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Abstract

This research uses wireless magnetoelastic (ME) biosensors combined with a
surface-scanning coil detector for the direct, real-time detection of Salmonella
Typhimurium on fresh food surfaces. The ME biosensor consists of an ME resonator as
the sensor platform and E2 phage as the bio-recognition element. For in-situ detection of
surface bacterial contaminants, a surface-scanning coil detector was designed and its
performance was evaluated. The designed coil was used to excite the ME biosensor and
then measure the biosensor’s signal in response to the potential presence of bacteria. A
model of the sensor’s longitudinal vibration and an equivalent electrical circuit of the
detection system were constructed to theoretically evaluate the coil design and its effect
on signal amplitude and detection distance. In order to explain the reason for the different
signal amplitudes, a theory of mutual inductive coupling between a vibrating sensor and
the coil detector was proposed. Two types of coil detectors were evaluated for design and
comparison: solenoid and planar spiral coils. Based on the sensor’s longitudinal vibration
and the structure of the coils, the planar spiral coil detector was found to be more
sensitive and to give a much larger signal amplitude at resonance. Furthermore, the
ability to simultaneously measure multiple sensors on surfaces with the planar spiral coil
has been demonstrated.

A gradual change of the resonant frequency was observed over time during the
reaction between an E2 phage-coated ME biosensor and S. Typhimurium on fresh food

surfaces. The effects of a humid environment were researched and the limit of detection
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was statistically determined. This new technique eliminates the time-consuming and

costly sample selection and preparation steps previously required.
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Chapter 1

Introduction

1.1 Background and need
1.1.1 The challenge of foodborne illness and global public health

Bacteria and viruses are widely found in nature and in the environment, such as in
food, soil, water and the intestinal tracts of humans and animals [1]. Foodborne
diseases are caused by ingestion of contaminated foods and include a broad group of
illnesses [2]. The foods and food products can be contaminated at different points in
the food production and preparation process. It is estimated that infectious diseases
cause about 40% of the total annual deaths world-wide [1]. The Centers for Disease
Control and Prevention (CDC) estimate that each year roughly 1 in 6 Americans (or
48 million people) get sick, 128,000 are hospitalized, and 3,000 die of foodborne
diseases [3, 4]. Estimating illnesses, hospitalizations, and deaths for various types of
diseases is a common and important public health practice [5]. The following food
groups have been identified as potential causes of foodborne illnesses:

1. Fresh vegetables have recently become recognized in the USA as the leading

vehicle of illnesses associated with recent foodborne outbreaks. A recent case

is the outbreak of Shiga toxin-producing Escherichia coli O157:H7 infections



linked to ready-to-eat salads in November 2013. In the past decade, fresh leafy
produce has been responsible for more than 16 outbreaks of illness [6].

2. Reports of foods such as peanut butter and commercially canned food being
contaminated with pathogens have also recently occurred. The outbreak of
Salmonella enterica serovar Typhimurium infections linked to peanut butter
included 714 cases in 46 states from 2008 to 2009. A recent outbreak resulted
in 42 people being infected with S. Bredeney from peanut butter in November
2012 [7].

3. Microwavable products and ready-to-cook pizzas have recently been
associated with outbreaks of E. coli O157:H7 infections and Salmonellae
contamination [8].

4. Poultry, eggs and meat products are still important vehicles of bacterial
pathogens. More than 60% of pathogen outbreak reports in the previous five
years are associated with poultry and meat products. Between 1998 and 2008,
poultry, fish and beef were consistently responsible for the greatest proportion
of foodborne illness outbreaks. Considering the emphasis that reducing
pathogen contamination of poultry and meat products has received, relatively
little progress has been made in reducing the incidence of human disease
during the past decade [9, 10].

The problems about food safety and public health in under-developed countries
are always combined with poverty and hunger. The international Millennium

Development Goals (MDG) aimed to reduce the burden of foodborne diseases in



developing countries, which is also related to children and the poor (Figure 1.1).

Pregnant women are especially
susceptible to infectious risks, 5
including foodborne discases.

Infection with Listeria mono-

coviogenes  and  Toxoplasma

pondii are particular hazards

in pregnancy. These infections | pROVE MATERNAL
can cause serious illness in the | HEALTH

maother and fetus, as well as

miscarriages, premature delivery and siillbirth, all of
which increase the risk of marernal mortaiiry.

ERADICATE
AND HUNGER

1

Foodborne diseases and their resulting morbidity,
disability and monelity affect household incomes.
Improvements in food availability for those living
with hunger must be accompanied by corresponding
reductions in foodbome diseases, otherwise the goal
of “halving poverty by 20157 will be jeopardized.

4 Children are particularly vidnerable 1o the effects of
fovdborne diseases, often us u result of wccompuny-
ing morbidiry, including malmarition or other infec-
ions. A reduction in child moriality may not be
possible withownt substantial decrease in food and

REDUCE walerborne diseuses in this age group.
CHILD MORTALITY

People living with HIV/AIDS are prone te opportunistic
infections, including those resulting from comaminaed food.
Serious complications and chronic symptoms as a result of
Joodborne diseases, including cerebral toxoplasmosis are
common in  immunocompromised people.  Food  safety
interventions are. therefore. an important complemen 1o achieve
MDG 6.

Figure 1.1 Foodborne disease and the millennium development goals [15].

Meanwhile, globalization is no longer a philosophy but a description of

commerce. Growing international trade, migration and travel accelerate and widen the

spread of dangerous pathogens and contaminants in food [5]. What once were only

local foodborne disease outbreaks have now become a potential threat to the entire

globe in this interconnected and interdependent world. For instance, 80% to 90% of

the incidence of Salmonellosis in Scandinavian countries is attributed to international

travels [5]. A recent estimate suggests that approximately 30% of all new globally

emerging infections over the past 60 years included pathogens commonly transmitted



through food [14].

Because of globalization, the problems of foodborne illness have become more
complex: new pathogens emerge and established pathogens appear in unexpected new
food vehicles. Consumer tastes and requirements change, populations age and migrate,
and the technologies and trade that go into the products continue to evolve. The past
decade has been recognized for having more microbiological food safety challenges
for the food industry than ever before. Many of these microbial threats were not new
but rather presented themselves under unanticipated circumstances [23]. Emerging
and reemerging pathogens have become greater foodborne threats in past years. More
and more newly recognized and un-established foodborne pathogens challenge public
health. Medical costs and productivity losses from foodborne illness are in the range
of 6.6 billion to 37.1 billion U.S dollars [11]. The annual economic losses caused by
the food-borne illnesses are estimated to be 2.9 billion to 6.7 billion U.S. dollars
according to the United States Department of Agriculture (USDA) [12]. The full
extent of the burden and cost of unsafe food is currently still unknown but its impact
on global health, trade and development is likely to be profound. The surveillance and
prevention of food risk and biological terrorism are of central importance all over the
world.

Therefore, food safety and public health become a global mission and need

worldwide cooperation.



1.1.2 Bioterrorism and biodefense

Foodborne illness is not the only problem that poses a severe risk to public safety.
The events of September 11, 2001 reinforced the need to enhance the security of the
U.S., and Congress responded by passing the Public Health Security and Bioterrorism
Preparedness and Response Act of 2002 (the Bioterrorism Act) [16]. A bioterrorism
attack is the deliberate release of viruses, bacteria, or other germs to cause illness or
death [17]. These germs are often found in nature, but they can sometimes be made
more harmful by increasing their ability to cause disease, spread, or resist medical
treatment. Bioterrorism, which makes use of bacteria, viruses, fungi, and/or toxins as
a bio-weapon, has been publicly recognized as an emerging danger [18]. The CDC
has, thus far, identified 35 potential bioterrorism agents and classified them into three
categories [19]. The highest priority Category A agents include organisms that pose a
risk to national security because they can be easily disseminated or transmitted from
person to person, result in high mortality rates and have the potential for a major
public health impact, cause public panic and social disruption, and require special
action for public health preparedness.

Biodefense uses medical measures to protect people against bioterrorism. The
goal of biodefense is to integrate the sustained efforts of national and homeland
security, and public health, intelligence, diplomatic, and law enforcement
communities. In fact, the funding for civilian biodefense dramatically increased after
the 2001 anthrax attacks, and over $4 billion of funding has been maintained since

2002 [20-22]. The budget transition clearly indicates that there is a need for



comprehensive biodefense systems that enable the nationwide surveillance and
prevention of bioterrorism. As part of the ongoing efforts to secure the safety of food
as well as to guard against possible bioterrorism, the role of pathogen detection
technologies has become vital. Recently, much research has been focused on
developing label-free biosensors, which are meant to be low-cost, rapid, user-friendly,

and adequate for on-site pathogen detection for both food safety and biosecurity.

1.1.3 Surveillance systems

When an established pathogen appears in a new food vehicle, many questions
arise. The most important question is how to improve control and prevention. Figure
1.2 shows the cycle of public health prevention and control [15]. When a problem of
foodborne illness arises, an epidemiological investigation may clarify its etiology,
source and impact. For well-understood pathogens, the established process of
prevention and control measures can be directly applied. For unknown pathogens,
applied research is needed to answer questions and produce treatment information.
The results of this research can then be used to develop the prevention and control
measures which are related to the special target. The documents and experiences of
prevention and control measures can be summarized for surveillance. With a
successive and high-efficiency circle, the infection decreases and the prevention is
more successful. However, assembling this information is time-consuming and may

take decades.
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Figure 1.2 The cycle of public health prevention and control [15].

Passive surveillance systems collect information on outbreaks depending on the
public’s willingness to report illnesses and the public health authorities to investigate
and submit reports. In the U.S., the passive Foodborne-Disease Outbreak Surveillance
System, managed by the Centers for Disease Control and Prevention, is designed to
investigate foodborne outbreaks and establish both short-term control measures and
long-term improvements to prevent similar outbreaks in the future [23, 24]. On the
other hand, FoodNet is one of the operative surveillance systems in the USA.
FoodNet is the collaboration between the CDC, the US Food and Drug Administration
(FDA), and the U.S. Department of Agriculture (USDA). FoodNet was created in
1996 to conduct population-based, active surveillance for foodborne infections in the
USA [5]. The main objectives of FoodNet include the determination of the
epidemiology of foodborne diseases, and the investigation of the link between certain
foods and the proportion of foodborne disease. FoodNet conducts surveillance for E.

coli O157:H7, Campylobacter spp., Listeria spp., Salmonella serovars, Shigella spp.,



Yersinia spp., Vibrio spp., Cryptosporidium, and Cyclospora. This has been successful
in monitoring, tracking trends, and defining risk factors for causes of foodborne
illnesses, and in estimating the burden of foodborne illnesses in the USA [15, 24].

Surveillance systems for foodborne disease vary in capacity by country. There is

not an outstanding system that could serve as a model for different countries or
different conditions. In general, the developed countries have more funding for their
surveillance programs. In order to build a successive and high efficiency surveillance
system, there are three suggestions for surveillance system improvement:

1. The evaluation system for an outbreak investigation can be modeled as a
three-dimensional food safety box. An outbreak investigation is usually caused
by a specific pathogen to a specific food. However, in the first case of E. coli
O157: H7, the same organism was identified in two separate outbreaks at the
same restaurant chain. For some pathogens, the process can be complex and
difficult to detect. As global food transportation and various sources and
vehicles for foodborne illness increase, attribution of outbreaks become more
complex [25]. Therefore, the problem can be considered in three dimensions:
the range of pathogens, the range of transmission routes and vehicles, and the
flow of the food from production on farm to final consumption. In this way, a

particular issue in food safety can be localized in all three dimensions.
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Figure 1.3 The food safety box in which problems and solutions can be localized,
along with the dimensions of pathogen, food vehicle of transmission and level of

processing [15].

2. The international coordination in surveillance system is becoming more and
more important. The information and data can be rapidly and efficiently
shared. The data documents of foodborne disease can be transmitted through
the food supply chain and to the place where the food production was
contaminated. The international organizations (WHO, PAHO) are building
networks in different parts of the world that cooperate with several
governments to detect pathogens, prevent outbreaks and organize the
international food supply chain.

3. A new, rapid, and robust pathogen detection technique should be developed
for all steps of the food supply chain and be suited in different detection
environments [26]. As the current pathogen detection and illness certification

are accurate but time-consuming, a rapid, “first-line” food safety test is
9



necessary and significant. The requirements of the detection method are
fast-response, low-cost, stable in various environments, highly efficient and

technically friendly.

1.2 Motivation and objectives of this research

Typical microbiological methods for pathogen detection, such as culturing,
immunoassay, and PCR offer very high sensitivities [27, 28]. However, they require
pre-analytical sample preparation, which generally includes sample collection,
separation of a target pathogen from food, increasing pathogen concentration, and
achieving a desired analysis volume from a large amount of samples before detection.
These processes are time-consuming, leading to delays in obtaining screening results.
More importantly, food samples have to be delivered to laboratories for culture
preparation and analysis. Label-free biosensors are available in today’s market [29].
However, they also require sample preparation prior to the actual testing (i.e.,
sampling from fresh produce, purification and concentration of the collected samples,
and injection of the purified/concentrated samples into a flow system where a
biosensor resides). Due to the complexity of these test procedures and requirements
for expensive equipments and highly trained personnel, current food safety controls
mainly rely on control of worker/environment hygiene in the food processing industry,
rather than direct pathogen detection.

