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Every year millions of people around the globe suffer from foodborne illnesses as
a result of the ingestion of food products contaminated with pathogens. Foodborne
illnesses not only result in suffering and permanent injury but also loss of productivity
due to hospitalization. Traditional methods such as enzyme linked immunosorbent assay
(ELISA) and fluorescence methods are widely used in bacterial detection. However these
methods are time consuming, expensive and require trained personnel. Hence, it is
desirable to develop real-time detection devices that can be used for the identification of
contaminated food products.

This study presents the results of an investigation designed to develop a real time
wireless biosensor for the detection of Salmonella typhimurium, the bacterial species
responsible for Salmonellosis. This new biosensor technology consists of a wireless,

magnetoelastic transducer and an immobilized species specific antibody monolayer. A



time varying magnetic field was then used to actuate the platform into mechanical
resonance and a pickup coil used to measure the resulting resonance frequency. The
characteristic resonance frequency of a magnetoelastic sensor is inversely proportional to
its length and mass, so the capture of the target organism onto the surface of the sensor
causes a mass increase and, hence, a decrease in the fundamental resonance frequency of
the magnetoelastic sensor. Different sizes of sensor strips were used in the study, so as to
study the effect of size on the sensitivity of the biosensor. The sensor response was
studied in liquid media (water, milk and apple juice) containing graded concentrations of
S. typhimurium. The dissociation constant, (K4) and binding valencies were calculated
using a Hill Plot. Binding assays of tests conducted in water showed a K4 values of 435+
76 cfu/ml with a binding valency of 2.3 + 0.02 in a 2x0.4mm dimension sensor, where fat
free milk and apple juice samples showed Ky’s of 1389 + 142 and 310 + 101 cfu/ml,
respectively. The binding valency for fat free milk was found to be 1.9 &+ 0.03 and that
for apple juice was 2.3 + 0.02. These similar values of both K4 and the binding valency
clearly suggest consistent performance of the sensors even in the presence of different
surrounding media. Confirmation of bacterial binding to the sensor antibody was

achieved through Scanning Electron Microscopy (SEM) studies of the sensor samples.
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1 INTRODUCTION

1.1 Introduction to biosensors

The ever increasing need for simple, rapid and continuous in Situ monitoring
methods for a broad range of areas has led to the growing popularity of biosensors in
recent years. Biosensors may be regarded as a modern alternative to conventional
detection techniques due to their high degree of sensitivity, selectivity and versatility for
field deployment. A biosensor such as the one shown in Figure. 1-1 is defined as a self-
contained, integrated device capable of providing quantitative or semi-quantitative
analytical information; that includes a biological sensing element in direct contact with a
transducer [1]. The biological recognition elements play a crucial role in determining the
sensitivity and selectivity of the detection technique. The detection of the analyte by the
receptor is by way of a specific interaction that generates a chemical or physical
perturbation. These perturbations can be converted into a measurable effect, for example
a shift in the frequency (piezoelectric/magnetoelastic sensors) or refractive index (surface
plasmon resonance/fiber optic sensors). Because of their technical and economical
advantages, such as faster response time, reduced sample preparation times, ease of
operation, lower instrumentation and transportation costs, biosensors are now being used

in a wide variety of fields such as food industries, toxic gas environments,



detection of liquid contamination, clinical diagnostics, agriculture and also in the fight

against bio terrorism [2-8].
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Figure 1-1: Biosensor structure



1.2 The Bio-recognition Element

In the current study antibodies were used as the bio-recognition element. The
vertebrate immune system has evolved several ways to protect the organism from
invasions of foreign bodies and infections by bacteria, viruses or other micro-organisms,
all of which may be referred to as “antigens”. The two main responses of the immune
system to the presence of a foreign organism are the cellular immune response and the
humoral immune response. Antibodies belong to the immunoglobulin proteins (Igs).
Five main types of immunoglobulins are produced by mammals, namely IgA, IgD, IgE,
IgG and IgM. Of the five types, IgG represents approximately 75% of the Igs in blood
plasma [9]. IgG is the smallest antibody of its class with a molecular weight of 150 kDa
and is the easiest to produce and extract from blood serum. The stability of antibodies
along with their solubility in aqueous solutions and their high tolerance to a wide range of
pH concentrations, make them the ideal candidate for the biological sensing element in
biosensors. They denature reversibly and hence are easy to isolate and purify. The
presence of several different chemical groups on the antibody surface also makes it
relatively easy to functionalize them with markers such as enzymes, fluorescent dyes or

radioactive labels [10].
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Figure 1-2: Antibody structure

IgGs are chiefly composed of four chains of polypeptides, which in turn consist of
two identical light (L) chains and heavy (H) chains that are linked together by disulfide
bonds (S), hydrogen bonds, salt bridges and Vander Waals forces. Each L chain consists
of 220 amino acids and each H chain consists of 440 amino acids. The four chains are
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further divided into variable and constant regions. The constant chains CH1 and CH2 are
linked through a hinge, which is mainly responsible for the flexible nature of the antibody
structure. The variable regions of the heavy chains and the light chains comprise the
binding sites of the antibody, although technically only parts of the variable regions
actually bind to the antigen. The “Complementary Determining Regions” (CDRs 1, 2
and 3) are also known as the hyper-variable regions. The term “paratope” refers to the
group of amino acids on the antibody that are crucial for binding to the antigen, and there
is a complementary region on the antigen called the “epitope”. Antibodies have been in
use as probes for some time in biosensor technologies [11, 12] and prior research
performed at the Auburn University’s Detection and Food Safety (AUDFS) has
successfully demonstrated the effectiveness of antibody-antigen based acoustic wave

devices for the detection of foodborne pathogens [13, 14].
1.3 Introduction to Food Borne Pathogens

Currently, there are more than 250 known food borne diseases caused by
pathogenic microorganisms such as viruses, bacteria and fungi [15]. Foodborne diseases
result from the ingestion of the contaminated food products such as ready-to-eat (RTE),
unprocessed or under processed food products and beverages.

Although there are several possible sources of food contaminations, including
poisonous chemicals, heavy metals, fungi, viruses and bacteria, the major causative
agents are bacteria.  Tablel-1 gives information about the major sources of
contamination, the agents responsible for the contamination of food products and the
resulting diseases. Figurel-3 summarizes the number of foodborne disease cases per
100,000 population in 2005 for 10 states (Connecticut, Georgia, Maryland, Minnesota,
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New Mexico, Oregon, Tennessee, California, Colorado, and New York) in the United

States.

Table 1-1: Major sources of contamination, agents responsible for contamination of food

products and resulting diseases [16].

Bacterial Infected area Sources of Symptoms of
Species contamination illness
Intestinal tracts of Meat. poult Diarrhea, nausea,
Salmonella animals and » POUTITY,

humans.

fish and eggs.

chills, vomiting
and fever.

Staphylococcus
aureus

Nose, throat, skin
and open wounds.

Meat and seafood
salads, sandwich
spreads and high

Nausea, vomiting
and diarrhea. No

salt foods. fever.
Listeria . Milk, soft Mimics
Intestinal tracts cheeses, .
monocytogenes meningitis.
vegetables.
. ) Diarrhea,
Enteropath(_)genlc E. | Feces of infected Meat and cheeses. abdominal
coli humans.
cramps, no fever.
. ) . Cramps and
Clostridium Gastrointestinal | Meat and poultry .
) . . diarrhea. Usually
perfringens tracts of animals | dishes, sauces and iy
. no vomiting or
and humans. gravies.
fever.
lob .. . | Animal reservoirs Meat, poultry, Diarrhea,
Campylobacter jejuni and foods of milk, and abdominal cramps
animal origin. mushrooms. and nausea.
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Figure 1-3: Number of foodborne disease cases per 100,000 population in 2005 for 10
states (Connecticut, Georgia, Maryland, Minnesota, New Mexico, Oregon, Tennessee,

California, Colorado, and New York) in the United States of America [17].



1.3.1 Salmonella typhimurium

The first strain of Salmonella was reported in 1884 by T. Smith and Daniel E.
Salmon [18], who dubbed it Salmonella cholerasius. Since then, more than 2000 distinct
types of salmonella species have been discovered [19]. The salmonella species most
commonly found in the United States are Salmonella enteridis and Salmonella
typhimurium. This research focused on the detection of Salmonella typhimurium, the
primary source of Salmonellosis. S. typhimurium is a rod-shaped, gram-negative
enterobacteria that affects the abdomen, causing infection, diarrhea and pain [19] .

This research was designed to develop a new sensor technology that would be
capable of capturing and detecting the presence of S. typhimurium in poultry products
with a high specificity and sensitivity. There are several existing sensor technologies for
the detection of S. typhimurium [20-23], of which the most commonly used are
technologies based on piezoelectric or optical methods. These techniques, however, are
either expensive or complicated and time-consuming. Thus, an ideal sensor platform
would be fast, reliable, inexpensive, simple to use and, most importantly, be capable of

making accurate measurements in liquid media.
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Figure 1-4: Scanning Electron Micrograph of S. typhimurium cells.

1.4 Transduction Element

Most conventional biosensor systems are unable to function in sealed
environments. Hence, there is a need for an inexpensive and sensitive sensor platform
that can operate in such conditions. This research established a new application of
magnetoelastic materials as a biosensor platform for the detection of S. typhimurium that
is capable of resolving many of the problems experienced with existing biosensor
technologies. Magnetostriction is a property of soft amorphous ferromagnetic materials
that undergo a shape change in the presence of a magnetic field; the magnetic energy of

the material is converted into mechanical energy in the form of a change in the shape.



When a magnetoelastic material is subjected to a magnetic field, the magnetic domains in
the material tend to align, causing a shape change in that material. In a time varying
magnetic field, the resulting shape changes in the material can produce oscillations along
its length. Applying a magnetic field actuates the sensor and the response can be detected
using a non-contact pick-up coil. The response of the magnetoelastic sensor can then be
converted into a frequency. Each sensor has a natural resonance frequency that is
inversely proportional to its length and this natural resonance frequency shifts to a lower
value as a result of any mass loading on the sensor. These frequency shifts can be
measured remotely and related to the mass of the analyte attached. Because of this
unique advantage, numerous magnetoelastic materials applications have been proposed,
including the detection of pH, humidity, temperature, viscosity, and stress etc. [24-26]. A
biosensor can be produced by coupling a suitable bioprobe to a magnetoelastic sensor

platform.
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Figure 1-5: Schematic drawing illustrating the wireless nature of magnetoelastic
biosensors and the basic principle for detecting bacterial cells. The fundamental
resonance frequency of the biosensor is fo without cell binding. Upon binding of cells the
resonance frequency decreases to fanaye due to the increased mass of cells bound to the

antibody that has been immobilized on the sensor surface.

Magnetoelastic material oscillates along its length in the presence of a varying magnetic
field. These oscillations along the y- direction can be represented as [27]:

ou ou
v ___E J (1-1)

P o T 21-07) oy

The solution to this first order differential equation yields the resonance frequency as

fo|—E N (1-2)
p(l—c?) 2L

Where,

fn — Resonance frequency of the sensor, p — Density of the sensor material,
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E — Elastic modulus of the sensor, o — Poisson’s ratio, L — Length of the sensor,
n - Mode of oscillation.
The above equation is for the n™ mode of oscillation. Substituting n=1 gives the relation

for the fundamental resonance frequency:

E 1

f=|———
* \pl-o*) 2L

(1-3)

In equation (1-3), if E, o, L, are constants then

1
= foa\/% (1-4)

From the above equation it is evident that the frequency is inversely proportional

to the square root of the mass.

f
= ﬂ =——2 (Here, Am<<<M) (1-5)
Am 2M

Where, M — Mass of the sensor, Am — mass attached on the sensor surface, Af — change in

resonance frequency.

