracted from the frequency shift of
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the reference SAW device in order to eliminate any changes other than mass change due

to the binding of HBsAg.

Figure 6.4 shows the detection scheme followed in the experiments for detection of HB-

sAg.
Regenerate with
Add buffer to Add sampleto S low pH buffer Add buffer to Add sample to S
bothSandR and buffertoR and wash both Sand R and buffer to R
lT i 30 mins T i iT i 30 mins T_ — = — >
Remove liquid Remove liquid Remove liquid Remove liquid

and measure and measure and measure and measure

F1cURE 6.4: HBsAg Detection scheme for multiple samples with intermediate regen-
eration and washing

Let Afg denotes the change in resonant frequency, fy in the sample delay line due to the
addition of PBS buffer and HBsAg sample, and Afg denote the same in the reference

delay line due to the addition of PBS once as the buffer, and then as the analyte.

Afg = fyuffer,s — fsample (6.1)

AfR - fbuffer,R - f1reference (6°2)

The corrected change in frequency Afq for each sample is thus obtained by:

Afq = Afg— Afg (6.3)

If fy denotes the resonant frequency of a delay line, the change in resonant frequency due

to the addition of reference and sample is graphically shown in Figure 6.5.

Afq is plotted against the concentration of the HBsAg sample to obtain the detection
profile of the sensor. After the readings for the Mouse Anti-HBsAg antibody are taken,
the sensing areas are treated with a solution consisting of 2:1:66 molar ratio of NH4OH,
H909 and H9O respectively [136]. This eradicates all linker molecules and antibody
attached to the gold surface. The idea behind this step is to regenerate the gold layer,

as a result of which the sensor can be reused and thus help in cost-saving. Subsequently,
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FIGURE 6.5: Schematic diagram explaining change in resonant frequency

the entire process of functionalisation, as discussed in Chapter 5, is repeated for the
anti-HBsAg MBP-scFv. Then, the measurements for Afc are taken over the same linear
range of concentration of HBsAg. Finally, a comparison is done among the two sets of

data.

6.3 Detection Results

Using the method explained in the previous section, experiments were done under varying
conditions to derive meaningful insights into the operation of the SAW dual delay line
sensor. The different experiments, with the results derived from them, are explained in

the following subsections:

6.3.1 Effect of Sample Incubation Time on Measurement

Binding of an antigen to an antibody is a time dependent process. Therefore, we need to
check the optimum incubation time required after addition of HBsAg samples, prior to
making measurements. The dual delay line sensor on 41°YX LiNbQOg, with IDT width

4 pm was first tested for optimizing the incubation time needed for the binding of the
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HBsAg onto the Mouse Anti-HBsAg antibody functionalised on the sensing area. 10
ng/ml HBsAg in Phosphate Buffered Saline (PBS) buffer was used as the analyte in the
sample line, while PBS was used in the reference line for each measurement. 10 ng/ml
Bovine Serum Albumin (BSA) was used as the negative control. Volume of analyte was
30 ul on both the lines. Different incubation times of 2, 5, 10, 15, 20 and 30 minutes
were used. The bar diagram in Figure 6.6 below shows the shift in Afc (in kHz) for

different incubation times.

400

300 -

100 A

10 ng/ml BSA
0 T
2 5 10 15 20 30

Time (in minutes)

FIGURE 6.6: Identification of suitable incubation time for detection of HBsAg. HBsAg

in PBS (10 ng/ml) was used as analyte and incubated for different durations. Subse-

quently, Afq for each sample was measured. The horizontal dotted line represents the

reading for 10 ng/ml BSA in PBS incubated for 30 minutes on the sensor. BSA was
used as the negative control.

As we can see from the graph, an incubation time of 30 minutes gave the best change in
frequency, indicating that proper antigen-antibody binding occurred at the sensing area
in this time interval. Hence, from this point onward, all subsequent experiments were

performed keeping the incubation time constant at 30 minutes.

6.3.2 Effect of Regeneration on Resonant Frequency

The reusability of the sensor was checked by measuring the resonant frequency of the
measuring and reference channel after each round of sample measurement and regenera-

tion. The device used was the dual delay line sensor on 41°YX LiNbOg, with IDT width
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4 pm. The graph in Fig. 6.7 shows the variation in resonant frequency of the sample

and reference lines for eight sequential samples.
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FIGURE 6.7: Effect of regeneration on resonant frequency on both sample and reference
delay line

As can be seen from the graph, the change in base response was extremely small. This
indicates that proper regeneration has occurred and the sensor can be used to measure
as many as eight samples, provided proper regeneration is done as the intermediate step

between each sample.

