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Abstract

Food-borne pathogens and food safety-related outbreaks have come to the forefront over recent
years. Estimates on the annual cost of sicknesses, hospitalizations, and deaths run into the
billions of dollars. There is a large body of research on the subject of detection of food-borne
pathogens, however, the widely accepted current systems are limited by high reagent costs,
lengthy time to completion, and expensive equipment. This work has been developed with the
goal of focusing on minimizing the time and reagent cost of two of the most common types of
rapid, food-borne pathogen detection systems, i.e. immunoassays and real-time polymerase chain
reaction assays. The first aim was to develop the proof-of-concept methodology for a label-free
immunoassay technique utilizing photonic crystal biosensors targeting bacteria, specifically E.
coli O157:H7. In this project, it is shown that detergent-lysing of the cells and extraction of their
membrane antigens allows for the detection of down to 1E7 CFU/mL. Optimization of the
blocking scheme takes the assay one step further and allows for specific detection of E. coli
O157:H7 over E. coli K12. The second aim was to develop a label-free method for determining
changes in DNA concentration as it relates to food-borne pathogen-targeted polymerase chain
reaction assays. For this goal, impedance spectroscopy studies were carried out to characterize
the system’s capability in determining changes in concentration of purified DNA in DI water. To
adequately measure the change in DNA concentration in a PCR solution, it was necessary to go
through a purification and precipitation step to minimize the effects of primers, PCR reagents,
and especially excess salts. It was shown that the purification and precipitation of the fully

amplified PCR reaction showed a similar trend to the pure DNA in DI water characterization



tests. In developing the two versions of label-free detection systems, this work has brought

cheaper, faster, smaller biosensors one step closer to reality.
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Chapter 1. Introduction

1.1 Overview of the Problem

Food pathogens and food safety-related outbreaks have come to the forefront over recent years.
From Escherichia coli O157:H7 in spinach to Listeria monocytogenes outbreaks in ready-to-eat
deli meats, people have taken notice when it comes to keeping their food safe. The Center for
Disease Control and Prevention (CDC) estimates that there are 47.8 million cases of food-borne
illnesses every year in the United States alone. Among those cases, 127,839 resulted in
hospitalizations and 1,686 people died [1]. In terms of financial costs, the CDC along with the
USDA'’s Economic Research Service puts the cost of just Salmonella-related illnesses at ~$2.6
billion in 2009 [2]. When including E. coli, L. monocytogenes, and Campylobacter infections,
this cost was found to be as high as $6.9 billion dollars in 2000 [3]. Given these numbers and the
population’s awareness of the problem, the field of food-borne pathogen research has never been
deeper. Each scientific discipline has its own take on food-borne pathogen detection. From the
purely electrical detection techniques of electrical engineers to the culture and serotype methods
of microbiologists, new procedures covering different principles arise every year. The National
Advisory Committee on Microbiological Criteria for Foods presents an excellent review of food-

borne pathogen detection methods from rapid techniques to more traditional standards [4].

Although AOAC International, a non-profit, scientific accreditation association, has validated
and certified more than 100 rapid pathogen testing kits, food scientists will still tell us that there

is no replacement for the standard conventional techniques of cultural enrichment, selective



enrichment and eventual typing of the grown microorganism [5-6]. The gold standards of the
industry are not going to go away overnight. They have proven themselves to be reliable, they
are relatively simple, and they are inexpensive. Food scientists trust the results from standard
techniques and are comfortable passing down an order for a recall based on the experiment’s
outcome. However, there are numerous reasons to try to find a better solution to the problem of
pathogen detection. Primarily, the gold-standard conventional method takes time. Tests to
determine the presence of a pathogenic serotype can take upwards of a week. In the realm of
perishable foods, the food industry does not have the shelf-life to allow foods to sit for upwards
of 7 days before shipment. The goal for any new method has to be to greatly diminish the time

from obtaining the sample to end result.

Although the cost of lost time on the shelf is high with conventional techniques, the cost of
growth and cultural serotyping assays remains low. The rapid techniques currently offered to the
food industry such as immunoassays and real-time polymerase chain reaction (PCR) assays are
hindered by increased cost of reagents and equipment that accompany the more advanced
techniques. For the food industry to adopt a new methodology, the cost and reliability of the new

assay must remain competitive with traditional procedures.

In the design of a perfect system, a scientist must take a food sample from the sample collection
stage, through a pre-analytical processing step, into a analyte detection phase, all the way to data
analysis, and some user output. Each of these steps is as important as the last. Each one
provides its own unique challenges and limitations. Each individual step is a bottleneck that

must be addressed and optimized before a complete rapid system can be implemented.