The above equation (1-5) gives the relationship between the mass that is
uniformly attached on the sensor surface and the resulting shift in the resonance

frequency of the magnetoelastic sensor.
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1.5 Research Objectives

The primary objective of this research was to develop a robust and inexpensive
biosensor technology for the detection of bacterial pathogens by using magnetoelastic
particles. The antibody against S. typhimurium was used as the probe to investigate the
capabilities of the methodology. This new sensor technology could be used in place of
existing technologies like ELISA [28] and other sensor technologies such as surface
acoustic wave devices [13] or fiber optic sensors [21].

To achieve the main objective, this research was subdivided into three sections.
1. Fabrication of micro sensors with magnetoelastic material

In the development of sensor technology, fabrication plays a major role. In order
to achieve good corrosion resistance and suitable sensor surface for antibody
immobilization magnetoelastic sensors were diced and sputtered with thin layers of
protective films. In this research METGLAS® 2826MB alloy was used as the sensor

platform.
2. Characterization of the bio-recognition element
(1) Immobilization of bio-recognition element

In order to build an effective biosensor, it is desirable to have an effective
technique for probe immobilization. The probe (antibody) immobilization technique
should be both reliable and reproducible. In this study the application of a Langmuir —

Blodgett (LB) technique for the immobilization of antibody monolayers was established.
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(1) Specificity
Immobilized bioprobe should be specific towards the analyte (Salmonella
typhimurium). To investigate the specificity characteristics, biosensor was exposed to
Salmonella species and other antigens such as Listeria monocytogenes and E. coli.
Measurement of the bound bacterial cell densities on the sensor surface provided
information on the specificity of the antibodies towards Salmonella typhimurium.
(i11) Longevity
For all practical applications, it is essential to evaluate the effectiveness of
biosensor technology in different testing conditions. The current study investigated the
stability of polyclonal antibody immobilized magnetoelastic sensor platform at three
different temperatures (25, 45 and 65 °C).

3. Study of the probe analyte interactions.

In this study, antibody immobilized magnetoelastic biosensors were exposed to
target analytes in different environments. Biosensors were exposed to graded
concentrations of the target analyte in static conditions and as well as in the flow through
mode. To simulate real world applications, magnetoelastic sensors were exposed to the
target analyte in the presence of non specific bacterial species such as Listeria
monocytogenes and E. coli. Magnetoelastic sensors were also tested in food products

such as fat free milk and apple juice.
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2 LITERATURE REVIEW

2.1 Background

In the United States alone, human cases of foodborne illnesses are estimated to
have an economic impact of about 2-6 billion dollars annually [29]. The estimated cases
of human illness due to foodborne microbial pathogens are between 6.5 million to 33
millions annually, and account for up to 9000 deaths. Contamination of animal products
such as red meat, poultry, eggs, seafood and dairy products [29] are the most common
causes of human related food poisoning. Although more than 250 different foodborne
pathogens are present in the environment [30], 91% of foodborne outbreaks were
accounted for by bacterial contamination [31, 32]. Pathogens such as Salmonella sp.,
Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Campylobacter jejuni,
and Bacillus cereus are reported to be the main sources of bacterial contamination in the
food products [33].

Daily consumables including tomatoes, eggs, milk, beef, chicken, orange juice,
cheese and other ready—to-eat (RTE) food products such as hot dogs and salami are
particularly susceptible to bacterial contamination. There have been reports of illnesses
due to bacterial contamination of pasteurized milk [34-36], tomatoes [37], eggs [38, 39],

orange juice [40], milk [35, 41-43], chicken [44-47], ground beef [48] and
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cheddar cheese [49]. Table 2-1 summarizes the reported cases of illnesses in the United
States due to various food contaminations and the respective causative bacterial species.
Table 2-2 summarizes the foodborne illnesses caused by the top six bacteria each year

and provides information about their infectious doses.

Table 2-1: Salmonella outbreaks in various food products in the USA.

Source Serover Number of Year Reference
illnesses

Tomatoes S. braenderup; 561 2004 [37]
S. javiana

Orange Juice S. muenchen 207 1999 [40]

Ground Beef S. typhimurium | 31 2004 [48]

Milk S. typhimurium, | 150, 181 1960-2000 [35, 41-43]
S. Newport

Eggs Salmonella. 182,060 2000 [38, 39]
enteritidis

Cheddar Cheese | S. heidelberg 25,000 1976 [49]
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Table 2-2: Infectious doses for different species [50]

Bacteria Estimated Deaths/year Infectious Dose
cases/year (cfu/mil)

Salmonella 3,840,000 4000 10* to 107

E. coli O 157:H7 725,000 400 10" to 10
Campylobacter jejuni 4,000,000 511 400 to 10°
Listeria monocytogenes 1,767 485 400 to 10°
Staphylococcus aureus 1,513,000 1,210 >10°
Clostridium perfringens 10,000 100 >10°

2.2 Traditional Methods for Detecting Bacterial Contamination

Bacterial detection using traditional methods such as Enzyme-linked
Immunosorbent Assay (ELISA) is time consuming (up to 72 hours to confirm results),
expensive and requires skilled personnel. Multiple tests are needed to obtain a definitive
answer that confirms the presence of a target analyte. Conventional methods also require
test sample pre-enrichment, selective enrichment and serological confirmation [51-54] .

New technologies such as Polymerase Chain Reactions (PCR) offer better
sensitivity but require even longer analysis times, pure test samples, hours of processing
time and the employment of skilled personnel [55, 56]. In addition to these problems,
conventional pathogen detection techniques need test samples to be brought into the
laboratory, which often leads to other issues such as sample degradation during

transportation and the extra costs and time involved.
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Currently, new technologies are being developed to address these issues and
extensive research is being conducted, both in academia and in industrial biotech labs.
Smart, handheld detection technologies using different sensing platforms, coupled with
probes ranging from enzymes and chemicals to molecular probes such bacteriophages
and DNA, have seen tremendous success in improving the sensitivity and the rapidity of
foodborne pathogen identification.

2.3 Biosensor Technology

Classification of biosensors

Classification of biosensors is essentially based either on the type of bio-
recognition elements (e.g. enzymes, lipid layers, antibodies, or DNA) used to capture the
target analyte or on the physical transducers employed (e.g. electrochemical transducers
such as amperometric, potentiometric, and conductometric transducers; acoustic wave
devices based on Thickness Shear Mode resonators, Surface acoustic waves, and Flexure
plate waves and optical sensors that utilize Surface Plasmon resonance, fiber optics and
wave guides) to detect changes in device characteristics due to analyte binding. A high-
quality biosensor can selectively bind the target analyte even in the presence of

interferants and should also be robust enough to withstand environmental perturbations.
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2.3.1 Classification based on the bioreceptor/biological sensing element

Biosensors can be classified into three groups based on the characteristics of their
receptors, namely protein, nucleic acid and cell-based biosensors. For example,
immunoassay biosensors make use of the specific binding between an antibody and its
antigen, while nucleic acid biosensors utilize the affinity of complementary single-
stranded DNA (ssDNA) to form double-stranded DNA (dsDNA). Whole cell biosensors,
on the other hand, examine the effects of an analyte on an intact microorganism. The
focus of this research is on protein-based biosensors since they are the most well-studied
and popular, however a brief consideration is also given to studies of the other two kinds
of biosensors.
2.3.1.1 Protein-based biosensors

The vast diversity of proteins with their myriad functions has lead to their
widespread use in biosensors. Enzymes and antibodies belong to protein family.
Enzymes catalyze nearly all chemical reactions and antibodies provide defense against
infections, most importantly act as receptors that are essential for specific cell-cell
interactions.
2.3.1.1.1 Enzymes

Enzymes serve as the catalysts in biological systems and they determine many of
the patterns of chemical transformations. They are responsible for the mediation of one
form of energy into another. The catalytic power of enzymes, coupled with their high
specificity of action, make them the most extraordinary molecules in biological systems.
Enzyme-based biosensors commonly operate in either indirect or direct detection modes.

For indirect detection, biosensors rely on changes in an indicator or reactant to generate
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the recognition signals, while in direct detection the enzyme sensors can detect changes
in the products, or intermediates, such as nicotinamide adenine dinucleotide (NAD) [57].
Oxidases, which catalyze the oxidation of compounds using oxygen, are usually co-
immobilized with oxygen-sensitive luminescent materials such as polycyclic aromatic
hydrocarbons [58-60], porphyrins [61], or transition metal complexes [62-64].
Successful applications that monitor pH changes to reveal the presence of metabolites
such as penicillin, creatinine [65], heavy metals [66] and the chlorinated herbicide
atrazine [67] have also been well documented.

2.3.1.1.2 Antigens/antibodies

Antibodies are produced by the immune system in response to the presence of
antigens. Antigens can be living foreign organisms such as viruses, or bacteria, could be
proteins, polysaccharides, lipids, or even dust. Antibodies are proteins that bind to the
specific antigen with high affinity and thus negate the destructive mechanism of the
invading antigens. The inherent specificity of antigen-antibody reactions, combined with
the use of sensitive physical transducers, contributes to the superior selectivity and
sensitivity of the new types of immunosensors that are being developed. Immunosensors,
are generally used in one of four ways: direct assay, competitive assay, binding inhibition
assay, and sandwich assay.