6.3.3 Dose Dependent Detection of the HBsAg

For this experiment, eight samples of HBsAg in a linear range of 0.0818 IU/ml to 818000
IU/ml in PBS was prepared from a stock solution of 8180000 IU/ul. 10 ng/ml Bovine
Serum Albumin (BSA) was used as the negative control in each case. Measurements

were done for all six devices, and a comparison of the generated data is done, as can be

seen in Figure 6.8, 6.9 and 6.10.

Figure 6.8(A) and 6.8(B) show the variation in Afn when different concentrations of
HBsAg were detected with Mouse Anti-HBsAg antibody functionalised on the sensing
surface for three devices on 41°YX LiNbOg3 and the 36°YX LiTaOg3 substrate, with IDT

widths 4 pm, 8 pm, and 12 pm respectively. With Mouse Anti-HBsAg antibody, the
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highest change in Afc for the device with IDT widths 4 um was found to be 890 kHz
on 41°YX LiNbOg substrate, while it was found to be 576 kHz for the device on 36°YX

LiTaO3 substrate.
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FIGURE 6.8: Detection of HBsAg using Mouse Anti-HBsAg antibody for devices with
varying IDT widths on (A)41°YX LiNbO3 and (B)36°YX LiTaOg substrates

Figure 6.9(A) shows the variation in Afc when different concentrations of HBsAg are
detected with MBP-scFv functionalised on the sensing surface for three devices on 41°YX
LiNbOg3 substrate, with the same IDT widths mentioned earlier. Figure 6.9(B) shows
the same variation for three devices on 36°YX LiTaOs substrate. With MBP-scFv, the
highest change in Afc~ was achieved for the device with IDT width 4 pum, which was
found to be 640 kHz on 41°YX LiNbOg substrate, while it was found to be 410 kHz for
the device on 36°YX LiTaOg3 substrate. This difference in resonant frequency change can
be attributed to the fact that the velocity of SAW is higher in 41°YX LiNbOj3, which
leads to higher frequency of operation at the same wavelength, and hence higher change

in frequency due to mass loading.
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FIGURE 6.9: Detection of HBsAg using recombinant MBP-scFv for devices with varying
IDT widths on (A) 41°YX LiNbO3 and (B) 36°YX LiTaOg substrates
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FIGURE 6.10: Performance of all six devices with different immobilised antibody

Finally, in Figure 6.10(A) and 6.10(B), a comparison is shown for the Afq plotted against
the change in concentration of HBsAg for all 6 devices with Mouse Anti-HBsAg and
MBP-scFv antibody immobilization respecively. From these graphs, it is evident that
the devices fabricated on 41°YX LiNbOg shows a 1.5 fold increase in Afc compared to
the devices fabricated on 36°YX LiTaOg. Also, there is a 1.3 fold decrease in Afc while
detecting MBP-scFv compared to Mouse Anti-HBsAg antibody. This behaviour might
be attributed to the repeated stripping and regeneration performed on the sensing layer,

which might have led to the deterioration in quality of the gold film.
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6.3.4 Detection of HBsAg in Human Serum

In all previous experiments, samples of HBsAg were prepared by dissolving the protein
in PBS. To test the ability of the sensors to detect HBsAg in human serum, the mea-
surements were done with the same range of concentration of HBsAg as earlier, but the
samples were human serum spiked with HBsAg. As shown in Fig. 6.11, with Mouse Anti-
HBsAg antibody functionalised on the sensing surface for the device with IDT width 4
pm on 41°YX LiNbOg substrate, Afc showed a value of 66 kHz for the highest concen-
tration of 818000 IU/ml of HBsAg, and a linear range of operation was seen from 81.8
IU/ml to 818000 IU/ml. The reason for this decrease in quality of performance of the
sensor might be due to the decline in the quality of the gold thin film that was used as
the sensing area because of repeated regeneration. Thus, the sensor shows prospect to

be used as a label-free HBsAg detection sensor.
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FIGURE 6.11: Detection of HBsAg in human serum

6.3.5 Comparison of Limit of Detection (LoD)

Limit of detection (LoD) can be defined as the lowest quantity of the analyte that can
be detected. If o is the standard deviation in Afn, then LoD is calculated by the
mathematical expression:

LoD = 3*¢ (6.4)

Abstract-TH-2229 136153002



Chapter6: Detection of HBsAg 108

Let us consider the detection of HBsAg in PBS, using the functionalised MBP-scFv and
Mouse Anti-HBsAg antibody. As can be seen from the graphs in Figure 6.10, the devices
showed a linear relationship between the frequency shift and the antigen concentration
in the range of 0.0818 IU/ml to 818000 IU/ml. Sensitivity of the device was evaluated
using the slope of the graphs, and the values of LOD are shown in Table 6.1.