1.2 Current Pathogen Detection Systems
1.2.1 Immunoassays

Traditional immunoassays such as Enzyme-Linked Immunosorbant Serologic Assays (ELISA),
though accepted as sufficient by food industry professionals and accreditation boards such as the
AOAC, are not perfect and can be improved. As depicted in Figure 1, immunoassays rely on the
use of secondary antibodies and enzyme-linked anti-secondary antibodies. The goal of a label-
free system would be to eliminate the use of the secondary antibodies and enzymes in order to

minimize the steps involved in the process while maintaining sensitivity and specificity.
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Figure 1: The methodology for the ELISA protocol is demonstrated. Step (1) involves binding of an antibody to

the surface of a microplate. Step (2) shows a target analyte binding to the antibody and remains bound after a
washing step. Step (3) represents a secondary antibody that is added to the solution that will bind to the bound
analyte and will stay bound through a subsequent washing step. Step (4) shows an enzyme-linked anti-secondary
antibody that binds to the anti-secondary antibody. Step (5) represents the enzyme catalyzing reaction that leads to a

change in the overall solution characteristics such as color or fluorescence.



1.2.2 Real-time PCR

In 1992, the first end-point fluorescence detection of PCR amplification was published [7]. By
incorporating an intercalating dye, ethidium bromide, that fluoresces more brightly when bound
to double stranded DNA, scientists were able to detect changes in fluorescence intensity from the
beginning to the end of the thermal cycling. In 1993, the first kinetic PCR analysis was
demonstrated (see Figure 2) [8]. Together, these two papers paved the way for real-time PCR
assays in modern science. However, usage of real-time PCR systems is limited by the added cost
of fluorescent dyes such as SYBR green and also by the cost and size of the optical detection
equipment that accompanies fluorescence-based assays. A system that eliminates the need for
the fluorescent dye and subsequent optical detection equipment would greatly improve the field

of real-time PCR.
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Figure 2: In Higuchi’s pioneering paper in 1993. The potential for using intercalating dyes for real-time PCR

assays was demonstrated. In this picture, the change in fluorescence intensity can be seen as a function of PCR

cycle number and DNA concentration [8].



1.3 Scope of the Research

This thesis has been developed with the goal of focusing on minimizing the time and reagent
cost of two of the most common types of rapid, food-borne pathogen detection systems,
immunoassays and real-time polymerase chain reaction assays. The proposed detection methods
exist within the analyte detection module of a complete food-borne pathogen detection system
and are not meant to represent a perfect system, but rather, an example of how to address a

bottleneck in immunoassay and real-time PCR systems.

1.4 Justification of the Study

Rising commodities prices mean that the food industry will be working with increased prices and
tighter margins [9]. In order for food companies to remain competitive while maintaining
quality, industry professionals must minimize or even eliminate excess costs. The development
of more cost-efficient, reliable food-borne pathogen detection methods will enable food

companies to provide safer food, faster at a more affordable cost to the consumer.

1.5 Goals

1.5.1 Specific aim 1

To develop the proof-of-concept methodology for a label-free immunoassay technique utilizing

photonic crystal biosensors targeting bacteria, specifically E. coli O157:H7.



Photonic crystals offer a unique platform for bacterial detection. Their properties, as discussed
further in chapter 2, allow for the detection of binding events at the sensor surface. By
functionalizing a photonic crystal surface with a biorecognition element such as an antibody, it is
possible to detect specific binding events as the bacterium of interest interacts and binds to the

chosen antibody.

In the proposed label-free system, the method of detection relies only on the binding of the
bacterial analyte to a biorecognition element at the surface of the sensor. The elimination of
added reagents like the secondary antibody or the enzyme would advance the field of

immunoassays and reduce the cost to the food industry.

1.5.2 Specific aim 2

To develop a label-free electrical method for determining changes in DNA concentration as it

relates to food-borne pathogen-targeted polymerase chain reaction assays.

Polymerase chain reaction assays for bacterial detection are commonplace in laboratories.
Traditionally, successful amplification of a target gene sequence was confirmed through gel
electrophoresis. As gel electrophoresis takes upwards of an hour, it became necessary to develop
a real-time method for confirming successful amplification. Fluorescent dyes that fluoresce at
much greater levels when bound to double-stranded DNA were introduced to PCR systems in the
early 1990s. These dyes such as SYBR green and EVA green allow scientists to detect

amplification of a target sequence as it occurs.



However, fluorescence-based systems require complex optical excitation and detection devices,
as well as the inclusion of often proprietary and expensive fluorescent dyes. By eliminating the
need for optical detection and replacing fluorescence detection with electrical detection of DNA
molecules in solution, researchers can reduce the footprint of a PCR system, the cost to run the

system and still maintain the speed and reliability that food industry quality control demands.