In a direct assay, the antigens are usually incubated with excess amounts of
immobilized antibodies [68, 69]. Hence, the antigen could be a fluorescent compound
that is then monitored using fluorescence-based methods [69]. In a competitive assay,
analytes are labeled with chemicals such as Cy5 or fluorescein (FITC) [70-72]. On

incubation, both the analyte and the labeled derivative compete for the limited binding

22



sites of the antibodies. As the amount of labeled derivative bound is inversely
proportional to that of the unlabeled analyte present in the sample, the signal decreases
with increasing analyte concentration. In a binding inhibition assay the antigens are
immobilized, with the antibodies usually being labeled in same way [73, 74]. In a
sandwich assay, antibodies to the analytes are first immobilized to a sensor, after which it
is incubated with the analytes [75]. Next, a secondary labeled antibody that recognizes
the analytes is added. On binding to the analyte of interest, a color change occurs and the
intensity of the color obtained is directly proportional to the amount of antigen present.
2.3.1.2 Nucleic acid-based biosensors

The two types of nucleic acid-based biosensors use either deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA). However, as the latter degrades easily, most such
sensors use DNA as the sensing element. Although the hydrogen bonds that hold the two
strands of the DNA together are relatively easy to break, they are still strong enough to
provide good stability on the biosensor platform. In such sensors, a single stranded DNA
is immobilized on the receptor or transducer, and then allowed to interact with its labeled
DNA complement. Thiazole orange or ethidium bromide act as labels [76-78] and are
used as fluorescent dyes for detection purposes.
2.3.1.3 Cell-based biosensors

Cell based biosensors using cytoplasmic membranes have also been reported, for
example. for the detection of lactate [79]. The inducible promoter of a reporter gene of E.
coli that encodes for a bioluminescent protein has also been used for the detection of
heavy metals [80] and toxic organic compounds [81]. Microorganism based sensors

mainly use tissue cells [82, 83] and other living or mutant organisms [84] as receptors.
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Cell based sensors offer many advantages, including simultaneous measurements of
multiple effects, enhanced sensitivity due to internal amplification cascades and, most
importantly, the sustenance capacity of whole cells [85]. Different transduction
mechanisms such as measurement of cell fluorescence, metabolism, impedance,
intracellular potentials, or extracellular potentials may be employed to detect changes due
to the interaction of the microorganisms with their target analytes. Although whole cell-
based biosensors are more rapidly fabricated, they are more difficult to maintain, as the
cells or organisms must be kept alive with constant monitoring and supplication of
nutrients, and the metabolic waste that is generated must be removed otherwise the cells
die.
2.3.2 Transducers

The transducer is the second important functional unit of a biosensor, and is
responsible for translating the recognition event into a measurable signal. This
measurable signal maybe in the form of a change in electrical potential (potentiometric),
vibrational frequency (Piezoelectric devices such as the Quartz Crystal Microbalance or
Surface Acoustic Wave devices), reflectance (Surface Plasmon Resonance) or magnetic
flux (Magnetoelastic). Electrochemical transducers include potentiometric devices that
measure cell potential at zero current, amperometric devices where a reducing potential is
applied between the cell electrodes and the cell current is measured, and conductometric
devices where the conductance of a cell is measured by an alternating current bridge
method. For quantitative measurements, electrochemical sensors can be used to detect
metal ions and non-metals. Some of the advantages offered by electrochemical sensors

include their high sensitivity, small size, low cost, versatility and capacity for stand-alone
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operation. Optical transducers incorporate optic fibers or metal films coated on prisms,
allowing for greater flexibility and miniaturization. Absorption spectroscopy and surface
plasmon resonance spectroscopes are both examples of the types of techniques typically
used in optical transducers. Optical sensors have also found many applications in the
measurement of pH, oxygen, carbon dioxide, and ions. Piezo-electric devices function by
generating a voltage potential from a vibrating crystal. The amount of mass that is
adsorbed on the surface of the piezo-electric sensor alters the resonance frequency of the
crystal, and these changes in frequency are then measured by the incorporation of suitable
oscillatory circuits.
2.3.2.1 Electrochemical transducers
2.3.2.1.1 Potentiometric Transducers

Conventional potentiometric sensors consist of a reference electrode, which is
inert and a working electrode, which is the ion-selective electrode. The potential
difference between the working electrode and the reference electrode depends on the
concentration of the target analyte [86-88]. Working electrodes are immobilized with a
bio-recognition layer or an ion selective membrane, which can specifically react with the
analyte of interest. When the bio-recognition layer interacts with the target analyte, a
change in potential results from the ion accumulation or depletion which is directly
related to the analyte concentration.

The Nernst relation describes the relationship between changes in potential and
the level of analyte (a;) activity

RT

E=E,+—Ina 2-1
ot E g, (2-1)

25



Where, E is the standard potential, a; is the activity of the analyte, R is the gas constant,
F is the Faraday constant, T is the temperature in K, and n is the total number of charges
on the ion.

Potentiometric sensors have been employed for measuring enzyme activity [89] in
catalysis, monitoring organophosphates using a pH electrode [81, 90, 91], tracking the
concentration of heavy metal ions through measurement of the associated inhibitory
enzyme activity [92], monitoring the urea contamination in milk [93], and measuring
levels of Y. pestis and Bacillus globigii spores [94] and S. typhimurium [95].

The primary advantage of these devices is their wide dynamic range of detection
(10 - 10™" mol/L) along with their suitability for continuous monitoring applications. In
spite of these advantages, however these devices are limited by their low sensitivity, and
poor selectivity, as they are vulnerable to false signals due to interferants.
2.3.2.1.2 Amperometric Transducers

Amperometric biosensors consist of a pair of reference and working electrodes,
with the working electrode operating at a fixed potential with respect to the reference
electrode. The concentration of the target analyte is determined by the current generated
by the oxidation or reduction reactions at the working electrode surface. The current
produced at the working electrode is linearly proportional to the concentration of the
product of the chemical reaction, which in turn is related to the concentration of the target

analyte.

The following chemical reaction exemplifies a typical reaction that takes place at

the surface of the working electrode of a enzyme based amperometric biosensor. The
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concentration of target analyte can be estimated by the O, or H,O, concentration

detected.

Analyte + Oy -------------- > Product + H,O,

These transducers offer many advantages, such as higher reproducibility, low cost
and the ease with which they can be modified for field testing, all of which make them a
good choice for field deployment. However, their use is limited by their small dynamic
range due to the rapid saturation of enzyme on the working electrode, and the interaction

of interferants with the bio-recognition layer.

Amperometric sensors have found many applications such as their use in the
detection of organophosphate pesticides [96], genotoxic compounds in drinking water
[97], campylobacter [98], Staphylococcus aureus [99], E. coli 0157:H7 [100, 101] and S.
typhimurium [102].
2.3.2.1.3 Conductometric Transducers

Conductometric electrodes have been used to measure heavy metals such as Ag’,
Hg”" and Pb*" by immobilizing butyril oxidase [103] and urease [104] on the electrode
surface. Recently, conductometric biosensors have been developed to monitor the
metabolic activity of E. coli [105]. The operating principle of conductometric sensors is
that the membrane layer (e.g. an enzyme) reacts with the analyte solution, which results
in a change in the net ionic charge and a consequent change in conductivity of the analyte
solution. These sensors have a dynamic range of 1-100 uM. The main advantage of such

sensor systems is the high reproducibility of their measurements.
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2.3.2.2 Piezoelectric Transducers

The direct piezoelectric effect was discovered by the Curie brothers in 1880. A
year later, in 1881, the converse piezoelectric effect was illustrated. When a voltage is
applied to a piezoelectric crystal, the crystal deforms reversibly due to the lattice strain
caused by the effect. Thus, under suitable conditions, the piezoelectric effect provides a
coupling between electrical circuit and the mechanical changes in the crystal lattice.
Piezoelectric devices such as the quartz crystal microbalance (QCM), otherwise known as
thickness shear mode (TSM) resonators work, on this principle of converse
piezoelectricity.
2.3.2.2.1 Surface acoustic wave (SAW) sensors

SAW devices have found many applications as chemical sensors for a wide range
of purposes, including the detection of gas and vapor concentrations [106, 107], relative

humidity [108-111], and ion concentrations [112-114].
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Figure 2-2: Schematic of a surface acoustic wave delay-line chemical sensor.

SAW devices usually consists of ST-cut quartz substrates with two gold/titanium-
interdigitized transducers (IDTs) deposited on the surface. The operating frequency is
approximately 97 MHz, with a delay path between the IDTs of approximately 1 cm.
Chemical detection is achieved by depositing a thin sorptive coating in the SAW delay
path. When an analyte is adsorbed onto the sensor surface, changes occur in the
fundamental resonance frequency of the resonator. By measuring these changes in the
resonance frequency, it is possible to measure the amount of analyte that is adsorbed by
the chemically interactive layer. Although SAW devices function well in the air/gas
environment they perform poorly in liquids due to dampening of the acoustic wave,
resulting in a non-specific signal from the sensor.

The mass adsorbed by the chemically interactive layer at the sensor surface and
the changes in the resonance frequency of the sensor are given by the following equation

[115]

Af
AL e fOA(%j - (2-2)
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Where vy is the unperturbed wave velocity, fp is the unperturbed wave oscillation
frequency, Av and Af are the changes in the wave velocity and oscillation frequency,
respectively, Cn is the coefficient of mass sensitivity (substrate dependent), and A(m/A) is
the mass change per unit area for the device.
2.3.2.2.2 Shear-Horizontal Surface Acoustic Wave (SH-SAW) and Love Wave
Devices

Shear horizontal surface acoustic wave (SH-SAW) devices have been in use for
liquid phase chemical and biological detection for some years [116, 117]. Lithium
tantalite is often used as a substrate material for SH-SAW device fabrication [118, 119].
When an SH-SAW device is electrically excited by an RF signal, the resultant acoustic
wave travels between the pair of interdigital transducers (IDTs) along the surface of the
device. Adding a waveguide layer to the SH-SAW improves the device sensitivity by
lowering the acoustic shear wave velocity compared to the substrate, and also isolates the
IDTs from the liquid analytes [120]. Silicon dioxide, silicon nitride and polymers are

used as waveguide materials.
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Figure 2-3: Schematic of a shear- horizontal surface acoustic wave delay-line chemical
sensor. (Courtesy: R. W. Cernosek)

Higher operating frequencies enable these devices to offer better sensitivities and
packaging of these sensors is easy as only one surface of the sensor is used for detection.
However, due to difficulties in electronics design, these devices have not yet fully
realized their commercial potential.

The response of an SH-SAW device to an analyte depends upon many
parameters, including changes in the mass on the device surface, changes in the
viscoelastic properties and changes in the film conductivity. Changes in the acoustic
wave velocity related to shifts in the SH-SAW device oscillation frequency are described

by the following equation [121, 122]

AV m f K? o’
Moot A M ac, o AhG : 2.
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where Vo is the unperturbed wave velocity, Av is the change in wave velocity, Cy, and Cye

are the coefficients of mass sensitivity and elasticity of the substrate respectively, (M/A) is
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the change in mass per unit area, fy is the operating frequency of SAW device, h is the

coated film thickness, G’ is the shear modulus, K* is the electromechanical coupling

coefficient, and 0y is the sheet conductivity of coated film. C; is the capacitance per unit

length of the SAW substrate material.
2.3.2.2.3 Thickness Shear Mode (TSM) Resonator

Thickness Shear Mode (TSM) resonators have been actively used in applications
such as blood characterization, organic vapor sensing, monitoring of biofilm growth
under different flow conditions, liquid property measurements and bacterial pathogen
detection [123-129]. Thickness shear mode (TSM) resonators are usually constructed
from AT- cut quartz crystals which are deposited with metal electrodes, usually gold, on
both sides of the disk atop a chromium interlayer. Any voltage potential across the
electrodes results in strain in the quartz crystal. The mass sensitivity of a TSM resonator
is around 1 ng/cm® in air and 5 ng/cm® in a liquid. TSM resonators have a good Q-value
(quality factor) in both air and liquid media, due to the shearing mode being along the
thickness of the resonator. The classical Saubery Equation gives the relationship between

the frequency shift and change in the mass on the surface of a TSM resonator [115]:

_ —[2f,°Am]

Af =———
APy

(2-4)
where Af = frequency shift, fy = resonant frequency of the fundamental mode of the

crystal, Am = mass change per unit area (g/cm”), A= piezo-electrically active area,

pg = density of quartz, and u, = shear modulus of quartz
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AT-cut quartz crystals have zero first order temperature coefficients at room
temperature and the low range resonance frequency (5 MHz) operation of these devices
makes the electronics easy to design for TSM resonators. However, due to the low
frequency of operation the sensitivity is low compared to that of other SAW devices.
2.3.2.2.4 Flexural plate wave (FPW) devices

Flexural plate wave (FPW) devices are used as sensors for gas chromatography,
biochemical detection and pressure measurements [130-135]. FPW device fabrication
begins with the deposition of a membrane layer (silicon nitride, silicon dioxide, oxy-
nitride, aluminum nitride, and diamond) onto a silicon substrate, followed by the
sputtering of a piezoelectric material (e.g. Zinc oxide) onto the membrane. Finally, metal
electrodes (IDTs) are patterned on to the membrane layer followed by backside etching
of the silicon wafer to release the line in the IDTs. The membrane layers are much
thinner than the acoustic wave length.