TABLE 6.1: Comparison of LoD values

Type of substrate IDT width (pm) LOD (Limit of detection) in IU/ml
MBP-sckFv Mouse Anti-HBsAg Ab
41°YX LiNbOj3 4 1.541 0.183
8 1.333 0.155
12 1.364 0.156
36°YX LiTaOg 4 1.592 0.143
8 1.503 0.139
12 1.348 0.155

6.4 Summary

In this chapter, we have demonstrated the detection of HBsAg using SAW sensor func-
tionalised with two different antibodies: MBP-scFv and Mouse Anti-HBsAg antibody.
The delay line with 4 pm IDT width on 41°YX LiNbOj3 substrate was found to out-
perform the other devices in terms of change in frequency observed. LOD was found to
be better in case of the devices functionalised with mouse Anti-HBsAg antibody than
in case of the devices functionalised with the recombinant scFv. We have to keep in
mind that, first we have functionalised the devices with mouse anti-HBsAg antibody,
performed experiments and then stripped off the antibody from the devices. The same
devices were functionalised with MBP-scFv. This stripping and regeneration may have

affected the performance of the sensors with MBP-scFv.
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Conclusion and Future Prospects

7.1 Conclusion

THIS chapter outlines the results obtained and gives an insight into the future
prospects of the work described in this thesis. The work encompasses the design, sim-
ulation and fabrication of a Surface Acoustic Wave based dual delay line device and its

use as a sensor for the detection of HBsAg.

The use of COMSOL Multiphysics has been discussed for finite element simulation of six
SAW devices with different device dimensions. COMSOL simulation helps to optimise
the device characteristics prior to microfabrication. The substrates, 41°YX LiNbOj
and 36°YX LiTaOg3 were chosen to generate shear-horizontal SAW to obtain maximum
efficiency for liquid sensing applications. The displacement profile, voltage profile and
generation of SH-SAW were simulated, and based on these data, the IDT dimensions
were finalised to obtain maximum efficiency. These parameters were subsequently used
during the microfabrication of the SAW devices. The microfabrication of the SAW
delay line was discussed in detail, alongwith the characterisation of the devices. The

S-parameters of all devices were measured using a Vector Network Analyzer. Matching
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networks were designed based on the impedance values obtained from the S-parameters.
The values of resonant frequency agreed with the theoretical values, and hence we moved
on to the production of an anti-HBsAg scFv antibody. The various attempts to produce
the scFv in soluble form have been discussed. Purified MBP-scFv was obtained and
then functional assays were done to confirm the binding of the recombinant protein to
HBsAg. Immobilisation of the antibody to the sensor surface was achieved using an 11-
MUA linker molecule, and the various steps undertaken were analysed by EDX, AFM,
FESEM and ATR-FTIR. Also, an ELISA like method was adopted to detect the optimum
concentration of antibody for proper immobilization. Next, we have demonstrated the
detection of HBsAg using two different antibodies functionalised on the sensor surface:
MBP-scFv and Mouse Anti-HBsAg antibody. The delay line with 4 pm IDT width on
41°YX LiNbOj3 substrate was found to outperform the other devices in terms of change
in frequency observed. Results show that the HBsAg was successfully detected by the
devices, with the 4 pm devices showing the highest sensitivity followed by the 8 ym and
12 pm devices. It was also observed that the limit of detection (LoD) was found to be
better in case of the devices functionalised with mouse Anti-HBsAg antibody than in
case of the devices functionalised with the recombinant scFv. This can be attributed
to the fact that first the devices were functionalised with mouse anti-HBsAg antibody,
followed by stripping off of the antibody, and again functionalised with MBP-scFv. This
stripping and regeneration can be a reason behind the deterioration in the performance
of the sensors with MBP-scFv. Out of the six devices, the highest frequency change of
889 kHz, and hence the best sensitivity was shown by the delay line with an IDT width
of 4 ym and 41°YX LiNbOj3 substrate. The sensor showed a response to HBsAg in a
range of 0.0818 TU /ml to 818000 IU/ml. The proposed device was successfully applied to
determine the HBsAg in spiked-human serum with a detection limit of 81.8 IU/ml. This
is not at par with the clinical methods currently in use in diagnostic centres. However,
the reason for this is the reuse of the device, and hence performance can be enhanced
if reusability is avoided. The microfabricated SAW dual delay line sensor provided a

specific and quantitative detection of HBsAg in PBS and human serum.