Food can be contaminated by pathogenic bacteria at any stage of a food cycle:
production, packaging, transport, and consumption [30]. In order to test the food
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safety at each stage of the food cycle, a rapid, user-friendly, and low-cost detection
method is required. The goal of this research is to design, develop, and demonstrate
an accurate, easy-to-use, and inexpensive biosensor for the detection of Sal/monella
contamination on globe fruits and vegetables. In the agricultural field, globe fruits and
vegetables (e.g., watermelons and tomatoes) will be picked and placed in a disposable
plastic bag that serves as a portable test chamber. The ME biosensors will then be
placed directly on the surface of the food, the bag sealed, and the biosensors
interrogated wirelessly to determine whether the surface of the produce is contaminated
with Salmonella. The biosensors will then be retrieved with an electromagnet. The
tested tomato and plastic bag will then be properly disposed. Figure 1.4 shows the
envisioned method of Salmonella detection on tomatoes. The detection sequence and
estimated time for each step are:

1) Place a tomato in a test bag. Distribute biosensors onto the tomato. Seal the

bag and allow binding with Salmonella to occur.
2) Measure biosensors wirelessly and simultaneously.
3) Monitor resonant frequency shifts of the biosensors.

4) Retrieve biosensors with an electromagnet and dispose of the bag and tomato.
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Figure 1.4 The vision of direct bacteria detection on food surfaces.

The study of ME biosensors for bacterial pathogen detection has been discussed
for several years. In previous work, the ME biosensors required placement inside the
solenoid coil for the frequency measurement, and then they were moved out of the
coil for exposure to bacteria on the food surface [31-34]. Hence, this detection was
cumbersome and not in real-time. In order to pursue real-time in sifu bacteria
detection directly on food surfaces, the primary objective of this research is to design
and fabricate different surface-scanning coil detectors for use with phage-coated ME
biosensors for the wireless, “extracoil” detection of foodborne pathogens. To

accomplish the objective, this research focuses mainly on the following three topics:
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1. Specific binding between E2 phage and Salmonella Typhimurium on fresh
food surfaces.

2. Design and microfabrication of surface-scanning coil detectors for ME
biosensors and comparison of different coil structures for signal optimization.

3. Using the designed coil detector and ME biosensors for direct, real-time S.

Typhimurium detection on food surfaces.

1.3 Dissertation organization

In this chapter, the need for high-performance biosensors for on-site pathogen
detection was described, and the objectives of the present research were stated. The
rest of this dissertation is organized as follows:

Chapter 2 briefly reviews major bacterial detection methods and discusses
reasons for the current shift towards the development of label-free biosensors and
surface-scanning coil detectors.

Chapter 3 describes the fundamentals, detection principle, and fabrication
methods of phage-based ME biosensors in depth.

Chapter 4 presents the possibility of S. Typhimurium detection on fresh food
surfaces. Multiple ME biosensors are utilized for the detection in different bacterial
solutions. Control biosensors without phage were also used to compensate for
environmental effects and non-specific binding.

Chapter 5 presents the theoretical research on detection technique with coil
detector and ME biosensors. A theory of the sensor’s mutual inductance with the
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measurement coil is proposed. The simulation results of magnetic flux change and the
experiment data of frequency signal are discussed and compared.

Chapter 6 investigates a new design of microfabricated planar coil detector. A
comparison of a planar-spiral coil and a solenoid coil is discussed about the signal
amplitude, detection distance, and the working space. Based on the sensor’s
longitudinal vibration and the structure of the coils, the planar spiral coil detector was
found to be more sensitive at detecting the coupled magnetic flux changes. In addition,
both numerical simulation data and experimental results demonstrate that the planar
coil detector dramatically improves the detection distance, which is significant for
surface scanning, especially with large curvature or rough surfaces.

Chapter 7 uses the ME biosensors for the real-time in situ bacteria detection on
food surfaces. A gradual change of the resonant frequency was observed over time
during the reaction between an E2 phage-coated ME biosensor and S. Typhimurium
on a tomato surface. The LOD was statistically determined to be lower than 1.5 x 10°
CFU/mm’ with a confidence level of difference higher than 95 % (p < 0.05).

Finally, Chapter 8 presents an overall summary and conclusions of this

dissertation.
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Chapter 2

Review of the Literature on Bacterial Detection Methods

2.1 Conventional detection methods

Traditional methods for enumerating bacteria are based on the ability of bacteria
in a sample to grow into visible colonies on a defined nutrient medium. Theoretically,
a colony is derived from a single bacterial cell which provides the identification of a
very small number of bacterial pathogens. However, in a culture-based method,
cumbersome and lengthy experimental steps, such as pre-enrichment, selective
enrichment, biochemical screening, and serological confirmation, are required. This
may take up to 5 to 7 days to complete, depending on the target organisms [1].

The polymerase chain reaction (PCR) method, which is currently considered by
many to be the golden standard for microbial detection, amplifies small quantities of
genetic material to determine the presence of bacteria [2]. It requires rigorous sample
preparation, complex reactive components of limited shelf life, precise temperature
regulation, a complex detection process and trained personnel. Similar to the
culture-based method, PCR is labor-intensive and time-consuming. The recent
advances in PCR technologies, such as the real-time PCR [3], digital PCR [4], and
microfluidic PCR [5], could provide better performance in terms of assay time,

reagent volume, and cost. However, these PCR variants additionally require the use of

19



reporter dyes and/or fluorescent-labeled probes, resulting in an increase in total assay
cost and complexity [5]. Thus, these PCR methods cannot meet general performance
criteria for on-site detection of bacterial pathogens.

As an alternative, the enzyme-linked immunosorbent assay (ELISA) has been
developed and widely used for the determination of food safety [6-8]. The ELISA is
an immunological technique that employs two kinds of antibodies with an enzyme.
After a target antigen is captured by a primary antibody immobilized on an ELISA
plate and linked with the enzyme by a secondary antibody, optical signals can be
generated through biochemical reactions between the enzyme and a chromogenic
substrate that is subsequently added [9]. Although the ELISA can reduce assay time
and cost, it still takes hours of assays. Hence, there will be much work to do before

the ELISA becomes a real alternative.

2.2 Biosensor techniques

The biosensor industry is rapidly expanding with relatively low-cost and rapid
detection methods. According to the market analysis of biosensors, the annual growth
rate is 4.5% with a total market value of $563 million [10]. A biosensor is an
analytical device incorporating a biological sensing element into a transducer system.
The sensing element binds a biological agent of interest to the biosensor platform
through highly specific bonding. The bio-recognition elements for biosensors are
divided into three groups: biocatalytic, bioaffinity and hybrid receptors. The choice of
bio-recognition element depends on selectivity, sensitivity, and longevity among
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others. The transducer/platform converts an observed change (physical or chemical)
into a measurable signal. Based on the signal transducer, biosensors can be divided

into electrochemical, optical, thermal, and mass-sensitive biosensors.

Analyte
(enzymes, antibodies, antigens, microbial cells, gases, ions, metabolites, microorganisms,
proteins, oligonucleotides)

l

Recognition element
(cells, receptors, antibodies, antigens, membranes, enzymes, organels, organisms, tissues,
oligonucleotides)

./ N\

Electron tunneling, — ) Mass and/or
ion mobility, l'emperature Absgrp_lmn or microviscosity
diffusion of change or cmission Of, alterations of
electroative or heat release electrorna.gnenc wave
charged species radiation propagation
Electrochemical Thermal Optical Piezoelectric
(amperometric,

potentiometric, FET
or conductimetric)

\

Signal processing by dual or multiple — channel ratio or subtraction followed by
comparison to calibration

Figure 2.1 Bio-recognition elements and transducers employed in construction of

biosensors [11].
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2.2.1 Electrochemical biosensors

At present, electrochemical technologies play a very important role in clinical
diagnosis, biochemical analysis, and environmental monitoring. The interaction of the
target analytic and the recognition elements creates an electrical signal, which
represents the analytical information [12]. Biosensors based on the electrochemical
transducer have the advantages of being fast and economical. For an electrochemical
biosensor, biologically active materials, usually enzymes or antibodies, are
immobilized on the surface of the electrode. When microorganisms metabolize
uncharged and weakly charged substances, such as carbohydrates, fats or proteins,
into highly charged end products, such as organic acids, fatty acids, and amino acids,
the electric current changes in this bio-medium. Electrochemical biosensors transmit
impedimetric, potentiometric or amperometric signals. Impedimetric biosensors are
based on the change of conductivity of the medium when the microorganisms
metabolize uncharged substrates. Impedance is usually measured by a bridge circuit.
A reference module is necessary to measure nonspecific changes in the test module.
Amperometric biosensors measure the current generated by the chemical reaction of
an electroactive species under an applied potential, which is proportional to the
concentration of the electroactive species in the solution. Compared to other types of
electrochemical biosensors with logarithmic concentration dependence, amperometric
biosensors that have a linear relationship are more suited for bacterial detection.
Potentiometric biosensors measure the potentiometry in relation to a reference
electrode. Figure 2.2 shows a schematic of a potentiometric biosensor: a
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semiconductor immune biosensor that detects potential changes associated with the
formation of an antibody complex [13]. With the controlling of the conductivity of the
n-channel region in the p-type semiconductor by the electrical field strength, the
application of a voltage between the source and drain electrodes is the measured

signal for the potentiometric biosensor [14].
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—<  Immobilized antibody

< antigen

Figure 2.2 Schematic of a potentiometric transducer biosensor [13].

2.2.2 Optical biosensors

Optical biosensors, which detect by absorption or emission of electromagnetic
radiation, are very attractive because of their quick and direct ability to detect bacteria.
A large variety of optical methods has been used in biosensors: ellipsometry,
spectroscopy (e.g., luminescence, phosphorescence, fluorescence, and Raman),

interferometry, spectroscopy of guided modes in optical waveguide structures and
23



surface plasmon resonance. The refractive index, absorbance and fluorescence
properties of analytic molecules are the measurement data for optical biosensors [15].
Surface Plasmon Resonance (SPR) detection, which is based on the internal
reflection of light, is one kind of the refractive index-based detection techniques [16].
SPR is a quantum optical electrical phenomenon based on the fact that energy carried
by photons of light can be transferred to electrons in a metal. This transfer can be
observed by measuring the amount of light reflected by the metal surface. As shown
in Fig. 2.3, SPR is a charge-density oscillation that may exist at the interface of two
media with dielectric constants of opposite signs [17]. A change in the condition of
the metal surface, such as antibody-antigen binding, results in a change of the
refractive index. SPR biosensors are able to detect tiny changes in refractive index
when cells bind to receptors immobilized on the transducer surface. The detection of
the SPR change can be accomplished by monitoring the resonant angle [18], resonant
wavelength [19], resonant intensity change [20], or the changes in phase and
polarization [21-22]. In the past few years, SPR has been applied in molecular biology
for detection of proteins or DNA molecules for food safety and bio-security. The
detection limit for proteins can be down to nanomolar or even picomolar
concentrations with a signal amplification. Although rapid and remote sensing can be
achieved with the SPR biosensors, they still have some limitations: easy interference

of signals and narrow concentration range for detection [23]
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Figure 2.3 The phenomenon of interaction between light waves and biomolecules

[17].

Fluorescence-based detection is also a widely used optical method for biosensing
[24]. A fluorescence biosensor monitors the frequency change of electromagnetic
radiation. In a typical fluorescence measurement, a fluorophore is excited by a
specific wavelength of light and emits light at a different wavelength [25]. Because
single molecules could be repeatedly excited and detected to produce a bright and
measurable signal, the sensitivity of the fluorescence biosensor can reach single-cell
level. In general, the fluorescence detection has three types: 1) direct sensing of a
target molecule that is fluorescent; 2) indirect sensing of a fluorescent-labeled target
molecule; and 3) fluorescence resonance energy transfer (FRET). Unlike the typical
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fluorescence measurement, FRET can generate a unique fluorescence signal when two
fluorophores are paired. The emission wavelength of one overlaps with the excitation
of the other, and the excitation of one of them will stimulate fluorescence of the

complementary pairing fluorophore [26].

2.2.3 Thermal biosensors

Thermal biosensors detect a change in temperature within the reaction medium
caused by biological reactions (absorption or evolution of heat). Thermal biosensors
are based on the principle that the total heat evolution or absorption in a biochemical
reaction is proportional to the molar enthalpy change and to the total number of
product molecules created in the reaction [27, 28]. In order to improve thermal
biosensor’s sensitivity, recycling the co-enzyme or the substrate resulting in
enzymatic amplification was used to improve the thermometric measurement [29]. A
thermistor, which is a very sensitive temperature transducer, was also used for the
sensitivity improvement. The thermistor has several resistors with a high negative
temperature coefficient of resistance [30]. Figure 2.4 shows a conventional thermal

biosensor.
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Figure 2.4 The schematic of a conventional thermal biosensor [27].

2.2.4 Acoustic wave biosensors

Acoustic wave (AW) biosensors are a class of the microelectromechanical system
which transduces an input electrical signal into a mechanical wave to sense a physical
phenomenon. AW transducers can sense the change of pressure, strain, torque,
temperature and mass [12]. As our research of the magnetoelastic biosensor is one of
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mass-sensitive AW biosensors, the research about AW biosensors will be discussed in

chapter 3.

2.2.5 The development of portable biosensors

Recently, rapid pathogen detection with a portable device became one of most
popular research topics. The researchers from Lawrence Livermore National
Laboratory created a three-inch biodetector for quickly scanning and detecting
bacteria and viruses at once (Figure 2.5) [31]. The Lawrence Livermore Microbial
Detection Array (LLMDA) device, with a size of one-inch wide and three-inch long,
is packed with 388,000 probes to detect multiple viruses and bacteria. The process
requires a sample of DNA or RNA labeled with a fluorescent dye, and applied across
LLMDA. A scanner analyzes the fluorescent response, measures the peak frequencies
and identifies bacterium/virus by comparison with known fluorescent signatures. The

detector can identify more than 3,000 different viruses or bacteria in 24 hours [32].