The membrane movement can be either a shear wave propagation or normal to the
surface. Subtle variations at the surface of the membrane can change the wave
propagation velocity and damp the acoustic vibration [136].

The flexure plate wave sensor oscillation frequency can be expressed as [137]:

B

(1
A\VM +p

(2-5)

where A is the acoustic wave length, B is the plate flexural rigidity, M is the mass per
unit area of the plate, 6 is the 1/e — distance of evanescent wave, and p is the liquid

density.
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FPW devices offer advantages such as high sensitivity, and easy electronics
design due to their low operating frequencies. However, the commercial viability of
FPW devices is limited by operation difficulties in rigorous environments due to their

fragile membrane films.
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Figure 2-4: Schematic of a Flexural Plate Wave (FPW) chemical sensor.
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2.3.2.3 Optical biosensors

Rapid advances in fabrication, material design, signal generation and detection,
and vastly improved optoelectronics [138] have led to the extensive use of optical sensors
for the detection of a wide range of substances. After immobilization of a suitable probe
on the optical sensing surface, the detection of the target analyte can be achieved by
measuring the resulting change in the fluorescence, luminescence, rotation or refractive
index. Immobilization of an appropriate probe enhances the sensitivity of these devices.
Extensive research has been reported on bacterial detection using different optical
techniques, including monomode dielectric waveguides [139, 140], surface plasmon
resonance [141-145], ellipsometry [146, 147], resonance mirrors [148] and
interferometers [149].
2.3.2.3.1 Surface Plasmon Resonance

Surface plasmon resonance (SPR) has begun to be used as a transduction
mechanism in biosensors. SPR has a multi layer design consisting of a prism surface
made of quartz or glass, a thin noble metal film (e.g. gold) bio-recognition layer and a
target analyte. SPR is a physical phenomenon that occurs when a plane polarized light
strikes a thin metal film (~50nm) under conditions of total internal reflection (TIR), when
the evanescent wave interacts with free oscillating electrons in the metal film at the prism
surface [150]. The surface plasmon resonance angle depends on many factors, such as
the wavelength of the incident light, the refractive index of the medium, the properties of
the metal film that is deposited on the prism surface and the temperature [151].

Optical transducers offer many advantages, in particular the speed and

reproducibility of the measurements and are now being used for affinity and microbial-
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based biosensors [152]. However, their disadvantages include the high cost of the
apparatus and bulkiness of equipment, both of which limit the application of optical

biosensors for on-site measurements.
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Figure 2-6: Surface plasmon resonance (SPR) schematic for bio sensing.
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2.3.2.4 Magnetoelastic sensors

Magnetostriction, also known as the Joule effect was first observed by James
Joule in 1842 in nickel [153]. Magnetoelastic materials undergo a shape change in the
presence of a magnetic field due to the reorientation of the magnetic domains with the
applied external magnetic field.

Magnetoelastic materials are amorphous ferromagnetic alloys. Due to the
magnetoelastic nature of the amorphous magnetoelastic alloy, the sensor exhibits a
physical resonance when it is subjected to a time-varying magnetic field, causing it to
emit a magnetic flux. This flux can then be monitored remotely without the need for

direct physical connections.
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Figure 2-7: Behavior of magnetoelastic material (a) with no magnetic field; (b) in the

presence of a magnetic field.
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Existing biosensor transducers offer wide ranges of applications and advantages
like high sensitivity and selectivity, but lack the capability for the remote detection of
analytes. Magnetoelastic transducers have the potential to address this issues, allowing
actuation and data acquisition to be carried out from a remote location. Consequently,
magnetoelastic sensors can be used to detect bacterial contaminations in sealed containers
and conducting liquids. Magnetoelastic materials have already been used to develop both
environmental and chemical sensors [24-26, 154-160]. The research reported here
successfully established the effectiveness of magnetoelastic sensors for bacterial
detection by employing a magnetoelastic transducers coupled with the use of an antibody
as the bioprobe.

2.4 Sensor attributes

The choice of an appropriate sensor depends upon several fundamental
characteristics, all of which are essential for the successful detection of the target analyte.
The chief sensor attributes that need to be considered before selection of an ideal sensor
are:

Sensitivity:

Sensitivity generally refers to the lowest quantifiable entity of the target analyte
that the sensor is capable of detecting in a sample. It may be expressed in various forms,
such as units of particles or mass per unit air volume (particles/liter or mg/m’).
Selectivity:

Selectivity of a sensor refers to its ability to detect only the analyte of interest,
even in the presence of other non-specific analytes. Although most sensors show a
response to some degree for non-specific analytes, it is possible to minimize this non-
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specific interaction by careful choice of the biorecognition element to be deployed on the
sensor.
Longevity:

Longevity refers to the sensor’s capacity to detect the analyte of interest even
after prolonged storage. The longevity of the sensor can be enhanced by the application
of robust biorecognition elements that are capable of withstanding rigorous
environmental conditions, such as high humidity and/or temperature and vibrations.
Wide dynamic range of detection:

The dynamic range of a sensor refers to the range of input physical signals that
can be converted to electrical signals by the sensor. Signals that are larger or smaller
than this range generally cause unacceptably large inaccuracies. This span, or dynamic
range, is usually specified by the sensor supplier as the range over which other
performance characteristics described in the product data sheets are expected to apply.
Quick response time:

In modern biosensors, the rapidity of their response to the presence of the analyte
of interest is a key characteristic that will define the success or failure of a biosensor on
the field.

Robustness in rugged environmental conditions:

This characteristic of the sensor is applicable to both the biorecognition element
and the transducer component of the biosensor, both of which must be able to withstand
the shock, vibration, exposure to harsh weather conditions and even extreme effects such

as an electromagnetic pulse.
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Noise:

Successful sensors should enjoy a high signal to noise ratio. Higher noise results
in lower resolution of the sensor signal, which in turn affects the sensitivity.
Portable and user friendly:

The ability to miniaturize a biosensor system is essential for easy deployment in
the field. A biosensor that is small and can operate as a stand alone device with
minimum power requirements is ideal for use in war zones or in disaster areas, where
ease of operation with few limitations often plays a pivotal role in the choice of a suitable
biosensor.

Low cost:

This attribute of the sensor is often crucial factor that must be considered before
any commercialization of biosensor is possible. The viability of most business plans that
aim to commercialize a lab device to bring a new product to the market depends on this

characteristic.
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3 EXPERIMENTAL PROCEDURES

3.1 Sensor Platform

METGLAS® 2826MB alloy (Conway, SC) obtained from Honeywell
International was used as the sensor platform for this study. The composition of this
alloy is FesoNizsMo4Big and its theoretical value of saturation magnetostriction is 12
ppm. To increase the mass sensitivity, sensors were mechanically polished using fine grit
paper to reduce the thickness from 30um to 15um and to decrease the initial mass.
Magnetoelastic strips were constructed using an auto controlled, micro dicing saw and
the diced sensors were then ultrasonically cleaned in methanol (100 %) for 20 minutes to
remove the organic and inorganic debris left by the dicing process. To improve the
environmental stability and the bioactivity of the biosensors, thin layers of chromium
(50nm at 100 W DC power) and gold (100 nm at 200 W RF power) were sputtered onto
the surfaces of the magnetoelastic particles using a Denton™ (Moorestown, NJ) high
vacuum RF sputtering system. The sensors were rinsed in hexane before the monolayer
deposition and finally air dried and stored at ambient temperature in a dessicator until
needed. Table 3-1 and Table 3-2 explain the physical and magnetic properties of

METGLAS® 2826 MB alloy respectively.
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Table 3-1: Physical Properties of METGLAS® 2826MB [161].

Density (gram/cc) 7.90
Tensile Strength (GPa) 1-2
Elastic Modulus (GPa) 100-110

Thermal Expansion (ppm/°C) 11.7
Crystallization Temperature (°C) 410
Continuous Service Temp. (°C) 125
Vicker’s Hardness (50g load) 740
Lamination Factor (%) >75

Table 3-2: Magnetic Properties of METGLAS® 2826MB [161].

Saturation Induction (Tesla) 0.88
Maximum D.C. Permeability (p): 800,000
Annealed
Maximum D.C. Permeability (p): > 50,000
As Cast
Saturation Magnetostriction (ppm) 12
Curie Temperature (°C) 353
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3.2 Antibodies

Rabbit polyclonal antibody (1.0 mg/ml) (Product# ab13634) to Salmonella was
purchased from Abcam Inc (Cambridge, MA) and immobilized on the magnetoelastic
biosensors using the Langmuir — Blodgett (LB) film technique. The functional
performance of the biosensors was evaluated with a graduated series of bacterial
suspensions.

3.3 Salmonella typhimurium Cultures

S. typhimurium (ATCC 13311) obtained from the American Type Culture
Collection (Rockville, MD) was confirmed for identity and propagated by the
Department of Life Science at Auburn University. One pure colony of Salmonella
typhimurium from a subculture plate was inoculated into 25 ml of NZY and incubated at
37 °C in a shaker (200 rpm) for 18 hours. Following inoculation, the culture was gently
mixed for homogeneity and transferred into 50-ml sterile tubes that were then centrifuged
(Allegra 21R centrifuge, Beckman Coulter; S4180 rotor) at 5500 rpm for 10 minutes, and
the supernatant decanted. The cells were washed by resuspension in 25 ml of distilled
water and centrifuging (same conditions), followed by decanting the supernatant once
more. The centrifugation with distilled water was performed twice. The suspensions
were serially diluted in water (or the other experimental media, namely fat free milk and
apple juice) to prepare bacterial suspensions ranging from 5x10' to 5x10° cfu/ml. All test
solutions were prepared on the same day as the biosensor testing and maintained at 4 °C

until needed.
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3.4 Monolayer Deposition

The Langmuir-Blodgett (LB) technique was used for antibody immobilization on
the magnetoelastic sensors. Antibody monolayers were deposited using an LB film
balance KSV 2200 LB, (KSV Chemicals, Finland). This system comprises a Wilhelmy-
type surface balance (sensitivity range 0-100 mN/m), a teflon trough of dimensions
45x15 cm?, and a teflon barrier (0-200 mm/min) driven by a variable speed motor, all of
which are encased in a laminar flow hood. To minimize any variations that may arise
due to vibrations, the trough is mounted on a marble table and protected by interposing
rubber shock absorbers. Subphase temperature (20 + 0.1 °C) control is achieved by
circulating water through a quartz tube coil at the bottom of the trough. In this
experiment the magnetoelastic sensors were submerged into the deionized water (DD
H,0O) in the LB trough. A monolayer from the antibody suspension was formed by
allowing 100 pl of the antibody solution (1 mg/ml) to run down a wetted glass rod that
was partially submerged into the subphase (deionized water). When the antibody
suspension reached the air — water interface, it forms a monolayer due to surface forces
[162]. After spreading, the monolayer was allowed to equilibrate and stabilize for 10 min
at 20 °C.