The detection experiments performed show that the dual delay line SH-SAW sensor

Abstract-TH-2229 136153002



Chapter7: Conclusion and Future Prospects 111

designed and fabricated is sensitive enough to detect the binding of HBsAg to an im-
mobilised layer of anti-HBsAg antibody. Thus, it can be forecasted to have tremendous

impact in the field of biosensing applications.

The developed SAW immuno-biosensors showed a limit of detection of approximately
1.5 TU/ml. Table 7.1 gives a comparison of the performance of our sensor against the
existing state of the art diagnostic kits. However, we need to note that none of the
existing kits use electronic methods of detection. Moreover, our device offers the option

of multiple use, which can go a long way in reducing the cost of the diagnostic process.

TABLE 7.1: Comparison of developed SH-SAW sensor with commercially available kits

Name of the kit Principle of Limit of Single use/ Ref
(Manufacturer) detection detection Multiple use
Liaison HBsAg Direct sandwich 0.050 Multiple [18]
(Dia-Sorin) chemiluminescence IU/mL
Immunoassay
ICT-CLEIA Semiautomated 0.2 Multiple [21]
immune complex mIU/mL
transfer
chemiluminescence

enzyme immunoassay

Architect HBsAg Chemiluminescent 0.130 Multiple [22]
QT assay microparticle IU/mL
(Abbott) immunoassay (CMIA)
CobasAmpliprep/ Molecular techniques  6.25 TU/mL Single [24]
CobasTagMan

assay (Cobas)

Developed SAW In vitro SAW device 1.5 TU/ml Multiple This

device work
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7.2 Future Prospects

Based on the conclusion of the thesis, the possibility of the SAW dual delay line to be used
as a point-of-care device can be predicted. The developed SAW sensor is label-free and
detects the sensing signal electrically. The integration of the device with microfluidics
can help to enhance its functionality and also decrease the complexity of the detection
scheme. The use of an oscillator circuit in lieu of the network analyzer to detect the

response can also aid in decreasing the cost of operation of the device.
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Appendix A
Materials and Equipments Used

General reagents

Acetic acid, di-sodium hydrogen phosphate, glycerol, hydrochloric acid, isopropyl alcohol,
methanol, sulphuric acid, ethanol, sodium chloride (all AR grade) — from HiMedia, India
and Merck, India.

Molecular biology grade reagents/ chemicals

Acrylamide, APS, bis-acryl amide, TEMED, APS, EDTA, IPTG, tween 20, triton X
100, Bradford’s reagent - from Sigma-Aldrich, USA. Glycine, SDS, tris—base, imidazole,
ampicillin- from Himedia, India.

Components for bacterial culture medium

Tryptone, yeast extract, Agar from Himedia, India.

Enzymes

PCR master mix from HiMedia, India. Sall, BamHI and Xhol, from NEB, UK. Quick
DNA ligase from NEB, UK.

Blotting Membranes and Filters

PVDF membrane (0.2 pm) - from Millipore, U.S.A. 3mm filter paper - from Whatman,
USA.

DNA and protein markers

100 bp and 1 kbp DNA ladder and protein molecular weight marker (11-175KD) - from
HiMedia, India.
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Plastic and Glasswares

Micro pipette tips, micro centrifuge tubes, petri dishes and other plastic wares- from
Tarson Products Pvt. Ltd., India. PCR tubes - from Axygen, USA; Glassware- from
Borosil International, India.

Bacterial strains used

1. E. colt DH5« : From Novagen.

2. E. coli BL21 : From Novagen.

Culture Medium for Bacteria

1. Luria Broth: Tryptone 1.0%, Yeast extract 0.5%, NaCl 1.0%

2. 2xTY: Tryptone 1.6%, Yeast extract 1.0%, NaCl 0.5%

List of Buffers and Solutions

1. TAE : Tris Acetate EDTA buffer, 50x (100ml) 24.2 g Tris base, 5.71 ml CH3COOH,
10 ml of 0.5 M EDTA.

2. Phosphate buffer saline (PBS): 0.137 M NaCl, 2.68 mM KCI, 7.98 mM Na2HPO4,
1.4 mM KH2PO4, pH 7.2.

3. TBS: 50mM tris base, 150mM NaCl.

4. TBST: TBS containing 0.1% Tween-20.

Solutions for competent cell preparation

1. Sterile CaCly: 50 mM CaCly is filter sterilized through a 0.22p filter (HiMedia)

2. Sterile Glycerol (50%): 20 ml 100% Glycerol is added in 20 ml water and sterilized
by autoclaving.

Buffers/solutions for protein purification

1. Stripping Buffer: 20 mM sodium phosphate, 500 mM NaCl, 50 mM EDTA, pH
7.4.

2. Equilibration Buffer: 20 mM sodium phosphate, 500 mM NaCl, 40 mM Imidazole,
pH 7.4.
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. Binding Buffer: 20 mM sodium phosphate, 500 mM NaCl, 40 mM Imidazole, pH

7.4.