Figure 2.5 The Lawrence Livermore Microbial Detection Array [31].
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Meanwhile, researchers at the University of Illinois at Urbana-Champaign have
developed an iPhone-based biosensor [33]. This handheld iPhone biosensor uses
photonic crystal (PC) for label-free bacterial pathogen detection [34]. The PC
biosensor consists of a low refractive index plastic material with a microfabricated
periodic surface structure. A thin layer of high refractive dielectric material is coated
on the surface. The PC surface resonantly reflects a single wavelength which is
modulated by the absorption of biomaterial to the biosensor surface. The resonantly
reflected wavelength is shifted by the attachment of biomolecules to the guided mode
filter [35]. Small changes in the surface optical density can be quantified without
attachment of a label to the detected biomolecule. The portable detection system is
shown in Fig. 2.6. A fabricated cradle holds a smartphone’s back camera in alignment
with the PC and detection optics. Broadband light from an external source is
collimated by the combination of an entrance pinhole and a collimating lens. After
passing through a linear polarizing filter, light passes through the PC with one narrow
band of wavelengths’ reflection [36]. This handheld biosensor may be used in several

independent locations: home, clinic and remote locations.
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Figure 2.6 Schematic of the optical components with the smartphone cradle [33].

To successfully transfer technologies from the research laboratories to the
marketplace, cost, stability, sensitivity, quality assurance and instrumentation design
must be considered. The main barriers for most of the previously described devices
are methods of biosensor calibration, high cost, reliability, stabilization, longevity, and

complex fabrication of the biosensors.

2.3 Target pathogenic bacteria to be detected

Bacteria as well as viruses are the leading causes of contamination of food.
Campylobacter spp., Salmonellae, Staphylococcus spp., E. coli O157, Clostridium spp.
and Listeria monocytogenes are, in fact, the major foodborne pathogens in the United
States as summarized in Table 2.1 [37]. In the U.S., Salmonella enterica is among the
most prevalent causes of bacterial foodborne disease, with more than estimated one
million cases annually [38]. Salmonella enterica, which is related to 31% of

food-related deaths, is one of the most common intestinal infections and the second

30



most common foodborne bacterial pathogen in the U.S. The CDC has tracked
annually the prevalence of Salmonella enterica in the USA, and has reported less than
a 10% reduction in human cases between 1996-98 and 2007 [39]. With fresh produce
being increasingly responsible for outbreaks of foodborne illnesses, more effective
food safety interventions are needed throughout the production, processing and
distribution of fresh vegetables and fruits. Fresh vegetables and fruits have come to
the forefront as important vehicles of foodborne illnesses, accounting for 13%
(713/5416) of reported outbreaks between 1990 and 2005 with an identified food
source [40]. Salad greens, lettuce, sprouts and melons were the leading vehicles of
illness. The target pathogenic bacterium in this research is Salmonella enterica
subspecies enterica serovar Typhimurium. Therefore, we pursued rapid, real-time, in
situ Salmonella Typhimurium detection on fresh food surfaces (tomatoes, egg shells,

watermelon, spinach leaves, etc.) [40, 41].
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Table 2.1 Major bacterial pathogens causing food-borne infections in the U.S. [37]

Bacteria Est. Annual Est. Annual Est. Annual | Infectious
Cases Hospitalizations Deaths Dose(CFUs)

Campylobacter spp. 1,963,141 10,539 99 400 to 10°

Salmonella enterica 1,342,532 16,102 556 10* to 10’
Staphylococcus spp. 185,060 1,753 2 >10°

E. coli 173,107 2,785 78 10" to 107
Clostridium perfringens 248,520 41 7 >10°

Listeria monocytogenes 2,493 2,298 499 400 to 10°

Source: Economic Research Service, USDA

Figure 2.7 shows an image of Salmonella Typhimurium cells. Salmonella

Typhimurium is gram-negative bacterium with a cylindrical rod shape and size of 0.5

microns diameter by 2 microns long. Symptoms of Salmonellosis include diarrhea,

fever, abdominal pain, headache, vomiting, etc. The incubation period ranges from

several hours to two days. S. enferica can cause more serious illness in older adults,

infants, and persons with chronic diseases. S. enterica serovar Typhimurium causes

typhoid fever, a sometimes deadly disease that is more common in developing

countries [40, 42].
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Figure 2.7 Scanning electron micrograph of Salmonella Typhimurium [43].
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Chapter 3

Phage-Based ME Biosensors

The biosensor introduced in this research consists of a transducer (ME resonator)
that is coated with a bio-molecular recognition element for the specific capture and
binding of a pathogenic target bacterium. In this chapter, the background of
mass-sensitive biosensors, principle of magnetostriction, and fundamentals of

landscape phage will be described in depth.

3.1 Acoustic wave biosensors

Acoustic wave (AW) transducers sense by producing a change in the
characteristics of the path over which the acoustic wave travels [1]. When the acoustic
wave produced propagates through or on the surface of the substrate, the velocity or
amplitude of the wave will change if the characteristics of the propagation path
change [2]. The frequency or phase characteristic of the sensor is measured to monitor
such changes, which can then be correlated to the corresponding physical quantity.
With the advantages of fast detection, simplicity of use, and cost-effectiveness, AW
sensor has been commonly used for chemical and biological applications [3]. Some of
more common types of acoustic wave biosensors are: the surface acoustic wave (SAW)

biosensor, the quartz crystal microbalance (QCM) biosensor, the thin-membrane
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flexural-plate-wave biosensor and the cantilever biosensor.

3.1.1 Surface acoustic wave biosensors

SAW devices based on horizontally polarized surface shear waves enable
label-free and sensitive detection of biomolecules [4]. A SAW device typically
consists of a piezoelectric substrate with interdigital transducers (IDT) as a planar
electrode structure. The oscillation with a specific resonant frequency is mainly
defined by the surface wave velocity of the device substrate. Usually, the substrate
material used for SAW biosensors has to feature both a high dielectric constant and a
low temperature coefficient. The basic SAW biosensor setup is shown in Fig. 3.1: the
biosensor and antibodies are immersed in a flowing solution containing the target
bacterium; the arrows at the top of the container indicate the flow of the liquid sample;
the IDT is on the piezoelectric crystal substrate; the driving electronics operate the
SAW biosensor and generate changes in the output signal [4]. The SAW biosensor has
been applied for bacterial pathogens [5], small molecules [3], and DNA [6] detection.
However, when the SAW biosensor is placed in a liquid medium, the waves will be

strongly dampened. Therefore, SAW biosensors are unsuitable for liquid sensing.
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Piezoelectric crystal

The Output signal

Figure 3.1 Basic SAW biosensor setup [4].

3.1.2 Quartz-crystal microbalance biosensors

A quartz-crystal microbalance (QCM), which is a thickness-shear mode, bulk
acoustic wave transducer, is one of the most widely used acoustic wave sensor
platforms in both research and commercial applications for biological detection. As
the QCM is piezoelectric, an oscillating electric field applied across the device
induces an acoustic wave that propagates through the crystal and meets minimum
impedance when the thickness of the device is a multiple of a half wavelength of the
wave [7]. Research on QCM for biosensor has grown steadily by the increasing needs
from health care and food security [8]. Recently, a multiple QCM array system, which
is commonly referred as a monolithic multichannel quartz-crystal microbalance

(MQCM), has been developed. Figure 3.2 shows arrayed microbalances coated with
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different sensing layers on a single quartz substrate [7]. The MQCM is able to bind
with different receptors and select individual components in the target mixture. In this
way, each resonant frequency shift with the specific receptor can be used to directly

identify the presence of each component and determine its concentration.

Multiple QCM resonators

Analvte flow channels

Figure 3.2 MQCM platform: a static multichannel detector [7].

3.1.3 Cantilever biosensors

A microcantilever acts as a mass-sensitive device, producing a frequency shift
when there is a mass loading on the device. These cantilever-based sensor techniques
are derived from the atomic force microscopy (AFM) [9] technique, which utilizes a
sharp tip to scan a surface topography controlled by keeping the force between the tip
and surface constant. Due to the microcantilever’s high sensitivity and simple

MEMS-based structure, a large number of papers have reported on the potential of
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microcantilevers for physical, chemical, and biological sensing. Recently, a
nano-cantilever device with extremely high sensitivity has successfully detected a
single bacterial cell [10].

A fundamental cantilever is constructed from a long and thin micro-beam with
one end fixed by a support. The most common read-out schemes are optical read-out
[10] and piezo-resistive read-out [11]. For the optical read-out technique, the
displacement of the free end of the cantilever is measured using the optical deflection
of an incident laser beam on a position-sensitive photodetector (shown in figure 3.3
(A)) [12]. In this way, the absolute value of the cantilever displacement can be
calculated. However, the main disadvantages of this read-out technique are that it
requires external devices for deflection measurements, and the alignment and
calibration are time consuming [10]. The piezo-resistive read-out is based on a
resistivity change of the cantilever as a consequence of a surface-stress change. The
surface-stress change is caused by the specific binding of molecules. To measure the
change of the resistance, a dc-biased Wheatstone bridge needs to be included for
silicon cantilevers (Figure 3.3 (B)). The main disadvantage of the piezo-resistive
read-out technique is that the intrinsic noise directly affects the cantilever’s resolution

and sensitivity.
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Figure 3.3 (A) The optical read-out method for a cantilever bending evaluation; (B)

the piezo-resistive read-out and the Wheatstone bridge configuration [11].

Depending on the material of the transducers, cantilevers can be divided into
different types: single beam cantilevers (e.g., silicon-based cantilevers),
composite-beam cantilevers (e.g. piezoelectric cantilevers), magnetoelastic cantilevers
and among others [13]. As the flexibility of a cantilever determines its sensitivity to
the surface-stress, cantilevers fabricated from polymers with better sensitivity have
been commonly discussed [11]. An epoxy-based polymer SU-8, which is 40 times
softer than silicon, was fabricated to cantilevers. Figure 3.4 shows an image of SU-8

cantilevers with integrated gold resistors in a microfluidic channel.
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Figure 3.4 The polymer cantilevers with integrated gold resistors [11].

3.2 ME transducer
3.2.1 Magnetoelasticity

Magnetic materials exhibit ME behavior: the dimensions and elastic properties are
dependent upon their magnetic states and the magnetic properties are influenced by
applied mechanical stresses. In this research, amorophous ferromagnets of Metglas
Alloy 2826 MB were used for the construction of ME signal transducers. The ME
biosensor consists of ME resonators that work on the principle of Joule
magnetostriction, where the resonator experiences a change in its dimensions in the
presence of a magnetic field [1, 14]. When demagnetized at temperatures lower than
its Curie temperature, a ferromagnetic material is divided into a number of magnetic
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domains to minimize the material’s internal energy [15]. During the magnetization
process, the material is strained due to the ME coupling since the distribution of the
elementary magnetic moments becomes anisotropic. As a result, spontaneous Joule
magnetostriction is induced. An ideal material for the construction of ME signal
transducers is a magnetically soft material that possesses a high saturation Joule
magnetostriction, A, and a high magnetomechanical coupling factor, «, which can be

defined as [15]:

K= —ome (3.1)

where Ene, E., and E,, are the mutual elastic and magnetic energy density, elastic

self-energy density, and magnetic self-energy density, respectively.

3.2.2 The frequency signal of ME transducer

When subjected to a time-varying magnetic field in the direction of the resonator’s
length, the ME resonator longitudinally vibrates with a characteristic resonant
frequency [16]. In order to derive the resonant frequency of a freestanding,
strip-shaped ME sensor, a wave equation that describes the vibration of the sensor
needs to be established. For thicknesses much smaller than the length and width, the

fundamental resonant frequency under longitudinal vibration is expressed as [17]:

1 E

f== 3.2)

2L+ p(1-v)

where E, p, and v are the elastic modulus, density, and Poisson’s ratio of the material,

respectively.

47



To form the biosensor, the resonator is coated with a bio-molecular recognition
element that is specific to the bacterium being detected. When the ME biosensor
comes into contact with the specific target bacterium, the organisms are captured and
bound to the biosensor's surface by the bio-molecular recognition element. This
binding causes an increase in the mass of the biosensor that results in a decrease in
resonant frequency. This decrease in resonant frequency is proportional to the
number of bacterial cells bound to the ME biosensor surface [18]. An electromagnetic
coil is used to generate the oscillating magnetic field and measure the biosensor’s
resonant frequency. Since oscillation and measurement are all controlled through
changes in the magnetic field, the ME biosensor is a wireless device and the ME
biosensors require no on-board power. A detailed explanation and schematic of the
theory of operation can be found in the following references [14, 18-19].
Mass-sensitive biosensors measure the change in the mass load from the resonant
frequency shift. Mass sensitive platforms have the advantages of rapid detection,
simplicity of use and cost effectiveness. The ME biosensors are one type of
mass-sensitive biosensors. The ME resonator can elongate or contract under an
applied time-varying magnetic field [16]. During this process, the resonator converts
the magnetic energy into mechanical oscillation. The resonant frequency of the
resonator is related to its shape, dimensions, and materials properties. If the attached
mass (Am) is much smaller than the mass of the sensor (M), there will be a
corresponding decrease in the sensor’s resonant frequency (Af). The change in
resonant frequency, Af, can be approximated by [17]:
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Af ~ —L21 (3.3)

The frequency change depends on the additional mass attached to the sensor
surface, which is equivalently the number of bacterial cells bound to the ME sensor
surface. The mass sensitivity (S,,) of the ME sensor is inversely proportional to the
initial mass (M) and proportional to the initial resonant frequency (f). When Am << M,

it is given as [18]:

_A o f 1 E
Sm = Am . 2M 4-L2WTw’p3(1—y) (3.4)

Different size ME biosensors may be used with different bio-molecular
recognition elements to identify different pathogenic bacteria simultaneously [20].
ME biosensors are wireless devices and require no on board power. Hence they
have been fabricated using standard microelectronic fabrication procedures and are
very inexpensive. The ME transducers were used in this research with a size of

Imm x 200pum % 30pm.