The monolayers were then compressed using a computer controlled compression
barrier at a rate of 30 mm/min until the pressure reached 22 mN/m, after which, the
pressure was held constant and vertical antibody film deposition was carried out at a rate
of 4.5 mm/min. Multiple monolayers of antibody were obtained by successive dipping of
the sensors through the monomolecular film deposited at the water-air interface. Seven

monolayers containing antibodies were transferred onto the surface of the magnetoelastic
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sensor in this way. Only one surface of the magnetoelastic sensor was coated with the
antibody. The relative coverage of the antibody film on the substrate was measured by
calculating the transfer ratio, which is the ratio of the area of the monolayer that has been
removed during the dipping cycle to the area of the substrate to be immobilized. A
representative set of transfer ratios reported in Table 3-3. It is apparent from the transfer
ratios that immobilization of monolayers onto the magnetoelastic sensors occurred only

during the upward motion of the substrate.

Table 3-3: A representative set of transfer ratios for antibody monolayer deposition using

LB film method.

Monolayer Direction Transfer ratio
1 Up 0.277
2 Down 0.061
3 Up 0.124
4 Down -0.001
5 Up 0.108
6 Down -0.012
7 Up 0.109
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Figure 3-1: KSV 2200LB Langmuir-Blodgett System (KSV-Chemical, Finland) used for
deposition of monolayer with controlled architecture. Multilayers were obtained by
successive dipping of the sensors through the monomolecular film deposited at the water-

air interface on the Langmuir-Blodgett trough.
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3.5 Scanning Electron Microscopy Imaging

The magnetoelastic sensors were examined using Scanning Electron Microscopy
(SEM) after the antibody — antigen reactions. Images were taken at different
concentrations of bacterial solutions, ranging from 10> to 10° cfu/ml. After the testing,
the magnetoelastic sensors were immersed in 10 ml of deionized water in a petri dish for
15 seconds in order to dissolve the salts and debris on the sensor surface which had
accumulated during the testing. The sensors were then placed into a petri dish containing
I ml of Osmium Tetra oxide (OsO4) for 45 minutes. The vapor from OsQOy stains the
bacterial cell walls, thus indicating the structural integrity of the bound bacterial cells.
After exposure to the OsO4 vapor the sensors were mounted on aluminum studs with a
double sided carbon conductive tape. The sensor aluminum stud assembly was sputtered
with 50nm gold using a PELCO sputter coater, SC-7, and the JEOL 7000F SEM was
used to image the sensor surface. The images were taken at an accelerating voltage of 10
KV, a working distance of 11.1 mm, an aperture size of 3, and a current of 54 pA. SEM
images of the bacterial cells on the sensor surface were captured digitally using the
imaging system of the Scanning Electron Microscope (SEM). The number of bound
bacterial cells in each micrograph was counted and mass of the total bacterial cells on the

sensor surface was estimated.
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Figure 3-2: Scanning electron microscope image of a polished sensor surface sputtered

with gold.
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Figure 3-3: Scanning electron microscope image of a polished sensor surface after

antibody immobilization.
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Figure 3-4: SEM image of S. typhimurium bound to a magnetoelastic sensor surface
immobilized with an antibody film after exposure to a 5x10°® cfu/ml concentration of

bacterial solution.
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Figure 3-5: SEM image of S. typhimurium bound to a magnetoelastic sensor surface
immobilized with an antibody film after exposure to a 5x10° cfu/ml concentration of

bacterial solution.
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Figure 3-6: SEM image of S. typhimurium bound to a magnetoelastic sensor surface
immobilized with an antibody film after exposure to a 5x10° cfu/ml concentration of

bacterial solution.
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Figure 3-7: SEM image of magnetoelastic sensor surface without antibody film after

exposure to a 5x10% cfu/ml concentration of bacterial solution.
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3.6 Bacterial Density Calculations from SEM Images
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Figure 3-8: SEM image of a magnetoelastic sensor surface after immunoreaction with

cfu/ml concentration of S. typhimurium. An overlay grid is shown to illustrate the

5%108

bacterial counting technique on the sensor surface.
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Area of the SEM picture (A) =L x W umz

Total number of bacteria on the SEM surface (n) = A1+A2+A3+B1+B2+B3+C1+C2+C3
The distribution density D of S. typhimurium cells on the biosensor surface can be
theoretically calculated as,

D=n/A (3-1)
where, A is the actual area of the SEM image and “n” is the number of cells within the
SEM image area.

The actual physical density of S. typhimurium cells can be obtained from the SEM
images by counting the number of cells bound on the sensor surface and dividing this by
the area of the surface. Several SEM pictures were taken on different areas of the
biosensor surface and an average bacterial coverage density for each sensor surface was

then calculated.

3.7 Calculation of Bound Bacteria Density Using Measured Frequency
Shift

During the testing process, the temperature, humidity and other related parameters
were kept constant, so the resonance frequency shift was the result of the increase in mass
due to the analyte (Salmonella typhimurium) that was bound to the sensor surface. Since
the increase in mass was very small compared to the initial mass of the sensor, according

to the measured resonant frequency shift, Af , the additional mass, Am, due to bacteria

binding could be determined from the following equation (3-2).

Am = —2ATM / f (3-2)
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For example, for a sensor with the dimensions of SmmxI1mmx15um, the
fundamental resonance frequency could be determined from Equation (1-3). Using a
Young’s modulus value, E, of 110 GPa for the magnetoelastic material, a Poisson’s ratio,
o , of approximately 0.3, and a magnetoelastic alloy density, p, of 7.9g/cm’ [161] the
calculated fundamental resonance frequency of the biosensor was 428 kHz. The sensor’s
natural mass (with no bacteria attached) was measured as 5.925 x 10™ gm. Thus, the

additional mass Am due to bacteria binding can be calculated from equation (3-3):

Am = —2769Af (3-3)
Where Af is the frequency shift in Hz, and Am is the additional mass in Pico grams
(pg).
Since the mass of each S. typhimurium cell is about 2 pg, the number of Salmonella
typhimurium cells “n” bound on the sensor’s surface can be theoretically determined:
n=Am/2 (3-4)
The density of S. typhimurium cells on the biosensor surface can then be calculated from
equation (3-4) (i.e. n/A).
3.8 Description of the Measurement Setup

Magnetoelastic materials have a characteristic resonant frequency like other
acoustic resonance sensors. For rectangular-shaped, sheet magnetoelastic sensors, the
frequency is based primarily on its length and mass. A mass increase due to bacteria

binding to the sensor results in a lower resonant frequency. By applying an alternating
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magnetic field at the mechanical resonant frequency, the material can be made to
resonate.

A coil of wire known as pickup coil is used to sense the change in flux through
the sensor. Since the inductance of a coil of wire changes with flux density through the
coil, and since an increase in inductance results in a higher resistance (impedance) to a
current change in the coil, a device that senses current change can be used to determine
the resonant frequency of the magnetoelastic sensor.

A network analyzer operating in reflected impedance mode is an ideal device for
sensing the resonant frequency. It applies a voltage and monitors the current in the coil.
An external magnet is used to bias the magnetoelastic sensor to its point of greatest
sensitivity. The network analyzer is then used to apply a small alternating voltage to the
coil and monitors changes in the coil current due to the changing flux in the sensor. The
network analyzer sweeps the frequency from a low starting value to a higher ending
value. The resonance frequency is located by identifying the minimum in the amplitude
versus frequency curve. Any change in mass due to the binding of bacteria to the sensor

surface will cause a reduction in the resonance frequency.
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Figure 3-9: Schematic of sensor measurement set up.

3.8.1 Network analyzer measurement procedure

A network analyzer was used in this study to monitor changes in the electrical
impedance with the excitation frequency (f) over a predetermined frequency range near
the fundamental resonance frequency of the magnetoelastic sensor. 801 points were
recorded over the frequency range with an 11.31 sec sweep time. A standard open circuit
calibration was used to minimize experimental errors in the test set up. The resonance
frequency of the sensors was measured using an HP network analyzer 8751A with S-
parameter test set both before and after the binding of bacterial cells to the immobilized
antibody on the sensor. A personal computer was used to acquire data at two minute

intervals.
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Figure 3-10: Flow chart showing the steps in sensor testing.

61



CH1

Cor

Ava

511 lin MAG 1@ mll/ REF 1.@@1 L 925.26 il
: : : : : : . 1.@848@2355 MHz
: Lt

T
IF Bd 309 Hz PONER -3 dEm SUF_ 11.81 sec
CENTER ™ 1.BE4818 MHz SPAN” 25 kHz

Figure 3-11: 2x0.4x0.015 mm size sensor frequency spectrum on network analyzer.
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3.9 Hill Plot and Determination of Dissociation of Binding

The association and disassociation of an antibody and antigen in solution can be

expressed by:

nSt + Ab <:::> St . Ab (3-5)

d
Where St represents the S. typhimurium in solution that is captured on the sensor, Ab
represents the immobilized antibody on the sensor in solution, StAb is the bacteria-
antibody complex, and k, and k4 are the association and dissociation rate constants,

respectively. The equilibrium constant, or the affinity (K), is given by:

ke [st"Ab] _
ke [st] [Ab] o
«, L _[st]'[Ab] 3-7)

~ Ka  [St,Ab]

The association in the above mixture is primarily affected by the diffusion of the
bacterial cells through the solution to the sensor surface i.e, the number of bacteria cells
that may come in contact with the immobilized antibody on the sensor. In contrast, the
dissociation of the reaction is chiefly governed by the strength of the bonding between
the bacterial cells in solution and the immobilized antibody on the sensor. This is further

dependent on the type of immobilization technique used because the immobilization
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technique establishes the single or multi site bonding between the immobilized antibody
and the bacterial cells in solutions that come in contact with one another.

The association (K,) and the disassociation constant (Kg4) are calculated using a
Hill plot [163]. The degree of binding can be estimated using the Hill coefficient (n),
which is the slope of the Hill plot [163]. Binding valency is the reciprocal of the Hill
coefficient. The Hill plot is derived by plotting log 6 versus log [L], where [L] is the

ligand (S. typhimurium) concentration and 6 is given by the equation:

Y
O=—— 3-8
1oy (3-8)

where Y=AF/A F.x [164] and F denotes the shift in frequency obtained after bacterial
binding to the antibody immobilized sensor and Af..x was considered as the maximum
frequency shift response that can be measured before the sensor reaches saturation (i.e.
saturation point). This was obtained from the sigmoid curve fitting to the sensor response
data. Stronger antibody-bacterial binding is indicated by lower K4 values, which in turn

imply higher sensitivity of the biosensor.
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4 RESULTS AND DISCUSSION

4.1 Concentration Tests in a Static Environment

The performance of various sizes of magnetoelastic sensors was investigated in a
static environment. The Sensors were immobilized with antibody as explained in the
experimental section. Resonance frequency of the antibody immobilized sensor was
measured before and after the exposure to bacterial solutions. The shift in resonance
frequency was associated with the level of bacterial attachment.