. Column Buffer: 20 mM Tris-HCI1, 200 mM NaCl, 1 mM EDTA, pH 7.4.
. Binding Buffer: 20 mM sodium phosphate, 500 mM NaCl, 40 mM Imidazole, pH

7.4.

. Elution Buffer: 10 mM maltose in column buffer, pH 7.4

Buffers/solutions for SDS-PAGE

1.

30 % acrylamide-bisacrylamide solution (100 ml): 29.2 g Acrylamide, 0.8 g Bisacry-
lamide.

. Tris. HCI( pH 6.8) 0.5 M (100 ml): 6.06 g of Tris base, pH adjusted to 6.8 with 2

N HCL

. Tris.HCI, pH 8.8, 1.5 M (100 ml): 18.18 g of Tris base, pH adjusted to 8.8 with 2

N HCL

. Gel Running Buffer: 25 mM Tris base, 250 mM, 0.1% SDS.
. Sample Loading Buffer (1X): 50 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 1%

B-mercaptoethanol, 0.02 % bromophenol blue.

. Staining solution: 50% Methanol, 10% Acetic acid, 40% Water, 0.25% CBB R250.

Destaining solution: 30% Methanol, 10% Acetic acid, 60% Water.

Buffers/solutions for Western Blot

= W N

Transfer buffer: 25 mM Tris base, 39 mM Glycine, 20 % Methanol .
Ponceau solution (Sigma): 0.1% Ponceau S in 5% acetic acid.
Blocking Solution: 3% BSA in TBST.

Washing buffer: PBST or TBST

Buffers/Solutions for SPR

1.

NS ok N

Amine-coupling reagent(A): 0.4 M 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide
hydrochloride in water, pH 7.4

Amine-coupling reagent(B): 0.1 M N-hydroxysuccinimide in water,pH 7.4
Ethanolamine solution: 1.0 M ethanolamine-HCI, pH 8.5

Coupling Buffer: 10 mM sodium acetate, pH 4.0, 4.5, 5.0, 5.5
Regeneration Buffer: 10 mM sodium acetate, pH 1.5, 2.0, 2.5, 3.0
Running Buffer: 10 mM NagHPO,4, NaH2POy, 150 mM NaCl, pH 7.4

Equilibration Buffer: 10 mM NasHPO,4, NaH9PO,, 150mM NaCl, 0.05% Tween
20, pH 7.4
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Buffers/Solutions for ELISA

1. Substrate solution: O-phenylenediamine (0.5 mg/ml) diluted in 0.05 M citric acid
and 0.1 M NagHPOy4 (pH 5.0) and 0.03% H0O5.

2. Stop solution 8 N Sulphuric acid.

List of Antibodies

1. Monoclonal Anti-Histidine-tagged protein (Calbiochem, Germany, #0B05).
2. Anti Mouse-HRP (Sigma, U.S.A, #A0412).

3. Monoclonal Anti-MBP antibody (Sigma, U.S.A, #SAB5300427).

4. Monoclonal Anti-HBV antigen HBsAg (Sigma Aldrich, #SAB 4700767)

List of Primers

1. The primers for scFv cloned in pET-22b(+) were:
T7 Promoter Primer: 5-TAATACGACTCACTATAGGG-3
T7 Terminator Primer: 5-GCTAGTTATTGCTCAGCGG-3

2. The primers for scFv cloned in pMAL-p5x were:
Forward primer: 5-GCAAGTCGACGAGGTGCAGCTGCAGCAGC-3
Reverse primer: 5’-GCAAGGATCCTCACCGTTTGAGTTCCAGCTTG-3

Equipment used in microfabrication

1. Lithography Laser Writer: Heidelberg uPG-501. Micro-pattern generator machine.
Manufactured by Heidelberg Instruments Mikrotechnik GmbH, Germany.

2. Tecport Sputter Coater. RF sputtering machine. Manufactured by Tecport Optics,
Orlando.

3. Dektak XT surface profiler. Manufactured by Bruker, USA.

4. Wafer dicing machine. EC-400 Semi-automatic model. Manufactured by MTI
Corporation, USA.
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