3.3 Landscape phages

For biological detection, antibodies and phages can be employed as the probe to
capture target biological agents. For the past decades, antibodies have been the most
commonly used biomolecular recognition elements [21]. Compared with antibodies,
phages are highly robust, easy to store and inexpensive [21]. Purified phage can be
stored indefinitely at moderate temperatures without losing infectivity and
probe-binding activity. Thermal stability studies of phage have shown that
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recombinant phage are resistant to heat up to 80°C. In addition, landscape phage can
be resistant to heat, organic solvent, acid, alkali and other chemicals.

Ff class of filamentous phages which includes f1, fd and MI13 are the
predominant phage used for phage-display technology [22]. The wild-type Ff virion is
900nm long and 6 nm in diameter, which consists of arrayed coat proteins on the
exterior of DNA. The length of the virion is dictated by the length of the viral DNA
that it contains. Foreign peptides and proteins can be fused genetically to the coat
proteins and thereby displayed on the virion’s outer surface. E2 phage, which is used
as the bio-reorganization element in this research, is a landscape fd phage of
recombinant gene VIII with peptide coding sequence and recombinant pVIII with
displayed peptide. Thus, most of the surface area of phage displays selected peptides
that provide the active binding sites. The landscape fd phage (shown in figure 3.5)
becomes longer, because the length of the virion increases in proportion when the
viral DNA is artificially lengthened by adding segments. Meanwhile, the
three-dimensional recognition surface with multiple binding sites provides strong

multivalent interactions with the target pathogens [23].
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Figure 3.5 Schematic illustration of the wild-type fd phage and its genetically

engineered form, displaying a foreign peptide on the major coat protein pVIIIL

Phage display technique is used to select recombinant antibodies against various
antigens. In this research, the whole landscape phage particles were directly used as
bioprobes in biosensors [24]. During the affinity selection procedure, the target
antigen is added and spread on a Petri dish. The f8/8 landscape phage library is then
added to the target antigen-coated Petri dish and is incubated for 1h at room
temperature. The unbound phage from the Petri dish was washed with a mixture of
TBS and Tween. An elution buffer is then used to elute the phage bound to the target

antigen attached to the Petri dish. The phage recovered from the eluate was used in
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the subsequent cycles of the selection process. The whole procedure of selection is
repeated several times to provide the clones highly specific to the target antigen.

The filamentous E2 phage with highly specific and selective properties towards S.
Typhimurium derived from a landscape f8/8 phage library was used in this study. The
E2 phage has been shown to possess 10- to 1,000-fold greater binding affinity for S.

Typhimurium versus other bacteria [22].
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Chapter 4

The Possibility of Salmonella Typhimurium Detection on Fresh Food Surfaces

4.1 Introduction

Frequent outbreaks of foodborne illness are significant public health concerns. In
order to pursue the vision of direct bacteria detection on food surfaces, proof in
principle of in situ bacteria detection is necessary. As Salmonella Typhimurium can be
a surrogate of Salmonella Enteritidis, Salmonella Typhimurium was detected on egg
shell surfaces in this research. The recent Salmonella Enteritidis outbreak in eggs
gained the attention of mainstream America in July 2010. The outbreak led to the
recall of 380 million eggs nationwide after the Centers for Disease Control and
Prevention received a 300% increase in reported Sal/monella Enteritidis cases [1]. One
of the possible sources of the Sa/monella is the external contamination of shell eggs.
Salmonella contamination through shell eggs accounts for approximately 50% of
foodborne Salmonella outbreaks in the United States [2]. Raw eggs are believed to be
a potentially hazardous food and refrigeration during storage and transport is required
by the Food and Drug Administration. Although the transmission mechanism for
Salmonella contamination of shell eggs is not fully understood, feces contamination
and contact of the shell eggs with contaminated surfaces are possible sources leading

to Salmonella contamination of the external surfaces of the shell eggs [3]. The current
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microbiological detection techniques usually require sample preparation prior to the
testing (i.e., capturing, purification and concentration), which is time-consuming. In
order to achieve rapid and low-cost Salmonella detection, the direct testing of shell
egg surfaces eliminates the preceding procedures and simplifies the testing
methodology. This chapter focuses on the possibility of this direct detection. The
curvature of food surfaces, binding specificity between the bacterium and ME
biosensors, and the bacterial cells’ distribution on food surfaces were considered and

discussed in this chapter.

4.2 Material and methods

4.2.1 Sensor fabrication and metal deposition.

METGLAS 2826MB alloy, obtained from Honeywell International, was used to
fabricate the ME resonator platforms for the biosensors. The ribbon was taped to 4
inch Silicon wafer and then diced into strip-shaped platforms of 1 mm x 0.2 mm x
0.028 mm by an automatic dicing saw (DAD 3220, Disco Corp, Tokyo, Japan). A
diamond dicing blade with the thickness of 0.127 mm was utilized. The dicing speed
was 3.00 mm per second, and the spindle speed was 25,000 revolutions per minute.
Two layers of plastic tape were used to fix the metallic glass samples to Silicon wafer.
The thickness of the tape was 0.105 mm. Once diced, the platforms were cleaned with
acetone, then ethanol and annealed at 220°C in vacuum (10~ Torr) for 2 h. Annealing

removes residual stresses generated by the dicing process. Two metal layers (Cr and
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Au) were then sputter-deposited onto all the platform surfaces. The layer of Cr acts as
an adhesive interface between the platform and the Au layer. The Au layer provides

corrosion resistance and a ready surface for bio-probe immobilization [4, 5].

4.2.2 E2 phage immobilization.

The filamentous E2 phage, with highly specific and selective properties towards S.
Typhimurium, was derived from a landscape f8/8 phage library [6]. Dr. James M.
Barbaree’s lab in the Department of Biological Sciences at Auburn University
prepared and provided the E2 phage for this research. The concentration of E2 phage
solution was 5 x 10" vir/ml in a tris-buffered saline (TBS) solution. The resonator
platforms were immersed in the phage solution for 1 h. The immobilization of the E2
phage on the platform surface is based on physical adsorption. For the bare gold
surface, the filamentous phage coverage is about 50% [7]. After the phage
immobilization, the biosensors were washed with deionized water twice in order to
remove unbound phage and salt originating from the TBS. In order to compensate for
the environmental effects and non-specific binding, control sensors were prepared

following the same steps but without the E2 phage immobilization.

4.2.3 Bovine serum albumin (BSA) blocking.

Both measurement (with phage) and control (without phage) biosensors were
blocked with BSA to reduce non-specific binding. The biosensors were immersed in a
1 mg/ml BSA solution for 40 min and washed with deionized water twice.
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4.2.4 Salmonella detection on egg shell surfaces.

S. Typhimurium culture with a concentration of 5 x 10* CFU/ml was provided by
Dr. James M. Barbaree’s laboratory. The culture solution was stored in a refrigerator
at 4°C and equilibrated to room temperature before the test. In this research, the
original S. Typhimurium solution was diluted to lower concentrations (ranging from 5
x 10" CFU/ml to 5 x 10" CFU/ml) with deionized water. The eggs were purchased
from a local supermarket, and the shell egg surfaces were cleaned with deionized
water. The S. Typhimurium solutions of eight different concentrations (5 x 10°
CFU/ml to 5 x 10" CFU/ml) with the same volume (2.5 x 10 ml) were inoculated on
the shell surface. The contamination area was a | cm-diameter circle. This
corresponds to the surface bacterial concentration from 1.6x10’ CFU/cm? to 1.6
CFU/cm?®. After the solutions dried for 20 min, both measurement and control
biosensors were placed on the contaminated shell surface. The egg shells with the
biosensors were then placed in a humidity-controlled chamber (95% RH) for 20 min
to allow binding of the bacteria to the biosensors to occur. Seven measurement
biosensors and three control biosensors were used for each concentration. The
resonant frequency for each biosensor was measured with a network analyzer (model
8751A, HP, Santa Clara, CA, USA) before and after biosensors’ exposure to the
contaminated shell eggs. The eggs were bought from grocery and egg surfaces were
cleaned before the target bacteria contamination. Figure 4.1 depicts the experimental
procedure.

The network analyzer, responsible for the generation of a time-varying external
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magnetic field and signal detection, was connected to a solenoid coil wound around a
glass tube. In order to amplify the frequency signal (output), a static magnetic bias
was provided with a bar magnet which was fixed outside of the tube. The test
biosensor was placed inside of the coil. The attachment of S. Typhimurium cells can
be detected by the biosensor’s resonant frequency change. After the frequency
measurements, all biosensors and shell eggs were exposed to osmium tetroxide (OsO4)

vapor for 45 min in preparation for scanning electron microscope (SEM) analysis.

IIl Initial frequency measurement Inoculation of Salmonella Palcement of ME biosensors E Final frequency measurement

Driving/pick-up coil Shell eggs Driving/pick-up coil
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“ ’ Salmonella ME biosensors
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Bound Salmonella

Figure 4.1 Schematic of the process used for the detection on shell egg surface using

ME biosensors

4.2.5 Scanning electron microscopy.

The osmium-treated biosensors were mounted onto an aluminum platform using a
conductive tape for SEM observation using a (JSM-7000F, JEOL, Tokyo, Japan).
SEM observation was performed to confirm S. Typhimurium cells were bound to the

biosensor surface and responsible for the observed frequency changes.
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4.3 Specific binding between E2 phage based ME biosensors and Salmonella
Typhimurium on food surfaces.

The specificity of E2 phage-based ME biosensor binding to S. Typhimurium has
been reported previously [12, 13]. Furthermore, Figure. 4.2 shows the cross-reactivity
of E2 phage-based ME biosensors with different bacteria on food surfaces (S.
Typhimurium, Bacillus anthracis spores, Escherichia coli and Listeria monocytogenes).
In addition, ME biosensors were also tested on bare surface as a reference. There are ten
samples for each group and the standard deviation is shown as the error bar. Hence, the
results of resonant frequency changes in Fig. 4.2 shows E2 phage-based ME biosensors

have highly specific binding with S. Typhimurium.
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Figure 4.2 Cross-reactivity of E2 phage-based ME biosensors with different bacteria
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(The reference is a bare surface without bacteria).

4.4 The effect of food surface curvature on the contact between the biosensors
and S. Typhimurium.

Figure 4.3 shows a representative image of the egg’s outline which has
non-uniform curvatures. Hence, the surface curvature needs to be evaluated to
estimate the contact between a 1 mm-long biosensor and S. Typhimurium on egg shell.

Assuming the egg is axisymmetric around the axis OP, only the top half of the egg

™\ /Y

outline (i.e.,OEP) is considered. The curvature of OEP decreases from point O,

which has the largest curvature, to point E and increases from point E to point P. In
real situation, the S. Typhimurium cells move and assemble with flagella or fimbriae,
creating a dynamic varying layer on the egg shell surface. Based on the curvature

calculations with the estimated S. Typhimurium layer thickness of larger than 2 um

N\

[14], 100% contact between the biosensor and bacterium can be achieved on MEP,
where point M is located between points O and E. The left of Figure 1 shows 100%

contact at point M, while less than 100% contact at point O. As the area with larger

/Y

curvatures (MON) is less than 5% of the whole surface, 1 mm-long biosensors are

able to detect the contamination on over 95% of the egg shell surface.
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Figure 4.3 The effect of egg’s surface curvature on the contact area (Scale bar: 1cm).

The figures on the left show the contact area around points M and O (not to scale)

4.5 The detection of S. Typhimurium of various concentrations on shell eggs.

The resonant frequency changes for measurement and control biosensors are
shown in Fig. 4.4. In the figure, the dashed line shows the initial frequency curve of
the biosensors, whereas the solid line shows the final frequency curve after the
placement of the biosensors on S. Typhimurium-spiked surfaces. Resonant frequency
changes for typical measurement biosensors exposed to three different concentrations
of S. Typhimurium (1.6 x 10° CFU/cm® to 1.6 x 10" CFU/cm?) are shown in Fig.4.4a
to Fig.4.4c, respectively. These figures display a decrease of the biosensor’s initial
resonant frequency after binding of S. Typhimurium to the biosensors. The resonant
frequency changes were found to be smaller as the biosensors were exposed to lower

concentrations. In other words, the resonant frequency changes were in accordance
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with the level of bacterial contamination of the shell eggs. By contrast, the frequency

changes for control biosensors were negligible compared with the measurement

biosensors.
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Figure 4.4. The frequency curves before (dashed line) and after (solid line) exposure
to spiked shell eggs for ME measurement and control biosensors: (a) measurement
biosensor exposed to 1.6 x 10’ CFU/cm?; (b) measurement biosensor exposed to 1.6 x
10° CFU/cm?; (c) measurement biosensor exposed to 1.6 x 10° CFU/cm?; (d) control

biosensor exposed to 1.6 x 10’ CFU/cm?.