4.1.1 Response curves

Figure 4-1 shows the frequency spectrum obtained from a 2x0.4x0.015mm
biosensor before and after exposure to a solution containing S. typhimurium at a
concentration of 1x10° cfu/ml. The figure shows that amplitude of frequency spectrum
increases to a maximum at the resonance frequency and then decreases. The response
obtained clearly shows that the resonance frequency of the magnetoelastic sensor
decreases as a result of the binding of analyte (S. typhimurium) to the sensor surface. For

these test conditions, a shift of 691 Hz was obtained.
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Figure 4-1: Frequency spectrum of the antibody immobilized biosensor with a size of 2
x0.4x0.015mm. (1) Before exposure to S. typhimurium solution the resonant frequency
fo was 1069724 Hz. (2) After exposure to a solution containing S. typhimurium with a
concentration of 1x10° cfu/ml, the resonant frequency f; decreased to 1069033 Hz. The
resonant frequency shift Af due to the binding of analyte (S. typhimurium) to the sensor

surface was therefore: Af=fy- f;= 1069724 Hz -1069033 Hz = 691 Hz.
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Figure 4-2: The resonant frequency shift upon exposure to solutions containing S.
typhimurium bacteria with different concentrations ranging from 10% cfu/ml to 10° cfu/ml
for 15 um thick sensors: (1) 2x0.4mm (M), (2) 5xImm (@) and (3) 25%x5mm (A ). The

detection limit is 5%10°, 10° and 10" cfu/ml, respectively.
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4.1.2 SEM observation

In order to confirm that the frequency shifts were mainly caused by the binding of
S. typhimurium to the sensor’s surface, SEM images were taken for all the sensors upon
exposure to the bacterial solutions. Figures 4-3 to 4-7 show typical SEM images for the
biosensors with a size of 5xImm after exposure to different concentrations of S.
typhimurium ranging from 10°to 10> cfu/ml. The figures clearly show that exposure to
decreasing concentrations of S. typhimurium led to a lower density of bound bacteria on
the biosensor’s surface, with consequently smaller frequency shifts. The control sensor,
which had no antibody on its surface, was subjected to the highest concentration of 10
cfu/ml and had almost no binding of S. typhimurium cells. This confirms that the S.
typhimurium cells bind specifically to the immobilized antibody, and that the antibody

was effectively immobilized on the sensor surface using the LB technique.
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Figure 4-3: Typical SEM images of S. typhimurium bound to an antibody immobilized
magnetoelastic resonance biosensor surface exposed to solutions containing 10° cfu/ml

concentration of bacteria.
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Figure 4-4: Typical SEM images of S. typhimurium bound to an antibody immobilized
magnetoelastic resonance biosensor surface exposed to solutions containing 10°* cfu/ml

concentration of bacteria.
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Figure 4-5: Typical SEM images of S. typhimurium bound to an antibody immobilized
magnetoelastic resonance biosensor surface exposed to solutions containing 107 cfu/ml

concentration of bacteria.
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Figure 4-6: Typical SEM images of S. typhimurium bound to an antibody immobilized
magnetoelastic resonance biosensor surface exposed to solutions containing 10° cfu/ml

concentration of bacteria.
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Figure 4-7: Typical SEM images of S. typhimurium bound to an antibody immobilized
magnetoelastic resonance biosensor surface exposed to solutions containing 10° cfu/ml

concentration of bacteria.
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4.1.3 Correlation between SEM images and frequency shifts

Two different methods can be used to calculate the number of bacteria that have
been captured on the surface of a magnetoelastic resonance biosensor. The first method
is to calculate the area density of bacteria that attach to the sensor surface (bacteria
attached per unit area) based upon the measured frequency shift of the biosensor. The
second method is to directly count the number of bacteria attached to the sensor surface
using SEM and statistically convert this to an area density of bacteria attached to the
sensor surface. This section compares the results obtained using these two different

methods.

74



0.20-
[ |
] —8— (1) SEM Analysis

0.18 7 —e— (2) Theoretical Calculations

0.16 -
o | [ ]
\% 0.14 -
K% .
;8/ 0.12-
= 1
5 0.104 /
c i
o | |
O 0.08- .
E J
o 0.06-
*g ]
m 0044 /'

0.02- '/

i ]
0.00 L] L] IIIIIII L] L] IIIIIII L] IIIIIIII L] L] IIIIIII L] IIIIIIII L] L] IIIIIII
10° 10° 10’ 10° 10° 10"

Concentration of S. typhimurium (cfu/ml)

Figure 4-8: Comparison of density of captured correlation of distribution of bacterial
cells and the theoretically expected values for antibody immobilized sensors with a size
of 5 x1x0.015mm. (1) Actual density of bacterial cells obtained from SEM images; and

(2) theoretically expected density calculated from the measured frequency shift.
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4.1.4 Discussion

In order to investigate the effect of the sensor size on the sensitivity of detection,
sensors with different dimensions were prepared and exposed to various known
concentration of S. typhimurium suspensions. Figure 4-2 shows the resonant frequency
shift for three different size sensors after exposure to solutions containing S. typhimurium
with concentrations ranging from 10*to 10° cfu/ml. The figure 4-2 clearly shows that the
smaller the sensor size, the lower the detection limit, and the smaller the size, the bigger
the resonant frequency shifts for the same concentration. These observations are also in
good agreement with theory (equation 1-7). From the responses obtained, it can be seen
that the detection limits are 5><103, 10° and 107 cfu/ml for sensors with the size of 2 x 0.4
x 0.015 mm, 5 x 1 x 0.015 mm and 25 x 5 x 0.015 mm, respectively. SEM images
provided visual verification that the measured frequency shifts were in fact due to the
attachment of bacteria to the sensor surface. A good agreement was obtained, between
the numbers of bound bacterial cells counted from SEM images and that calculated from
frequency shifts.

4.2 Concentration Tests in Food Products

The performance of the magnetoelastic biosensor was investigated for the
detection of S. typhimurium in food products such as water, fat-free milk, and apple juice.
Antibody coated sensors were exposed to increasing concentrations (5 x 10' to 5 x 10°
cfu/ml) of S. typhimurium spiked into liquid media in a flow through mode (at a flow
rate of 100 ul/min for 10 minutes). The value of the resonance frequency was tracked to
detect any changes due to the attachment of bacteria from the selected liquid media.

Measurements were made at intervals of 2 minutes. All sensors were tested under
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identical conditions by controlling parameters such as temperature and humidity unless
otherwise specified. Under identical conditions, the change in resonance frequency
generated by the sensors before and after exposure to the bacterial solutions can be
attributed to the increase in mass of the bound analyte (S. typhimurium) on the sensor
surface.
4.2.1 Response curves

Figures: 4-9 to 4-11 depict the dynamic response of the magnetoelastic biosensor
when exposed to increasing concentrations (5 x 10" cfu/ml through 5 x 10® cfu/ml) of S.
typhimurium suspensions in different liquid media (water, fat free milk and apple juice).
A peristaltic pump was used to flow bacterial suspension at a constant flow rate of 100
pl/min for 10 minutes, allowing 1 ml of liquid from each concentration to pass over the
sensor. To simulate the real world conditions the bacterial solutions were not recycled.
At higher concentrations of bacterial solutions it can be seen that the response time was
approximately 120 seconds. From the experiments, it was found out that the sensors have
shown a steady state response after 10 minutes. So the response at 10 minutes was taken

as the resultant frequency shift for these experiments.
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Figure 4-9: Magnetoelastic biosensor response when exposed to different concentrations
(5 x 10" through 5 x 10°® cfu/ml) of S. typhimurium suspensions in water. Water with no
bacteria was used as a reference. Data was recorded at two minute intervals. Each

concentration of bacterial suspension was run for 10 minutes at a flow rate of 100 pl/min.

78



1.0402

1.04 - :
‘WW\MV*\V\]

S

= 1.0398 ‘P\/\\

= (1 i

S \'\

=1.0396 .

g e

V\
1.0394 -~
\/M

1.0392
0 10 20 30 40 50 60 70 80 90

Time (minutes)

Figure 4-10: Magnetoelastic biosensor response when exposed to different
concentrations (5 x 10" through 5 x 10® cfu/ml) of S. typhimurium suspensions in fat free
milk. Fat free milk with no bacteria was used as a reference. Data was recorded at two

minute intervals. Each concentration of bacterial suspension was run for 10 minutes at a

flow rate of 100 pl/min.
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Figure 4-11: Magnetoelastic biosensor response when exposed to different
concentrations (5 x 10" through 5 x 10® cfu/ml) of S. typhimurium suspensions in apple
juice. Apple juice with no bacteria was used as a reference. Data was recorded at two

minute intervals. Each concentration of bacterial suspension was run for 10 minutes at a

flow rate of 100 pl/min.
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Figure 4-12: Magnetoelastic biosensor response when exposed to different
concentrations (5 x 10" cfu/ml through 5 x 10® cfu/ml) of S. typhimurium suspensions in
water. The smooth curve is a sigmoid fit of the experimental data. (R*=0.9988 and y’

=0.0479). Bars represent standard deviation.
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Figure 4-13: Hill plot showing the logarithmic ratio of occupied and free antibodies as a
function of concentration of Salmonella typhimurium in water. The squares represent

experimental data. The line represents the least square fit with coefficients: K4=435 + 76

cfu/ml and n;=0.428 + 0.02. (R=0.99, P<0.0001).
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Figure 4-14: Magnetoelastic biosensor response when exposed to different
concentrations (5 x 10" cfu/ml through 5 x 10® cfu/ml) of S. typhimurium suspensions in
fat free milk. The smooth curve is a sigmoid fit of the experimental data. (R*=0.9987

and x> =0.3243). Bars represent standard deviation.
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Figure 4-15: Hill plot showing the logarithmic ratio of occupied and free antibodies as a
function of concentration of S. typhimurium in fat free milk. The squares represent
experimental data. The line represents the least square fit with coefficients: K;=1389 +

142 cfu/ml and np=0.539 + 0.02. (R=0.9712, P<0.0001).
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Figure 4-16: Magnetoelastic biosensor response when exposed to different
concentrations (5 x 10" cfu/ml through 5 x 10® cfu/ml) of S. typhimurium suspensions in
apple juice. The smooth curve is a sigmoid fit of the experimental data. (R*=0.9958 and

v* =0.258). Bars represent standard deviation.
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Figure 4-17: Hill plot showing the logarithmic ratio of occupied and free antibodies as a
function of concentration of S. typhimurium in apple juice. The squares represent

experimental data. The line represents the least square fit with coefficients: K4=310 + 101

cfu/ml and n,=0.42876 + 0.02. (R=0.9731, P<0.0001).
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Figure 4-18: Magnetoelastic biosensor response for increasing concentrations (5x10' to
5x10% cfu/ml) of S. typhimurium suspensions in water (m- %°=0.048, R*=0.99), fat free
milk (e- %>=0.32, R’=0.99), and apple juice (A - x’=0.26, R’=0.99). Control (V¥ -
v*=5.22, R?=0.72), represents the uncoated (devoid of antibody) sensor’s response. The
curves represent the sigmoid fit of signals obtained. Each data point represents an

average of five individual sensor responses.
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Figure 4-19: Hill plots of binding isotherms showing the ratio of occupied and free
antibody sites as a function of bacterial concentrations spiked in different food samples.
The straight line is the linear least squares fit to the data (Water: slope= 0.43 +0.02,
R=0.99; Apple juice: slope= 0.42 +0.04, R=0.97; Fat-free milk: slope= 0.54 +0.05,