Figure 4.5 shows representative SEM micrographs for ME biosensors placed on
shell eggs inoculated with different concentrations of S. Typhimurium. The number of

S. Typhimurium cells on the biosensor surfaces was smaller as the concentration of
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the bacterial cells in solutions was decreased. In addition, as shown in Fig. 4.5d, the
control biosensor surface is much cleaner without bacteria binding. Hence, these SEM
micrographs verified that specific binding between the E2 phage and S. Typhimurium
occurred, resulting in the corresponding large resonant frequency changes of the

measurement biosensors.

Figure 4.5 SEM micrographs of biosensor surfaces placed on shell eggs spiked with
different S. Typhimurium concentrations: (a) 1.6 x 10’ CFU/ecm*; (b) 1.6 x 10°
CFU/em?; (¢) 1.6 x 10° CFU/em?; d) control biosensor exposed to 1.6 x 10" CFU/cm”.

(Scale bar: 10 pm)
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4.6 Use of multiple biosensors and the determination of the detection limit.

Figure 4.6 displays SEM micrographs of the egg shell surfaces inoculated with
different concentrations of S. Typhimurium. Figures 4.6a to 4.6¢ correspond to the
bacterial concentrations of 1.6 x 10’ CFU/cm? to 1.6 x 10° CFU/cm?, respectively.
Figure 4.6d is the as-purchased egg surface without S. Typhimurium spiking. The
SEM microphotographs show the bacterial cells on the surface are not uniformly
distributed, especially when the bacterial concentration is low. This is because the
cells can migrate and move freely on the humid surface, searching for regions and
pores with nutrients and water. Based on this situation, the response of ME biosensors
largely depends on where the biosensors fall on the egg shell surface. In other words,
a single biosensor is unlikely to be able to provide contamination information of the
whole egg shell when the bacterial cells are non-uniformly distributed on the shell
surface. The lower the bacterial concentration, the more non-uniform the cell
distribution is on the surface. Therefore, multiple biosensors need to be employed to
improve the probability of detection. Multiple biosensors were placed on different
areas of the egg surface. Figure 4.7 plots measured frequency changes for both
measurement (triangles) and control (circles) biosensors. The resonant frequency
changes for measurement biosensors largely depend on the concentration of the
Salmonella solution. The average frequency changes decreased with decreasing S.
Typhimurium concentration as anticipated. Furthermore, the resonant frequency
changes for the control biosensors were much smaller and not sensitive to the
bacterial solution concentration.
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Figure 4.6 SEM micrographs of shell egg surfaces spiked with different S.
Typhimurium concentrations: (a) 1.6 x 10’ CFU/cm?; (b) 1.6 x 10° CFU/cm?; (c) 1.6

x 10° CFU/em?; (d) as-received shell egg, no bacterial spiking. (Scale bar: 2jum)
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Figure 4.7 The resonant frequency changes for measurement and control biosensors

exposed to shell eggs spiked with different concentrations of S. Typhimurium.

Finally, a statistical analysis based on the one-tail-unpaired student's t-test [15, 16]
was performed to determine the limit of detection. Table 4.1 summarizes the results of
the frequency measurements. As anticipated, there is a variance in the resonant
frequency changes of measurement biosensors even for the highest spiked
concentration. This is due to the fact that the S. Typhimurium on the egg shell was not
uniformly distributed and, hence, the measurement depends on where the biosensor
falls. From the statistical analysis, the detection limit was determined to be 160
CFU/cm? for 1 mm long biosensors on egg shell surface.
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Table 4.1. Statistical analysis of resonant frequency changes for measurement and

control biosensors placed on egg surface.

S. Type of Mean Standard  Probability Confidence
Typhimurium biosensors (Hz) deviation of t-test level of
Concentration (Hz) difference

(CFU/ml) (%)
1.6 x 107 Measurement
biosensor 6619.64  4389.71 0.004176 99.58
Control biosensor  271.00 508.75
1.6 x 10° Measurement
biosensor 3688.90  2413.65 0.007178 99.28
Control biosensor 12.67 1225.50
1.6 x 10° Measurement
biosensor 2902.14 1652.24 0.00127 99.87
Control biosensor  -83.33 376.73
1.6 x 10* Measurement
biosensor 2130.14 886.58 0.002354 99.76
Control biosensor 20.83 590.73
1.6 x 10° Measurement
biosensor 1444 .87 1105.22 0.155241 84.48
Control biosensor  625.00 1000.00
1.6 x 10* Measurement
biosensor 963.43 809.44 0.025457 97.45
Control biosensor  -13.67 255.52
1.6 x 10" Measurement
biosensor -75.96 473.86 0.414938 58.51
Control biosensor -145.83 806.06
1.6 x 10° Measurement
biosensor -88.21 487.98 0.496555 50.34

Control biosensor  -83.33 832.29

4.7 Conclusions

Unlike previous studies on the detection in bacteria in solutions [13, 17-19], the
methodology in this work employs direct placement of the biosensors on the
contaminated food surface and eliminates any preceding sampling procedures

facilitated by the wireless nature of detection. In addition, the results demonstrated
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that the bacterial binding and detection can be realized in a high humid environment

(95% RH) within 30 min.
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Chapter 5

Detection Technique for ME biosensors

5.1 Introduction

A rapid, low-cost biosensor is needed for the routine monitoring of pathogenic
bacteria on fresh food items (tomatoes, lettuce, spinach, etc.) and preparation surfaces
to ensure the safety and quality of our food supply [1-2]. Here, we describe a new
extracoil method for in situ bacteria detection that eliminates labor-intensive and
time-consuming procedures currently required to extract and prepare test samples.
ME biosensors measured with a surface-scanning coil detector were used to detect
bacteria directly upon fresh food surfaces. ME biosensors coated with a
bacterium-specific, bio-recognition layer (phage) were distributed over the surface of
a food item [3-5]. The coil detector was scanned across the food surface to interrogate
the ME biosensors and determine whether the food surface was contaminated with a
bacterial pathogen. This chapter presents an examination of the coil design and
determination of factors that affect the performance and optimization of the ME
biosensor measurement.

The ME biosensor used in this work is based on a low-cost, wireless acoustic
wave sensor platform (i.e., ME resonator) [6-9]. A common way of using the ME

biosensor for bacterial detection is shown in Fig. 5.1a [3-5, 9]. An ME biosensor is
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placed within the confines of a solenoid coil, and a sample solution potentially
containing target bacterial cells is flowed across the biosensor surface. During this
process, the biomolecular-recognition element coated on the ME resonator’s surface
captures the bacterial cells from the solution. As bacteria capture occurs, the
biosensor’s mass increases, and its resonant frequency decreases [8, 10]. The need for
preparation of sample solutions, however, limits the speed and usability of the
intracoil test method. In the new extracoil test method, developed to bypass
preparation of fluid samples, the presence of bacteria on the surface of fresh foods can
be measured directly using a newly designed surface-scanning coil (Fig. 5.1b).

(@)

test coil A~

(b)

surface-scanning coil

ME biosensor

food surface

\

-

B
ME biosensor
DC magnetic field

A

-Z)E-YI magnetic bar
Figure 5.1 Comparison between (a) the intracoil and (b) the extracoil detection

methods.

The main challenge of this new surface-scanning detection method is the small
measurement signal [11]. Figure 5.2 compares signal amplitudes of a typical 1 mm x
200 um x 30 um sensor measured outside (red dashed line) and inside (black solid
line) a coil. Outside the coil, the amplitude is much smaller than inside the coil; hence,
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enhancement of the signal amplitude is necessary. This research focuses on the
electric coil design to increase the sensitivity of the detection method. Simulation of
the excitation magnetic field generated by the coil and the calculation of the magnetic
flux change due to a vibrating sensor were used to demonstrate that measured signal

amplitude is sensitive to the geometry of the coil.

th R N e caelb bR
—0.995 |
2]
o

[4}]
o 0.99
(_U .

e

|

o
e 0.985

[ |- = = -outside the coil
0.98 F inside the coil
1 N 1 " 1 N 1 N 1 n 1
2.23 2.24 2.25 2.26 2.27 2.28

Frequency (MHz)

Figure 5.2 Comparison between sensor signals measured outside and inside a solenoid

coil.

5.2 Theory
5.2.1 Circuit impedance change caused by a vibrating ME sensor

The ME sensor works on the principle of Joule magnetostriction, where the
sensor changes its dimensions as a result of the rotation and alignment of magnetic
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moments within the material’s magnetic domains (magnetization) in response to an
external magnetic field [12, 13]. Upon application of a magnetic field, the randomly
oriented magnetic domains in the material tend to align in the direction of the applied
field. When subjected to an oscillating external magnetic field, a sensor will
mechanically vibrate, due to the oscillating internal material magnetization. The
mechanical resonant characteristics of the ME sensor may be detected by the mutual
inductive coupling of the material’s internal magnetization with an electromagnetic
coil. In other words, the coil is used to generate an oscillating magnetic field and
measure characteristics of the sensor’s resonance. Figure 3 depicts an equivalent
circuit of a network analyzer, an electromagnetic coil, and the ME sensor. In loop I, V'
and Z; respectively denote the network analyzer’s source signal and impedance. Loop
IT comprises the electromagnetic coil. This coil is inductively coupled with the ME
sensor, shown in loop IIl. To simplify the analysis, the motional, core, and leakage

impedances of the ME sensor are lumped together in the form of a series RLC circuit

[14, 15]
< Coil —»| |-=—— ME sensor —
ZS a RE jwM R.?
— T \WW— A VW

L] L]

"4 : . :

@ C— 2 G —

= L

LoopI b LoopII LoopIII

Figure 5.3. Equivalent electric circuit for an ME sensor inductively coupled with an
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electromagnetic coil.

Now let Z; to be the impedance of loop i. Hence, Zy = Zg, + Z;, + Z¢, = R, +
jwL, + ﬁand I =Zp, +Zy,+Zc, =Rs+jowlsz + ﬁ, where j is the unit
imaginary number, and o is the angular frequency. Neglecting the ME resonator and
the mutual inductance, the load impedance of only the coil is given by:

_ ZCZ(ZRZ + ZLz)
abg — ZII

(5.1)

When the ME sensor is in the vicinity of the solenoid coil and coupled magnetically

with the coil, the load impedance becomes:

_ ZCZ[(ZR2 +2Z.,)Zm + w?M?

Ly = 5.2
ab ZIIZIII + (DZMZ ( )

It is obvious that if the mutual inductance M = 0, Eq. 5.2 simplifies to Eq. 5.1. The

impedance difference, due to the presence of the ME sensor, is:

201272
wM<Z¢,

AN, =7, —Z =
ab @b "abo T 70 (ZyZy + w2M?)

(5.3)

Eq. 5.3 shows the load impedance difference increases with increasing mutual
inductance as a result of the vibration of the ME sensor. Since the test signal mainly
depends on the load impedance difference, increasing the mutual inductance is a key

to improving signal amplitude.

5.2.2 The relationship between signal amplitude and mutual inductance

Resonance characteristics of the ME sensors are measured with the detection coil
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that is connected to a network analyzer used for signal excitation and analysis. The
network analyzer is responsible for generating an oscillating electric current. When
this time-varying current is driven through the coil, an oscillating external magnetic
field is created, which then excites the sensor to vibrate. This mechanical vibration
consequently causes a change in the sensor’s magnetic flux, which goes through the
coil and induces an impedance change of the measurement circuit. This impedance
change was measured over a proper range of frequencies as the input reflection
coefficient, S}, of the circuit using the network analyzer. As the internal impedance of
the network analyzer is Z,, the equation for the relationship between the load
impedance, Z,, and Sy signal is as follows [15]:

Zab - Zs

S, =25
=z +2Zs

(5.4)

S11 and Z,; show dramatic changes at the sensor’s resonant frequency, the degree to
which is caused by the strength of the mutual inductance. The absolute value of Sy,
(IS11]) was used to quantify the sensor’s signal amplitude (Fig. 5.4). The test data were
recorded as a normalized value of |S);|, which was used to eliminate the background
effects of the coil. The signal amplitude at the resonant frequency, A|Si1|, shown as the

peak amplitude in Fig. 5.4, is used to compare the various coil designs.
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Figure 5.4. Definition of signal amplitude, A|Si|.

Figure 5.4 shows that normalized |Sj;| dramatically decreases at the sensor’s
resonant frequency. Compared with the intracoil measurement method, the signal
amplitude in the extracoil measurement method is much smaller as previously shown
in Fig. 5.2 because the mutual inductive coupling between the ME sensor and the coil
is much weaker. Therefore, this mutual coupling needs to be enhanced to generate a
larger A|Si|. In general, the mutual inductance monotonically increases with magnetic
flux change caused by a sensor and the number of turns of the coil. In order to
calculate the magnetic flux change, the model that describes the interaction between a

vibrating sensor and coil will be discussed.
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5.3 Design and modeling
5.3.1 Magnetic field distribution around the coil

The ME sensor’s vibration is actuated by the time-varying magnetic field that is
created by the coil. A strong magnetic field results in large vibration amplitude [8, 12].
Meanwhile, the magnetic field distribution is based on the geometry of the coil, the
number of coil turns, and the electrical characteristics of the coil (resistance,
inductance and capacitance) [17-18]. Therefore, the magnetic field distribution for
various coil designs was first simulated. Figure 5.5 shows an example of field
distribution for a specific coil geometry (the working length of the coil, L, is 1 mm,
the width, W, is 1 mm, and the thickness, 7, is 0.5 mm). Figure 5.5a shows an
illustration of the coil’s geometry and axes of orientation for the modeling. The Y and
Z axes lie along the directions of the sensor length and thickness, respectively. Figure
5.5b illustrates normalized magnetic field distribution inside and outside of the coil,
where the origin is located at the center of the coil. The Biot-Savart law was used for
magnetic field calculation [19]. The color bar on the right shows the normalized
values of the magnetic field. The magnetic field outside of the coil is weaker than that
inside of the coil. This result, combined with the displacement of sensor’s vibration,

will be used for signal amplitude calculations.
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5.3.2 Calculations of magnetic flux changes

The ME sensor was placed under the coil with the freestanding longitudinal
vibration along the direction of the applied time-varying magnetic field (Fig. 5.6a).
The magnetic flux change, which is due to the sensor’s vibration, was calculated in
this section. During the vibration, the displacement of points along the length of the
sensor can be expressed as a function of position, y, and time, ¢ [12]. When the ME
sensor undergoes fundamental longitudinal vibration, the point displacement is of the

form [8, 12]:

— T T jowt
un(y; t) - yBacCOS (E - E) € (5.5)

l l .. . . .
for — ;0 <y< ;0, where j is the unit imaginary number; o is the angular fundamental
resonant frequency of the sensor; [, is the initial length of the sensor; y is a constant
determined by magnetoelastic coefficients of the material [8, 12-13]; B, is the

magnetic induction that depends on H,., the time-varying magnetic field shown in Fig.