R=0.97)
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Figure 4-20: Resonant frequency shift upon exposure to solutions containing different

concentrations of S. typhimurium for two sensors (1) 2x0.4mm, and (2) 1x0.2mm. Each

concentration of bacterial solution was run for 10 minutes at a flow rate of 100 pl/min.
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4.2.2 SEM observations

In order to confirm the frequency shifts caused by binding of S. typhimurium to
the sensor with immobilized antibody, SEM micrographs were taken for all the samples
after binding of S. typhimurium. Figure 4-21 to 4-23 shows typical SEM micrographs of
the biosensor surface after exposure to S. typhimurium suspensions in various media.
The control sensor showed only minimal capture when exposed to higher concentrations
of bacteria (5x10° cfu/ml). Results from SEM study confirm that the observed frequency
shifts are the result of capture of S. typhimurium cells by the immobilized antibody. The
change in resonance frequency generated by the sensors before and after being exposed
to bacterial suspensions can be attributed to the increase in mass of the bound analyte (S.
typhimurium) on the sensor surface. Ten different regions of each sensor surface were
examined and photographed using SEM. Sensor surface bacterial densities of 0.105,
0.075 and 0.105 cells/um” were observed on the samples which were exposed to S.
typhimurium suspensions in water, fat-free milk, and apple juice respectively at the
highest bacterial concentrations. Table 4-1 summarizes a comparison between the
number of bacterial cells counted from the SEM images and that calculated from the
measured frequency shifts. From table 4-1 and SEM pictures it is evident that lesser
number of bacterial cells were bound to the biosensor in fat free milk samples as
compared other media (water and apple juice). This decrease in bacterial binding is
proportional to the decrease in the value of binding valency (table 4-2) calculated from
the frequency response of the sensor. Generally there is good agreement between the two
methods of determining the number of cells bound to the sensor surface. The number of

cells as determined from SEM measurements is an extrapolation of an average of 10
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different regions on the exposed sensors. Variations in uniformity of binding from region
to region and the small area viewed in making the analysis lead to an overestimation of

up to 29% in the number of SEM counted cells.

, 52 B :
Auburn SE 50kY  X2,000 10um WD 11.5mm

Figure 4-21: Typical SEM image of S. typhimurium bound to an antibody immobilized

magnetoelastic sensor surface. S. typhimurium suspensions (5 x 10® cfu/ml) in water.
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Figure 4-22: Typical SEM image of S. typhimurium bound to an antibody immobilized

magnetoelastic sensor surface. S. typhimurium suspensions (5 x 10* cfu/ml) in fat free

milk.

92



10um WD 12.8mm

Figure 4-23: Typical SEM image of S. typhimurium bound to an antibody immobilized

magnetoelastic sensor surface. S. typhimurium suspensions (5x10° cfu/ml) in apple juice.
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Table 4-1: Comparison of bacterial cells counted from SEM images and theoretically
expected number of cells calculated from equation (2) according to the measured

frequency shifts.

Number of cells from | Number of cells | % difference in
frequency shifts from SEM cell counts
Water 64954 84424 29.97%
Fat free milk 57681 60293 4.53 %
Apple juice 66816 84098 25.87%

4.2.3 Discussion

The use of polyclonal antibody immobilized magnetoelastic biosensors for the
detection of S. typhimurium in food products (water, fat free milk and apple juice) has
been successfully established in this study. The mass sensitivity of the biosensor
increases with decreasing physical size of the sensor. Detection limits of 5x10° and 10’
cfu/ml were obtained for 15 pum thick sensors with sizes of 2x0.4mm and 1x0.2mm,
respectively. Figure 4-18 shows the comparative responses of 2x0.4x(0.015 mm sensors,
when exposed to increasing concentrations of bacteria suspended in water, fat-free milk,
and apple juice. As can be seen, the shift in the resonance frequency of all the sensors
shows a similar trend in the different foods. The first detectable response due to the
presence of bacteria occurs at a concentration of 5x10° cfu/ml. Dose response is linear
over five decades of bacterial concentrations. The sensor sensitivity was measured as a
slope of the linear portion of the dose response, is 139 Hz/ decade (R>0.99, P<0.001) for
the samples tested in water, 127 Hz/decade (R>0.99, P<0.0001) and 129 Hz/ decade
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(R>0.99, P<0.0001) in fat free milk and apple juice respectively. When the control
sensor exposed to increasing concentration of S. typhimurium, a change in the resonance
frequency (~ 50 Hz) was seen at very high concentration of 5x10° cfu/ml. This small
change in the frequency can be associated to the very little non specific binding of
bacterial cells to the sensor surface.

From the dose responses obtained, the Hill plot (shown in figure 4) was derived
using the principles explained in the experimental procedure section. The dissociation
constant, K4 and the binding valencies were calculated. Table 4-2 summarizes the Hill
plot results obtained for the sensors when exposed to water, fat-free milk, and apple juice.
All the tests conducted with different solutions showed a multi-valent binding, indicating
that the bacteria in solution are binding to the immobilized antibody at more than one
site.  As compared to biosensors tested in water and apple juice samples, biosensors
tested in fat free milk had a higher K4 value and smaller binding valency, which is also in
agreement with the frequency shift data from the dose response curves. The lesser
amount of binding in the fat free milk can be due to lesser number of antibody sites
available for the bacteria binding caused by proteins in the fat free milk blocking few of
the antibody sites. The lower K4 values obtained from the three samples indicated
stronger and higher sensitivity of binding [165-167]. SEM images provided visual
verification that the measured frequency shifts were in fact due to the attachment of

bacteria to the sensor surface.
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Table 4-2: Dissociation constants and binding valencies for magnetoelastic sensors in

different liquid media.

Hill Coefficient (ny) Binding valency Kg (cfu/ml)

Water 0.43 2.33 435
Apple Juice 0.42 2.38 309
Milk 0.54 1.85 1389

Although sensitivity can be enhanced by using smaller sensors, this is likely to
lead to difficulties in antibody immobilization. A study on antibody coated sensor size
and bacterial density coverage indicated that the bacterial density coverage on the sensor
decreased linearly with the physical dimensions of the sensor. This decrease in the
bacterial densities is likely to be related to the decrease in the available number of
antibodies on the sensor surface. The reduction in the antibody monolayer area may be
due to two possible reasons, one of which is damage to the monolayer during sensor
handling and the other that the monolayer was no adhering to (going around) the
magnetoelastic particle.

4.3 Bionoise

The objective of the present study was to develop a culture-independent wireless,

biosensor technology based upon antibody immobilized magnetoelastic biosensors. The

specific detection potential of this biosensor technology was evaluated by detecting S.

typhimurium in a cocktail of non specific bacterial suspensions such as Escherichia coli
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O157:H7 and Listeria monocytogenes. 2x0.4x0.015mm sensors were used in these
investigations. All the bionoise tests were performed at room temperature (25+1°C).
4.3.1 Response curves

Magnetoelastic biosensor performance was determined by exposure to increasing
concentrations of S. typhimurium (5x10' to 5x10° cfu/ml) suspensions in a mixed
microbial population of non specific biological analytes such as E. coli and/or Listeria
monocytogenes (5x10° cfu/ml). 1 ml solution of each concentration (with biological
interferents) was flown using a peristaltic pump at a flow rate of 100 pl/min for 10
minutes. After the antibody immobilized sensor achieved steady state response in water,
sensor was exposed to a fixed concentration (5x10° cfu/ml) of biological interferents
following increasing concentrations of S. typhimurium as cocktail in fixed concentrations
of biological interferents. Figures 4-24 and 4-25 show the responses of the
magnetoelastic biosensors, when exposed to S. typhimurium in the presence of E. coli

(Figure 4-24), E. coli and Listeria monocytogenes (Figure 4-25).
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Figure 4-24: Magnetoelastic biosensor response for different concentrations (5x10'
through 5x10°® cfu/ml) of S. typhimurium suspensions in water, along with a fixed
concentration (5x10% cfu/ml) of E. coli as an interferent. Data was recorded at two

minute intervals. Each concentration of bacterial suspension was run for 10 minutes at a

flow rate of 100 pl/min.
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Figure 4-25: Magnetoelastic biosensor response for different concentrations (5x10'
through 5x10® cfu/ml) of S. typhimurium suspensions in water, along with fixed
concentrations (5x10° cfu/ml) of E. coli (E) and Listeria monocytogenes (LM) as
biological interferents. Data was recorded at two minute intervals. Each concentration of

bacterial suspension was run for 10 minutes at a flow rate of 100 pl/min.
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Figure 4-26: Magnetoelastic biosensor’s (2%0.4x0.015mm) response for graded

concentrations (5x10' through 5x10° cfu/ml) of S. typhimurium (ST) suspensions in

water, with cocktails of E. coli (E) and Listeria monocytogenes (L). The noise due to

biological interferants was deducted from the total frequency shifts at each concentration.
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Figure 4-27: Hill plots of binding isotherms showing the ratio of occupied and free
antibody sites as a function of bacterial concentrations spiked in cocktails of non specific

bacteria. The straight line is the linear least squares fit to the data.
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Table 4-3: Results of bio-noise experiments for antibody coated sensors exposed to
different combinations of biological interferants in water. The results are each averages

of five individual sensor measurements.

Average

Frequency shift
Interferants (Bionoise) (Hz)
E. coli 7.6 (£) 15.2
E. coli and Listeria monocytogenes 11.6 (+) 22

Table 4-4: The dissociation constants and binding valencies of magnetoelastic biosensor

in mixed microbial population.

Hill Coefficient (ny) | Binding valency | Kq (cfu/ml)

ST 0.43 2.33 435
E+ST 0.4 2.5 305
E+L+ST 0.35 2.86 287
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4.3.2 Discussion

Figure 4-26 shows the comparative responses of a 2x0.4x 0.015 mm sensor, when
exposed to increasing concentrations of S. typhimurium in water in the presence of mixed
microbial population. It is evident from Figure 4-27; that no significant effect of
biological interferants was observed on the magnetoelastic sensor performance. When a
single biological interferants (E. coli) was used with highest concentration (5x10® cfu/ml)
almost no effect was observed. A cocktail of two different interferants at high
concentration (5x10° cfu/ml) contributed only about 6 % (11.6 () 22 Hz) of total sensor
response. Hence, antibody immobilized magnetoelastic sensors can be used to monitor
the bacterial contaminations even in the presence of non specific interferants.