5.5b. In this way, the maximum displacement amplitude, ag, is ag = yBgc.
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Figure 5.6 Calculation model for the magnetic flux change: (a) ME sensor subjected

to the time-varying magnetic field; and (b) the sensor modeled as a magnetic dipole.

Since the ME sensor vibrates longitudinally, and Poisson effect is expected to be
small, the displacement along the Y axis is much larger than those along the X and Z
axes [5]. Hence, the ME sensor was modeled as a one-dimensional magnetic dipole,
and the sensor’s vibration was treated as periodic changes in the distance between the
south and north poles (Fig. 5.6b). In this way, the magnetic flux change due to the
sensor’s vibration can be calculated from the vibrating magnetic dipole. For this
dipole model, the effective magnetic flux along the Y axis passes perpendicularly
through the loop area of the coil (XZ plane). Hence, the magnetic induction along the
Y axis (B,) equals By, + B,,, where By, and B, are the component magnetic induction
of B, due to the south and north poles of the magnetic dipole. Based on the
Biot-Savart law, the magnetic induction at an arbitrary point Q around the magnetic

dipole is [19]:

UoP ly UoP l,
B X— |+ X = 5.6
Y <4n 1 r1> (471 2 (56)
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where, [, l,, 1, and 1, are distances shown in Fig. 5.6b, p, is the permeability of
free space, and P is the strength of the magnetic poles. For the dipole model of the

sensor, P can be expressed as [19]:
P = u,HA, 5.7

where p, is the relative permeability, 4, is the cross-sectional area of the sensor, and
H is the magnetic field around the sensor. In this experiment, a uniform, constant bias
magnetic field, H,, in the direction along the sensor’s length was applied with
magnets to amplify the signal. As H; is much larger than H,. (the time-varying
magnetic field created by the coil), it is assumed the strength of the magnetic dipole is
dependent on Hy, (i.e., H = Hy).
As the magnetic field is not uniform along the X and Z axes, the magnetic flux

due to the ME sensor that goes through the loop i of the coil (Fig. 5.6b) is:

w/2 rm
(Di = ByiAC = f f Byi dz dx (58)

-w/2 )m+T

where 4., W and T are the cross-sectional area, width and thickness of the coil,
respectively, and m is the perpendicular distance from the dipole to point Q. As the
magnetic field is also not uniform along the Y axis, the total magnetic flux is
calculated by accumulating the magnetic flux of each turn of the coil:
N¢ Nc
Diotal = Z D; = E(ByiAc) (5.9)
i=1 i=1
where Nc is the number of turns of the coil. As Eq. 5.6 shows, the magnetic induction,
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By;, is a function of /; and /,, where /; + [, is equal to the sensor’s length, and thus the
magnetic flux is also a function of the sensor’s length. When the sensor vibrates, the
length of the sensor changes between the minimum of [,;, =1 — 2a, and the
maximum of l,,, =l + 2a,. Hence, A®,,,,, the maximum change of magnetic flux

because of the change of the sensor’s length, can be expressed as:

AD oy = Protal (lmax) - q)total(lmin) (5.10)

Therefore, the relationships among S parameter, load impendence, mutual inductance,
and magnetic flux due to the sensor’s vibration are summarized in Fig. 5.7. The
amplitude of |S};| signal is a result of A®,,,.. The measured |S};| and calculation result

of Ad, ... will be discussed in the next section.
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Figure 5.7 Summary of the relationships among §;; parameter, load impendence,
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mutual inductance, and magnetic flux.

5.4 Experimental results and discussion.

There is a large body of research on the signal-to-noise ratio (SNR) for coils,
most of which focus on the coil’s self-resonance [17, 18]. However, the specific
functions of the coil for ME sensor detection in this research are the excitation of the
sensor’s vibration and detection of the associated resonant frequency. Hence, the
design of the coil can significantly alter the amplitude of |S};| signal due to the
coupled mutual inductance. Furthermore, from Eq. 5.5, the two ends of the sensor
have the largest vibrating displacements, which are responsible for the largest effect
on the magnetic flux changes [13]. Therefore, to efficiently detect the sensor’s
vibration, the measured signal amplitude is especially sensitive to the working length
of the coil, a significant factor in the coil design.

Figure 5.8 shows typical normalized |Sj;| signals of a 1 mm-long ME sensor
measured with coils of different working length. The number of turns (40 turns), the
resistance (50 Q), the width (1 mm) and thickness (0.5 mm) of the coils were kept the
same. The working lengths (L) of the coils were 0.8 mm, 1.3 mm and 3.0 mm,
respectively. At the resonant frequency, the 1.3 mm-long coil showed the largest peak

amplitude, A|S1i|.
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Figure 5.8 Normalized S;; signals of a | mm-long ME sensor measured with coils of

different working length.

Based on the previous discussion, A|S};| monotonically increases with magnetic
flux change as a result of the sensor’s vibration. Figure 5.9 shows a comparison
between normalized measured A|S);| at the resonant frequency (red circle points) and
the simulation result of normalized magnetic flux change calculated using Matlab (the
black curve). Five samples of 1 mm-long sensors were tested by using coils with
different working lengths: 0.8, 1.0, 1.3, 2.0, and 3.0 mm. The experimental data
showed A|S1i| is maximum when the working length is 1.3 mm; while the simulation
results, which show the same trend, predict the magnetic flux change is maximum
with a working length of 1.35 mm. In addition, the experimental data with the 3

mm-long coil was much lower than the simulation result, which is due to the magnetic
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flux leakage caused by the larger space between each turn of the coil.
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Figure 5.9 Comparison between normalized A|S;| experimental data and the

calculated result of normalized magnetic flux change.

5.5 Conclusions

A newly designed surface-scanning coil detector was introduced for bacteria
detection with ME biosensors. The interaction between the coil and the sensor is due
to mutual inductance caused by the sensor’s vibration. A model of sensor’s
longitudinal vibration and an equivalent electric circuit of the detection system were
constructed to theoretically evaluate the new design. The model predicted that the

working length of the coil significantly affects the signal amplitude. Agreement
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between the model and experiment was found to be excellent. For a 1 mm-long sensor,
the coil with a working length of 1.3 mm showed the best signal amplitude. Proof in
principle has been established for the direct detection of pathogenic bacteria on fresh
fruits and vegetable surfaces by this new technique. This new technique eliminates
time-consuming and costly sample selection and preparation steps previously

required.
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Chapter 6

Surface-Scanning Magnetic Coil Design and Microfabrication

6.1 Introduction

The real-time in situ detection of bacteria using ME biosensors was introduced in
previous research [1]. The ME biosensor is an acoustic wave device whose resonant
frequency is monitored to detect and quantify biochemical reactions that occur on the
resonator platform [2-3]. With the surface scanning technique, bacteria may be
directly detected on a food surface without removing the ME biosensors prior to
performing the frequency measurements, and thus real-time in situ detection is
possible [4-6]. A major challenge of this surface scanning technique is the weak
mutual inductive coupling between the ME biosensor and the measurement circuit. A
planar spiral coil was designed and microfabricated to increase the mutual inductance.
There is a large body of research on the signal-to-noise ratio (SNR) for coils, most of
which focus on the coil’s self-resonance. However, the specific functions of the coil
for ME sensor detection in this research are the excitation of the sensor’s vibration
and detection of the associated resonant frequency [7-9]. In addition, this planar coil
can largely improve the detector’s standoff detection distance, which enables bacterial

detection on fruits and vegetables with surfaces of large curvature and roughness.
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6.2 Model calculation

ME resonators work on the principle of Joule magnetostriction, where the
material undergoes dimensional changes in the presence of a magnetic field [10-11].
As it was discussed in Chapter 5, the ME materials can efficiently convert the applied
magnetic energy into mechanical vibration when a time-varying magnetic field is
applied. The resonant frequency of the ME sensor is inversely proportional to the
resonator’s mass [12]. When the ME biosensor comes into contact and binds with the
specific target bacteria, the binding causes an increase in the mass of the sensor,
which results in a decrease in resonant frequency [13-14]. This decrease in resonant
frequency is also proportional to the number of bacterial cells bound to the biosensor
surface [15].

The oscillating magnetic field that excites the sensor’s vibration is generated by
an electromagnetic coil. The coil and the sensor are mutually inductively coupled, so
that the mechanical vibration results in a varying magnetic flux that affects the
impedance of the measurement circuit [16-17]. The amplitude of the sensor’s
vibration reaches its maximum at the sensor’s resonant frequency, causing the largest
impedance change of the measurement circuit. Increasing the mutual inductance will
increase the magnitude of the impedance change at resonance [16-18].

Figure 6.1 shows two types of surface-scanning coils used to monitor the
vibration of ME biosensors for the detection of bacteria on fresh food surfaces. After
the ME biosensors are placed on the food surface, the detection coil is brought close
to the biosensors to measure their resonant frequencies. Figure 6.1a shows a
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rectangular-cross-section solenoid coil; while Fig. 6.1b shows a planar spiral coil. The
magnetic field along the Y axis is used to excite the sensor’s longitudinal vibration.
The mutual inductance monotonically increases with the number of turns of the coil
and the magnetic flux change due to the sensor’s vibration. In order to focus on the
effect of different coil structures on the detection signal, these two coils with the same
number of turns (40 turns) were designed with similar electric resistances (49.83 Q
for the solenoid coil and 49.37 Q for the planar spiral coil) and comparable reactances

(1.96 pH for the solenoid coil and 2.08 pH for the planar coil).
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ME biosensor
(placed on the food surface)

Planar spiral coil

Food surface

ME biosensors
(placed on the food surface)

Figure 6.1 Comparison of two types of coil detectors: (a) a solenoid coil and (b) a

planar spiral coil.
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The magnetic flux from the sensor’s vibration is calculated as:

N N
Protat = ) D= ) (Bid) 6.1
i=1 i=1

where B; and 4; are the magnetic flux density created by the ME sensor and the
cross-sectional area at each turn of the coils. The flux, ®@;, passing through an area 4;
is the integral of the magnetic flux density B; over that area. As the flux density and
the cross-sectional areas are not uniform, the total magnetic flux, @y, is calculated
by accumulating the magnetic flux at each turn of the coils (N is the total number of
turns) [17, 19]. For the solenoid and planar coils, the directions of the magnetic flux
that passes through the coil’s cross-sectional areas are different. As shown in Fig. 6.1,
the cross-sectional areas are in the X-Z plane for the solenoid coil and X-Y plane for
the planar coil. Hence, the magnetic flux densities B, (perpendicular to the X-Z plane)
and B, (perpendicular to the X-Y plane) are mutual inductively coupled with the
solenoid and planar coils, respectively.

With the same assumptions in Chapter 5, the ME sensor was modeled as a
one-dimensional magnetic dipole, and the sensor’s vibration was treated as periodic
changes in the distance between the south and north poles (Fig. 5.6b). Letting B; and
B, be the component magnetic inductances due to the south and north poles of
magnetic dipole, the magnetic flux density created by the ME sensor can be calculated
as B = E + B—,: Based on Biot-Savart law [20, 21], B, was calculated by Eq. 5.6 and

B. at an arbitrary point (Q) around the magnetic dipole is:
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where o is the permeability of free space; /;, L, 7|, r» and d are distances shown in
Fig. 5.6b (i.e., /; + L»is equal to the ME sensor’s length, and d is the detection distance
between the sensor and coil); and P is the strength of the magnetic poles, determined
by the relative permeability of the ME material, the cross-sectional area of the sensor,
and the excitation magnetic field around the sensor. As the magnetic flux density, B, is
a function of sensor length, the longitudinally vibrating sensor changes its length and
creates a magnetic flux change. The displacement of points during this vibration was
calculated by Eq. 5.5 and the maximum change of magnetic flux, A®,x, due to the
change of sensor length was calculated by Eq. 5.10. Depending on the relationship
between S, parameter and magnetic flux (shown in Fig. 5.7), the experiment data and

simulation results were compared and discussed.

6.3 The spiral planar coil’s fabrication process

The spiral planar coil detector was microfabricated on a transparent silicon glass
wafer with the electrodeposition method. The fabrication masks were designed with
AutoCAD. The whole fabrication process was completed in Electrical Engineering of
Auburn University. The geometry of the coil was calculated and adjusted to control
the coil’s self-resistance, self-inductance and self-capacitance. The top surface of the
coil was covered by SU-8 photoresist to resist Cu surface oxidization and physical

damage. The process details are shown in Fig. 6.2.
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Cu electroplating
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Plating process:
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Immersed in acetone
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it by microscope) (etch solution: 49-1)

BOE water for Ti layer
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Wafer patterning with SU-8 resist
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Spin-coated @500 rpm (100 rpm/s) for10 sec
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Soft bake: 95 °C,3 min/7 min

Exposure: 14sec/15 sec
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Wafer patterning with AZ resist

AZ 52147 (2.2-2.3 um thick)

Spin-coated @ 300rpm (100rpm/s) for 5 sec
1000rpm (500rpm/s) for 30 sec

Soft bake: 110 °C 60 sec

UV exposure for 15 sec
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Sputtering of Cu

Cu 250 W DC for 1200 sec (1um)

Ar: 25 sccm
Substrate holder rotation: 50%

Removal of the AZ
I I I I I I Immersed in acetone
I Rotated sonicated

Wafer patterning with SU-8 resist

SU-8 3005 (As thin as possible)
I I I I I I Spin-coated @500 rpm (100 rpm/s) forl0 sec
I 6000rpm (200 rpm/s) for 45 sec

I Delay several time

Soft bake: 95 °C, 2.5min

Exposure: 13sec

Post exposure bake: 65 “C Imin; 95 °C 1.5min
Developer (no dilution) 2min

Hard bake: 150 °C 15min

Figure 6.2 Microfabrication process for spiral planar coil detector.
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6.4 Results and discussion
6.4.1 Comparison of theoretical simulations result and experiment data

This magnetic flux change causes an impedance change in the measurement
circuit through mutual inductive coupling. The impedance change was determined
using a network analyzer configured to measure the input reflection coefficient (Sy;
parameter) at around the sensor’s resonant frequency. The S;; parameter is related to
the impedance of the measurement circuit and internal impedance of the network
analyzer [20]. Figure 6.3 compares the normalized absolute value of Sy, |S11|, for two
types of the coil detectors in the presence of a 1 mm-long sensor. Using the same ME
sensor, the |S};| peak amplitude (A|S}|) for the planar coil is almost triple that for the
solenoid coil. Therefore, the coil structure affects the coil’s ability to sense the

magnetic flux change and |S};| signal amplitude.
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Figure. 6.3 Comparison of normalized |S};| for the solenoid and planar coil detectors

in the presence of a | mm-long sensor.

As the |S11| peak appears due to the coupled magnetic flux changes, Fig. 6.4
compares theoretical simulations (normalized magnetic flux changes) and
experimental measurements (normalized |S;;| peak amplitude) as a function of
detection distance, d, for the two types of coils. In this experiment, the sensor was
placed on surface of a tomato, and the coils were brought close to the sensor to read
its characteristic resonant frequency (the process is shown in Fig. 6.1). The scattered
points in Fig. 6.4 represent the normalized |S1;| peak amplitude (triangles and stars
represent the measurements using the planar and solenoid coils, respectively),
whereas the smooth lines are the normalized magnetic flux changes (solid and dashed
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lines represent planar and solenoid coil calculations, respectively). The signal
amplitude decreases as detection distance increases, which is due to the decreasing
mutual inductance. In order to pursue rapid in situ Dbacteria detection via
surface-scanning, a longer detection distance is desired, especially for the detection on
surfaces with large curvature or roughness. Both the theoretical simulation results and
the experimental data show that for the same normalized signal, the detection distance
of the planar coil is much larger than that of the solenoid coil. This is because the
magnetic flux change perpendicular to the sensor’s longitudinal vibration direction (B.)
is larger than that parallel to the sensor’s vibration (B,). If the standoff distance (the
longest distance in which the ME biosensor signal may be distinguished) is defined as
the distance where A|S;;| > A[S;;|" + 36 (A|Sy4]| is the signal amplitude, A[S;,|" is
the arithmetic mean of the peak-to-peak noise amplitude, and o is the standard
deviation of the noise amplitude) [21], the standoff distances for the solenoid coil and

planar coil were 0.4 mm and 1.25 mm, respectively (Fig. 6.4).
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Figure. 6.4 Comparison of the experimental measurements and theoretical simulation

results with detection distances for solenoid and planar coils.

Meanwhile, the theoretical simulations agree with experimental measurements in
Fig. 6.4, though the experimental measurements of the solenoid coil by normalization
are closer to the planar coil’s data. It is because the experimentally measured signal
amplitude, A|S1i|, and theoretically calculated magnetic flux change, A®, cannot be
directly compared by normalization. Table 6.1 shows the selected data of the
experiment test and simulation result, which were normalized by the largest value of
AlS11| and Ady,y, respectively. In order to compare the signal from different coils,
“Ratio” shows the ratio of solenoid and planar coils’ signal at each distance position.
In Table 6.1, A|S);| and A®D,,,x keep the same trend and the planar coil detector has
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much larger signal amplitude. However, comparing with the A|S| signal, the ratio of
A®y,,x is much smaller. Furthermore, the ratio of A|S)| signal maintains at a certain
range, while the ratio of A®,,,x decreases in an exponential curve (shown in Fig. 6.5).
Hence, the relationship between S;; signal and magnetic flux change needs to be

discussed.

Table 6.1 Comparison of experimental data and theoretical results.

Experimental data (A|S;;]) Theoretical results (A®.x)

Distance Solenoid Planar Ratio Distance Solenoid Planar Ratio

(mm)  Coil Coil  (100%) | (mm)  Coil Coil  (100%)

0.1 0.09776 1 9.776 0.15 0.03010 1 3.101

0.2 0.07591 0.69838 10.8694 0.24 0.01941 0.76284 2.5444

0.3 0.06256  0.59651 10.4877 0.33 0.01445 0.56782  2.5448

0.4 0.05165 0.56273  9.17847 0.42 0.00954 0.43739  2.1811

0.5 0.04289 0.39710 10.8008 0.51 0.00650 0.34689  1.8737

0.6 0.03511 0.29967 11.7162 0.60 0.00454 0.28117 1.6147

0.7 0.02018 0.20833  9.68655 0.69 0.00362 0.23165 1.5627

0.8 0.01330 0.15816 8.40921 0.78 0.00261 0.19323  1.3507

0.9 0.01190 0.12020 9.90017 0.87 0.00192 0.16273  1.1799

1.0 0.00949 0.08830 10.7475 0.96 0.00143 0.13811 1.0354
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Figure 6.5 The ratio of the theoretical results with detection distance.

The magnetic flux change from sensor’s vibration is mutually coupled with the
coil detector and change the impedance of the measurement circuit. The impedance
change was determined using a network analyzer configured to measure the input
reflection coefficient (S;; parameter). Fig. 5.3 shows the equivalent circuit of a
network analyzer, an electromagnetic coil, and the ME sensor. The relationship
between |S11| and ®@.,,x was summarized in Fig. 5.7. Based on the previous discussion
in Chapter 5, the load impedance difference increases with increasing mutual
inductance as a result of the vibration of the ME sensor; the test signal mainly
depends on the load impedance difference, increasing the mutual inductance is a key
to improving signal amplitude. Therefore, the signal of A|S;;| mainly depends the

magnetic flux change, but they are not linear related.
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6.4.2 The multiple ME biosensors detection with the spiral planar coil

The longer detection distance and open detection space surrounding the planar
coil detector also provides the opportunity for simultaneous measurement of multiple
biosensors on food surfaces. As shown in Fig. 6.5a, three ME sensors are placed in the
large working space of the planar coil. The lengths of these sensors were slightly
different so that they would have different and distinguishable resonant frequencies.
Hence, the multiple peaks appear in Fig. 6.5b. Previous research has shown that the
multiple biosensors are necessary since bacterial cells may not be uniformly
distributed across the food surfaces [1, 4]. As the solenoid coil can only detect over a
shorter distance and has little working space, only one biosensor at a time can be
detected using the solenoid coil. The simultaneous measurement of multiple
biosensors with the newly designed planar coil promises to greatly shorten the

analysis time for bacterial detection.
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Figure 6.5 Multiple sensors measured with the planar coil: (a) three ME sensors were
in the working space of the coil, and (b) three peaks were shown for normalized |S},]

signal.
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6.5 Conclusions

In this chapter, we have demonstrated that a planar spiral coil can be used as a
surface-scanning detector for ME biosensor detection on surfaces. Compared with
previous usage of a solenoid coil, the planar coil detector gives a much larger signal
amplitude at resonance. In order to explain the reason for the different signal
amplitudes, a theory of mutual inductive coupling between a vibrating sensor and the
coil detectors was proposed. Based on the sensor’s longitudinal vibration and the
structure of the coils, the planar spiral coil detector was found to be more sensitive at
detecting the coupled magnetic flux changes. In addition, both numerical simulation
data and experimental results demonstrate that the planar coil detector has
dramatically improved the detection distance, which is significant for surface
scanning especially with large curvature or rough surfaces. Furthermore, the ability to

simultaneously detect multiple sensors on surfaces has been demonstrated.
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Chapter 7

Real-time in situ bacteria detection on fresh food surfaces with surface-scanning coil

and ME biosensors

7.1 Introduction

This paper demonstrates new technology that enables the ME biosensors to be
measured at a location outside the boundaries of a solenoid coil. In all research
conducted to date, ME biosensors have been placed inside a solenoid coil to measure
their resonant frequency [1-2]. This limits the use of ME biosensors to small objects
or volumes that will fit within the coil. Hence, by enabling measurement outside the
coil, in-situ measurements on surfaces of any size become possible. In this work, we
demonstrate proof in principle of a surface-scanning coil detector by measuring
bacteria concentration on a food surface using ME biosensors. This technique differs
from all previous reports using ME biosensors to measure surface contamination,
where retrieval and frequency measurement of the biosensors in the coil were required
after exposure to bacteria [3-5].

Figure 7.1 compares the differences between the old and new methods of
measurement. In both of the methods, a coil is used to create a time-varying magnetic
field that excites and detects the biosensor vibration, hence acquiring the biosensor

resonant frequency. However, the measurement procedures and signal results are
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different with the different coil designs. In previous work, the ME biosensors required
placement inside the solenoid coil for the frequency measurement (Fig. 7.1 al), and
then they were moved out of the coil for bacteria exposure on the food surface [3-5].
Hence, the detection was cumbersome and not real-time because the following three
separate steps were required: 1) measurement of the initial resonant frequency of the
biosensor inside the coil; 2) exposure to bacteria on the food surface outside of the
coil; and 3) placement of the biosensor back inside the coil for the final resonant
frequency measurement after bacteria exposure. By contrast, the new detection system
shown in Fig. 7.1 bl enables the measurement of the biosensor frequency directly on
a food surface. In this new system, a coil with a rectangular cross-section is utilized to
scan the food surface and read the biosensor’s response. With the old measurement
method, only two frequency measurements were made, before and after bacteria
exposure (Fig. 7.1 a2), whereas now continuous, real-time measurements of the

resonant frequency can be performed during bacteria exposure (Fig. 7.1 b2).
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Figure 7.1 Comparison between old and new measurement methods: (al) ME
biosensor’s old frequency detection method, (a2) the signal of frequency change for
the old method, (bl) ME biosensor’s detection in new method, (b2) the continuous

measurement of frequency change in new experiment.

7.2 Materials and methods

The ME biosensors’ preparation is the same as the previous experiment (E2 phage
immobilization and BSA surface blocking). In this research, Salmonella enterica
serovar Typhimurium culture with a concentration of 5 x 10® CFU/ml was provided
by Dr. James M. Barbaree’s laboratory. The original S. Typhimurium solution was
serially diluted to lower concentrations (ranging from 5 x 10’ CFU/ml to 5 x 10
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CFU/ml) with deionized water. Tomatoes were purchased from a local grocery store
and the tomato surfaces were cleaned with deionized water. The S. Typhimurium
solutions of six different concentrations (5 x 10° CFU/ml to 5 x 10° CFU/ml) with the
same volume (2.5 x 102 ml) were inoculated onto the tomato surfaces. The
contamination area was a circle with a diameter of 3 to 4 mm. The corresponding
surface S. Typhimurium concentrations ranged from 1.5 x 10° CFU/mm” to 1.5 x 10°
CFU/mm’. ME biosensors were then placed on the inoculated regions of the tomato
surface and the tomatoes with biosensors placed in a humidity-controlled environment
(95 % RH or 50 % RH). The detector coil was then placed above the biosensors
during the measurement. Figure 7.2a shows the coil structure and bacteria detection
on a tomato surface with ME biosensors. The ME biosensors were located under the
coil and on the tomato surface during the entire procedure. An oscillating magnetic
field produced outside of the coil actuates longitudinal vibration of the biosensor. The
resultant magnetic flux created by the biosensor was then immediately picked up by
the same coil, and the resonant frequency was measured (Fig. 7.2b). The sensor’s
resonant frequency was measured at intervals (3, 8, 15, and 25 min) after the
biosensors were exposed to S. Typhimurium on the tomato surface. Figure 7.2¢ and
7.2d illustrate the measurement setup. A constant-bias magnetic field was used to
amplify the signal. For this purpose, permanent magnets arrayed upon two parallel
sheets of ferromagnetic material were set up on two sides of the coil. The magnets
created a strong and uniform magnetic field around the biosensor. The detection coil
was connected to a network analyzer (Fig. 7.2d). The network analyzer (HP network
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analyzer model 8751A) is responsible for generating the oscillating external magnetic
field. The input reflection coefficient of the network circuit, S;; (S-parameter), was

used to measure the signal.
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Figure 7.2 New methodology for S. Typhimurium detection on tomato surface.