As can be seen, the shift in the resonance frequency of all the sensors shows a
similar trend, with a gentle log phase in the curve. From the dose responses obtained, the
Hill plot was derived using the principles explained in the experimental procedures. The
disassociation constant, K4 and the binding valences were calculated. All the tests
conducted with different solutions showed a multi-valent binding, indicating that the
bacteria in solution are binding to the immobilized antibody at more than one site. From
table 4-4 it can be seen that the dissociation constant was smaller with increasing number
of interferants, this may be due to the attachment of bacteria (Salmonella as well as other
biological interferants) to the gold surface on the sensor (i.e. uncoated antibody sites).
The non specific binding sites were shared between the different bacteria and the

majority of the antibody sites were occupied by S. typhimurium cells.
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4.4 Thermal stability of Polyclonal Antibody immobilized magnetoelastic

biosensors

For all practical applications, it is essential for both major components (transducer
and biorecognition element) to be robust enough to withstand the rigors they typically
encounter in the field conditions. However, in most cases, the biorecognition element is
relatively vulnerable to the vagaries of the field environment (e.g. in deserts temperatures
can reach as high as 65 °C). Hence, it is of utmost importance to test the stability of the
biosensor system at higher temperatures. It has been reported that the binding activity of
mouse monoclonal antibodies become degraded within as little as two hours exposure to
higher temperatures [168]. Another study found that there was a 15% loss of activity at
37 °C after 15 days when the monoclonal antibodies were stored in a buffer with pH 10
[169]. Specifically designed antibodies have been shown to have a greater stability at 4
°C for a period of 6 months, however their stability at higher temperatures was not
studied [170]. A substantial quantity of literature exists that shows the relationship of
temperature to the stability of monoclonal antibodies [171-173]. However most of the
reported studies on antibodies’ stability were performed on free antibodies instead of
those immobilized on a sensor surface. Since the immobilization of antibodies on a
sensor platform may alter their stability, the current study investigated the stability of
polyclonal antibody immobilized on a magnetoelastic sensor platform at three different

temperatures (25, 45 and 65 °C).
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4.4.1 Long-term stability tests
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Figure 4-28: Magnitude of resonance frequency shifts caused by the binding of S.
typhimurium to stored magnetoelastic biosensors. The biosensors stored at 25 °C, 45 °C,
and 65 °C were removed from the incubators at various intervals, and tested in I1ml of

water containing S. typhimurium at a concentration of 1x10° cfu/ml.
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Figure 4-29 shows the resonance frequency shift responses of stored biosensors
following exposure to 1 ml of water containing S. typhimurium (1x10° cfu/ml). The
response of biosensor on day 0 at 25 °C was taken as reference (test control) to compare
the change in binding activity at different temperatures with time. From the results
obtained, it is evident that both storage temperature and time alter the biosensor
performance. Biosensors stored at 25 °C, had a rapid decrease up to 3 days, followed by
a more gradual decrease in the binding activity. The biosensors stored at higher
temperatures show a steeper decrease in binding activity, with no shift (no binding)
observed by day 8 and day 5 for the sensors stored at 45 and 65 °C, respectively.

4.4.2 Scanning Electron Microscopy (SEM)

In order to confirm that binding of S. typhimurium to the sensor surface was
causing the measured frequency shifts, SEM photomicrographs were taken on all the
stored and tested biosensors after exposure to S. typhimurium. Figure 4-29 to 4-32 show
typical SEM images of the biosensors stored at different temperatures, after exposure to
S. typhimurium. As can be seen, the bacterial coverage density decreased with time and

increased temperature.
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Figure 4-29: Typical SEM images of S. typhimurium bacterium bound to the polyclonal

antibody immobilized biosensor surface with increasing time and temperature (a) Day 0

and (b) Day 1, at room temperature (25 °C).
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Figure 4-30: Typical SEM images of S. typhimurium bacterium bound to the polyclonal

antibody immobilized biosensor surface with increasing time and temperature (c) Day 5

and (d) Day 28, at room temperature (25 °C).
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Figure 4-31: Typical SEM images of S. typhimurium bacterium bound to the polyclonal
antibody immobilized biosensor surface with increasing time and temperature (e) Day 1

and (f) Day 5, at 45 °C.
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Figure 4-32: Typical SEM images of S. typhimurium bacterium bound to the polyclonal
antibody immobilized biosensor surface with increasing time and temperature (e) Day 1

and (f) Day 3, at 65 °C.
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4.4.3 Bacterial density Calculations

SEM images were used to calculate the bacterial density on the sensor surfaces
and a bacterial density versus time profile for antibody was generated. After counting the
number of the bacteria bound to the sensor surfaces, the surface distribution density of
bacteria was calculated for each sensor as described in the experimental procedures.

The changes in surface distribution density of the bacteria bound to the biosensor
surface with time (in days) for the biosensors stored at different temperatures are shown
in Figure 4-33. The results show a more rapid decrease in the density of bacteria
captured on the biosensors stored at 45 and 65 °C. The biosensors stored at 25 °C show
an initial rapid drop in density followed by a gradual. The decrease in the bacterial

densities exhibited a trend similar to the frequency shift measurements.
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Figure 4-33: Surface coverage densities (average number of cells/pm?)

calculated from SEM micrographs of stored magnetoelastic biosensors (25 °C, 45 °C, and

65 °C) after exposure to S. typhimurium.
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4.4.4 Activation energy calculation
The activation energy was calculated assuming Arrhenius dependence [163] as
below,
K = A*e("Fa/RT) (4-1)
where K is the rate coefficient, A is a constant, E, is the activation energy, R is the
universal gas constant (R = 1.987 cal mol'K™), and T is the absolute temperature

From equation (4-1), K equals

InK=InA - E, (4-2)
RT

Figure 4-35 shows the Arrhenius plot (InK) versus 1000/T over a temperature
range of 25 ° C to 65° C for the magnetoelastic biosensors. The activation energy can be

derived from the slope of the curve:.

Ea
= (4-3)

Slope = -
E,=-Slope * R (4-4)
Thus, the activation energy Ea for this biosensor system was found to be:
Ea =-(-3.8882* 1000%1.987) = 7725.8 cal/mol
The low value for the activation energy suggests that the polyclonal antibodies are
strongly dependent on the temperature and thus tend to degrade rapidly at higher
temperatures.  Consequently, the response of biosensors may be limited by the

degradation of the bio recognition element immobilized on the sensor.
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Figure 4-34: The effect of temperature on the longevity of the antibodies. The Activation

energy of the antibodies was calculated from the slope of the plot.
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4.45 Discussion

The results show a more rapid decrease in the density of bacteria on the biosensor
surfaces for those sensors incubated at 45 and 65 °C, where as an initial rapid drop in
density followed by a gradual drop exhibited by the biosensors maintained at 25 °C. The
decrease in the bacterial densities exhibited trend similar to the frequency shift
measurements.

Results from the SEM study also confirmed that the observed frequency shifts
were a result of capture of S. typhimurium cells by the immobilized antibody. The
change in resonance frequency generated by the sensors before and after being exposed
to bacterial suspensions can be attributed to the increase in mass of the bound target
species (S. typhimurium) to the sensor surface. The decrease in the bacterial densities can
be attributed to the loss of activity of antibodies immobilized on the sensor platform.
Thus, the response of biosensors may be limited by the degradation of the antibodies
immobilized on the sensor.

To derive the activation energy of biosensor degradation, an Arrhenius plot was
created using the gathered experimental data from the SEM analysis (bacterial density
coverage). Activation energy was calculated assuming an Arrhenius dependence [174].
The activation energy (E,) for this biosensor degradation was determined to be 7.7
kcal/mol (32.3 kJ/mol). The light chains of IgG molecules are vulnerable to thermal
deterioration (E,=5.5 kcal/mol) [175, 176], which suggests that the probable cause of
biosensor degradation is the denaturing of light chains in the polyclonal antibodies.
Other enzyme based amperometric sensors have reported activation energies of

degradation of 27 -31 kJ/mol [177] and 29 kJ/mol [178] and 50 kJ/mol [179].
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4.5 Specificity Tests

An essential test for the characterization of any biosensor is to investigate the
specificity of the bioprobe (antibody). In this study, in order to test the specificity
polyclonal antibody immobilized magnetoelastic biosensors were exposed to Salmonella
species and also to different genus of bacteria such as Escherichia coli O157:H7, Listeria
monocytogenes and Staphylococcus aureus. All the sensors were tested with different
species of bacteria at a fixed concentration of 10° cfu/ml. Figure 4-35 shows the
measured density of the bacterial cells attached to the polyclonal antibody immobilized
sensor surface, calculated from the SEM images as described earlier in the experimental
procedures. Figure 4-35 shows that the polyclonal antibodies used in this work
specifically bound to the Salmonella species, and showed significantly lesser affinity to
non specific species such as Escherichia coli O157:H7, Listeria monocytogenes and

Staphylococcus aureus.
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Figure 4-35: Average densities of different bacterial cells attached to the polyclonal

antibody immobilized sensor surface.
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5 CONCLUSIONS

The current research was conducted to study the application of a novel
magnetoelastic material as a wireless biosensor for the specific detection of Salmonella
typhimurium in contaminated food products. For this purpose, a sensor was prepared
with a monolayer of target species specific antibody. Immobilization of the antibody was
achieved through molecular assembly of the antibody using an LB film technique, which
facilitates orientation of the antibody to ensure maximum affinity for the target analyte.
The relationship of sensor size to the sensitivity of detection and the thermal stability of
the immobilized antibody for the detection of S. typhimurium was investigated.

The application of polyclonal antibody immobilized magnetoelastic biosensors for
the detection of S. typhimurium in food products (water, fat free milk and apple juice)
was successfully established. A detection limit of 5x10° cfu/ml was obtained for a
2%x0.4%x0.015 mm size sensor in all the three different food samples employed in this
study.

An increase in the sensitivity was observed with smaller size sensors; a detection
limit of 10 cfu/ml, with a sensitivity of 246 Hz/decade was obtained for 1x0.2x0.015
mm sensors, as compared to a detection limit of 5x10° cfu/ml and a sensitivity of 139

Hz/decade for 2x0.4x0.015 mm sensors.
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The dose response studies in mixed microbial population clearly indicated a
pronounced affinity for S. typhimurium even in the presence of other bacteria such as
Listeria monocytogenes and E. coli O157:H7.

The binding activity of the polyclonal antibodies immobilized on the
magnetoelastic sensor platform became zero (no binding) after a period of 30, 8 and 5
days at 25, 45 and 65 °C, respectively. Degradation energy of biosensor was obtained
through Arrhenius equation and was determined as 7.7 kcal/mol. The reduction in
activity of the magnetoelastic biosensor with increasing time and temperature may be
attributed to the denaturing of light chains of the antibodies.

The binding of S. typhimurium to the immobilized antibody was confirmed by
SEM studies. The enumeration of bacterial cells on the antibody immobilized sensor
confirmed that the shift in the resonance frequency of the magnetoelastic sensor was due

to the binding of S. typhimurium to the antibody immobilized sensor.
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6 RECOMMENDATIONS FOR FUTURE WORK

Smaller size magnetoelastic sensors proved to have better sensitivity, but antibody
immobilization using Langmuir-Blodgett (LB) method had difficulties, particularly with
smaller size sensors, so it would be interesting to study different biorecognition elements
and also new immobilization techniques. As magnetostrictive sensors are beginning to
find new applications in the field of biosensing, it would be advantageous to be able to
utilize a regenerative biorecognition layer, which would enable the sensors to be used for
the continuous monitoring of bacterial contaminations. Array biosensors are also likely
to be useful in the multi analyte detection systems. The application of a reference sensor
alongside the antibody coated sensor should address the intrusion of unwanted effects

such as false signals due to non specific binding and also environmental perturbations.
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