7.3 Results and discussion
7.3.1 Real-time detection and humidity effects

The real-time response of ME biosensors exposed to S. Typhimurium on tomato
surfaces was examined. Measurement and control biosensors were placed upon a

tomato surface for bacteria exposure, and the biosensors’ resonant frequency was
119



measured with time. Figure 7.3 represents the real-time frequency changes during
exposure to S. Typhimurium at a concentration of 1.5 x 10° CFU/mm” in 95 % and
50 % RH environments. In Fig. 7.3, the solid line shows the frequency changes of one
sample of measurement biosensor during bacteria exposure, while the dashed line
shows a control biosensor. Error bars which represent the measurement error from the
environment and resolution of the detection system are shown on each test point.
Figure 7.3a shows the biosensor’s frequency changes in a high humidity condition
(95 % RH). The result showed the frequency from O to 10 min had a large change.
After 15 min, the frequency reached the upper plateau and remained relatively
constant. This result indicates the binding reaction between the E2 phage and S.
Typhimurium cells is not an instantaneous process; and the detection time should be

about 15 min for the ME biosensors.
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Figure 7.3 Frequency changes with time at different humidity: (a) 95 % RH and (b)
50 % RH (Solid curves show one sample of the measurement biosensor response,

while dashed curves show one sample of the control biosensor response).
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The environmental humidity has a significant effect on the reaction between E2
phage and S. Typhimurium. Figure 7.3a and 7.3b are resonant frequency
measurements in humid environments of 95 % RH and 50 % RH, respectively. The
control biosensors for both conditions have similar frequency changes. However, the
measurement biosensor in 95 % RH environment show much greater frequency
changes than that tested in the 50 % RH environment. For the measurement
biosensors, the resonant frequency change is approximately 10,000 Hz at 95 % RH
and 2,000 Hz at 50 % RH. Hence, the higher humidity led to greater binding between
the phage and bacterial cells.

There are two reasons for the effect of humidity on the specific binding reaction.
First, water is the medium for the movement of the bacterial cells [6]. With less water
available, the phage and bacteria have a lower opportunity to encounter and bind.
Second, a high humidity environment helps maintain the three-dimensional structure
of the functional protein in the phage [7]. Specifically, the pVIII protein, which is the
functional protein of E2 phage for the specific binding with S. Typhimurium, may

lose the binding affinity with an altered structure in low humidity [8].

7.3.2 Food contamination detection with ME biosensors in different S.
Typhimurium concentrations.

The effect of S. Typhimurium concentration on the biosensor response was
studied. Three different bacteria surface concentrations (1.5 x 10%, 1.5 x 10*and 1.5 x
10° CFU/mm?) were inoculated on tomato surfaces, and the biosensors’ resonant
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frequencies measured. In this experiment, the relative humidity was maintained at
95%. Figure 7.4 displays the frequency changes of the measurement and control
biosensors with time for the different bacteria concentrations. As can be seen, the
frequency change settled to the final value within 15 min of exposure, with greater
frequency changes as bacteria concentration increased. The SEM micrographs (on the
right in Fig. 7.4) show the surface of the measurement biosensors with the captured
bacterial cells. These micrographs corroborate the frequency change results and
demonstrate that the ME biosensors captured more bacterial cells as the bacteria
concentrations increased. For the control biosensors, the frequency changes do not
show obvious differences for different concentrations. This demonstrates that specific
binding to the bacteria occurred on the measurement biosensors. In short, this
methodology demonstrates the specific and quantitative real-time detection on fresh

food surfaces.
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Previous research has shown that the S. typhimurium cells on food surfaces are
not uniformly distributed [4]. This is because the S. Typhimurium can swim and move
freely on moist surfaces. Hence, the response of the ME biosensors largely depends
on where the biosensors fall on the tomato surface. Therefore, a single biosensor is
unlikely to be able to provide contamination information for the whole tomato.
Multiple biosensors, thus, need to be employed to improve the probability of detection.
The probability of detection is dependent on several factors, including the number of
biosensors, the biosensors’ size, and the roughness of food surfaces [9].

In order to study the detection limit of the new detection system, the in situ
biosensor response of ten measurement biosensors and ten control biosensors were
randomly placed on the contaminated surfaces and measured at each bacteria surface
concentration (from 1.5 x 10" to 1.5 x 10° CFU/mm?). A plot of the frequency changes
for both the measurement (solid circles) and control (open triangles) biosensors in
different bacteria concentrations is shown in Fig. 7.5. The data points are the
arithmetic mean value with error bars representing the standard deviation. In addition,
a Student’s #-test calculation was performed to analyze the degree of dissimilarity
between the measurement and control biosensors and is shown at each concentration.
Figure 7.5 illustrates that the resonant frequency changes of the measurement
biosensors were found to be largely dependent on the surface density of S.
Typhimurium [10]. By contrast, the control biosensors showed much smaller
responses, indicating that selective binding of S. Typhimurium on the measurement
biosensors occurred. Meanwhile, the variance in the resonant frequency changes of
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the measurement biosensors is due to the non-uniform distribution of S. Typhimurium
on the tomato [4]. Increasing the number of biosensors can improve the repeatability of
the detection on food surfaces [9]. From the #-test analysis, these responses of the
measurement and control biosensors were found to be different down to 1.5 x 10°

CFU/mm? with a confidence level of difference higher than 95 % (p < 0.05).
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Figure 7.5 Resonant frequency changes for measurement and control biosensors
placed on tomato surfaces inoculated with different concentrations of S.

Typhimurium.

7.3.3 The ME biosensor’s detection stability was improved by the new
methodology

126



One of the advantages of this new measurement coil is the reduced variance in
the control biosensor resonant frequency measurements, which increases the accuracy
of measurements. Control biosensors were prepared following the same procedures as
the measurement biosensors except without E2 phage immobilization. The purpose of
the control biosensors is to compensate for environmental effects that are encountered
and non-specific binding that may occur. Figure 7.6 compares the resonant frequency
changes of control biosensors for the new (outside of the coil) and old (inside of the
coil) measurement methods. For each concentration, there are ten samples with new
and old methods, respectively. The error bars show the standard deviation value.
Using the new method, the standard deviation was smaller and more stable than that
with the old method in different concentrations. The stable standard deviation of
control biosensors means higher reproducibility, which also indicates a lower
measurement error of the detection system. A possible reason for this result stems
from the differences in the manner of the measurement between the old and new
methods. With the old method, the biosensor’s resonant frequency needs to be
separately measured twice: before and after bacteria exposure. The solenoid coil only
exhibits a uniform magnetic field over a very small region, and it is difficult to
position the biosensor at exactly the same place twice. Hence, the frequency
measurements include a measurement error due to positioning of the biosensor. By
contrast, the ME biosensor in the new method can be fixed in the same location within

the magnetic field and the resonant frequency measured continuously.
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Figure 7.6 Resonant frequency changes of the control biosensors with the new
(outside of the coil) and old (inside of the coil) experiments in different bacteria

concentrations.

7.3.4 The real-time in situ detection on different food surfaces

In order to prove the ME biosensor system works for different food surfaces, this
newly designed surface-scanning coil detector with 1mm-long ME biosensors was
demonstrated by detecting S. Typhimurium on watermelon surfaces. In this biological
experiment, the ME biosensors were placed on the surface of a watermelon; the coil
was brought close to the biosensors; and the resonant frequency of the biosensors was
measured over time. Figure 7.7 shows the absolute value of resonant frequency
changes over time for ME biosensors (both measurement and control biosensors)

placed on watermelon surfaces contaminated with different bacteria concentrations.
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Error bars that represent the measurement error from the environment and resolution
of the detection system were shown on each test point. The rectangles, circles and
triangles with solid lines indicate the frequency change at bacteria concentrations of
1.5 x 10* CFU/mm?, 1.5 x 10* CFU/mm? and 1.5 x 10® CFU/mm?, respectively. The
ME measurement biosensors have larger frequency changes at higher bacterial
concentrations (i.e., More bacteria were bound to the biosensor.). The inversed
triangles with a dashed line indicate the frequency change for a control biosensor at
the highest bacteria concentration (1.5 x 10° CFU/mm?), which doesn’t show an
obvious frequency change. This demonstrates that specific binding to the bacteria
occurred on the measurement biosensors. Figure 7.8 presents SEM images of
biosensors’ surfaces with captured bacteria cells. These images corroborate the
frequency change data and demonstrate that the ME biosensors captured more
bacteria cells as the bacteria concentrations increased. The control biosensor (Fig.
7.8d) shows no non-specific binding of bacteria. This result represents the
time-dependent capture of Salmonella by the ME biosensor. This S. Typhimurium
detection experiment demonstrates that the real-time, in situ, quantitative detection of
bacteria on watermelon surfaces has been achieved with this new surface-scanning

coil detector.

129



3600

L iwxmﬁcwxmmz
—~ 3200} 1.5 x 10 CFU/mm?
T L —#— 1.5 x 102 CFU/mm?
© 2800} ¥ Control sensor 1 I
g) L 1
% 2400_—
> 2000}
[ L
S 1600} §
o I
O
£ 12001
C -
S 800t
(@] L
w
e 400F
of — :
0 5 10 15 20 25
Time (min)

Figure 7.7 Using a surface-scanning coil detector positioned above a watermelon
surface, the resonant frequency changes for ME biosensors (measurement and control
biosensors) exposed to S. Typhimurium at different concentrations were recorded as a

function of exposure time.
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Figure 7.8 SEM images of measurement and control biosensors’ surfaces after
exposure to different bacteria concentrations: (a) measurement biosensor exposed to
1.5 x 10° CFU/mm?, (b) measurement biosensor exposed to 1.5 x 10* CFU/mm?, (c)
measurement biosensor exposed to 1.5 x 10> CFU/mm” and (d) the control biosensor

exposed to 1.5 x 10° CFU/mm* (Measurement bar: 5 pm; environmental humidity:

95 % RH).

7.4 Conclusions

Proof in principle of a new coil design was demonstrated. This new coil was
used to excite and measure the ME biosensor outside the boundaries of the detection
coil, enabling continuous measurements of ME biosensors placed upon surfaces. A
gradual change of the resonant frequency was observed over time during the reaction
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between an E2 phage-coated ME biosensor and S. Typhimurium on a tomato surface.
Real-time, in situ detection was thus achieved with a ME biosensor. The research
shows that the bacteria reaction and biosensor detection process depends on
environmental humidity. The LOD was statistically determined to be lower than 1.5 x
103 CFU/mm2 with a confidence level of difference higher than 95 % (p < 0.05). The
LOD can be improved by increasing the number of biosensors and decreasing the

biosensor size [9].
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Chapter 8

Conclusions

This work uses wireless ME biosensors for the rapid, direct and quantitative
detection of Salmonella enterica subspecies enterica serovar Typhimurium on fresh
food surfaces. The ME biosensor consists of an ME resonator as the sensor platform
and E2 phage as the bio-recognition element. The specify test has proved E2 phage
can specially bind with S. Typhimurium on food surfaces.

Proof in principle of a new surface-scanning coil design was demonstrated. This
new coil was used to excite and measure the ME biosensor outside the boundaries of
the detection coil, enabling continuous measurements of ME biosensors placed upon
surfaces. A model of sensor’s longitudinal vibration and an equivalent electric circuit
of the detection system were constructed to theoretically evaluate the coil design. In
order to explain the reason for the different signal amplitudes, a theory of mutual
inductive coupling between a vibrating sensor and the coil detectors was proposed.
Agreement between the model and experiment was found to be excellent. There are
two types of coil detectors for design and comparison: solenoid and planar spiral coils.
Based on the sensor’s longitudinal vibration and the structure of the coils, the planar
spiral coil detector was found to be more sensitive at detecting the coupled magnetic

flux changes and gave much larger signal amplitude at resonance. In addition, both
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numerical simulation data and experimental results demonstrate that the planar coil
detector has dramatically improved the detection distance, which is significant for
surface scanning especially with large curvature or rough surfaces. Furthermore, the
ability to simultaneously detect multiple sensors on surfaces has been demonstrated.

Proof in principle has been established for the direct detection of pathogenic

bacteria on fresh fruits and vegetable surfaces by this new technique. A gradual
change of the resonant frequency was observed over time during the reaction between
an E2 phage-coated ME biosensor and S. Typhimurium on fresh food surfaces.
Real-time, in situ detection was thus achieved with a ME biosensor. Unlike previous
studies on the detection of bacteria in solutions, the methodology in this work
employs direct placement of the biosensors on the contaminated food surface and
eliminates any preceding sampling procedures facilitated by the wireless nature of
detection. This new technique eliminates time-consuming and costly sample
selection and preparation.

For the bio-experiment of S. Typhiumurium detection on food surfaces with

handheld surface-scanning detector, the following conclusions were discussed:

1. The bacteria reaction and biosensor detection process depends on
environmental humidity. A high humidity environment is desired for bacterial
cells’ movement and binding.

2. The curvature and roughness of the food surfaces need to be considered for

the bacteria detection.
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3. The LOD was statistically determined to be lower than 1.5 x 10> CFU/mm?
with a confidence level of difference higher than 95 % (p < 0.05).

4. Detection distance and signal amplitude were improved by the planar spiral
coil detector. In addition, multiple biosensors detection simultaneously was
achieved.

With development of the new coil detector and ME biosensors, scanning of the

surfaces of different foods in situ for surface bacterial contamination becomes a

reality.
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