Chapter 2. Development of a Photonic Crystal-Based Biosensor for Detection of E. coli

O157:H7

**#*This work was presented in a poster presentation session at the 2010 Institute for Food

Technologist’s Annual Meeting & Food Expo. in Chicago, IL.***

2.1 Introduction

For food scientists, it is important to continually refine current detection methods, as well as
develop new assays, in order to make sure the food industry has access to the fastest, most
reliable procedures for pathogen detection. Minimizing cost and keeping sensors specific, fast,
and sensitive should be the areas of focus for future developments in detection systems. To this
end, the prospect of label-free detection systems is particularly interesting. Label-free systems
minimize the number of reagents while cutting down on time by eliminating the steps associated
with labeling. Photonic crystal systems that rely on label-free sensing have been extensively
researched in recent years. These systems have been used to detect viruses, protein-protein
interactions, small molecule interactions, cytotoxicity of compounds, and kinetic reaction rate
constants [11-16]. In terms of bacterial detection, the only method demonstrated with photonic
crystals is a scattering-based assay. In this method, cells are bound to the photonic crystal
surface which causes light to scatter around the bacteria. This scattered light is then detected and
its intensity related to the bacterial concentration [17]. The objective of this study was to

develop a proof-of- concept method that utilizes photonic crystal biosensors (PC) for rapid,



label-free detection of E. coli O157:H7. For this study the biosensor’s mechanism is based on

changes in which wavelengths of light are reflected and not based on just scattering of light.

2.2 Method of Detection

A crystal is a periodic arrangement of atoms or molecules. A photonic crystal replaces the
periodic arrangement of atoms with a periodic arrangement of materials with different indices of
refraction. As electromagnetic waves interact with the photonic crystal, only certain wavelengths
of light are allowed to pass through the crystal. As the indices of refraction change due to
binding of materials to the photonic crystal surface, the wavelengths of light that are allowed to
pass through the crystal will change. Mapping the change in which wavelengths are and are not
allowed to pass through the crystal allows for direct observation of binding events at the
photonic crystal surface [10]. A generalized schematic of the photonic crystal system used in this

work is shown in Figure 3.
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Figure 3: This demonstrates the general operating principles of the BIND Reader system. An optical fiber, with a

broadband LED light source, passes light through a collimating lens and is incident to the sensor surface. Depending
on the structure and surface properties of the photonic crystal, a certain bandwidth of wavelengths is reflected back
off the sensor. This reflected light is collected by the optical fiber probe and the spectrum of wavelengths is

determined using a spectrometer. The peak wavelength value is determined by looking for the wavelength with the

greatest reflectance [11].
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2.3 Materials

Streptavidin-coated photonic crystal 384-well plates obtained from SRU Biosystems (Woburn,
MA) were used as the sensor to detect £. coli O157:H7. The platform used was the BIND
Reader, also from SRU Biosystems. The polyclonal antibodies used were obtained from KPL
and were chosen due to their low cross reactivity with other bacteria [18]. The antibodies were
then biotinylated at the Immunological Resource Center at the University of Illinois at Urbana-
Champaign to allow the antibodies to bind to the streptavidin-coated photonic crystal plates. The
polyclonal antibodies were diluted down to their final concentration using PBS obtained from
Sigma-Aldrich. The blocking agents used, casein blocker, SeaBlock, and Starting Block were
obtained from Pierce Protein Research Products, a division of Thermo Scientific. The E. coli
O157:H7 was maintained in LB media broth from Sigma-Aldrich in a 37°C incubator. 16-20
hours before each experiment, 100uL of E. coli O157:H7 was inoculated into 10mL of BHI broth
and placed in the incubator for later use. For the cell lysis and protein extraction, Bacterial

Protein Extraction Reagent or B-PER was obtained from Pierce Protein Research Products.

2.4 Methods

E. coli O157:H7 was specifically detected through the use of polyclonal, biotinylated-anti E. coli
O157:H7 antibodies bound to the photonic crystal surface using steptavidin-biotin linkage
chemistry. To prepare the sensor, each well was rinsed three times with 100pL of distilled,
ionized water (DI). Each well was then filled with 50uL PBS and allowed to equilibrate until the

readings from the BIND system stabilized. After the peak wavelength value for each well

11



stabilized, depending on the experiment, wells were coated with S50uL of 50pug/mL of
biotinylated polyclonal antibodies and allowed to incubate for 1 hour on a shaker plate. The
antibody solution was then removed and the sensor again washed three times with DI. Each well
was then filled with 50uL of PBS and the peak wavelength value was recorded using the BIND
System. Once this reading stabilized, the appropriate blocker was added to each well.
Depending on the experiment, S0uL of either casein, Sea Block or Starting Block was pipetted
into each well. The blocker was allowed to sit for 1 hour in an incubator on a shaking plate.
After the well was coated with the antibody and the selected blocker, it was exposed to 35uL of
either whole E. coli O157:H7 or E. coli O157:H7 cells that had been detergent-lysed with B-PER
for 15 minutes. After one hour in the incubator on a shaking plate, the wells were again washed
three times with 100uL of DI and then filled with S0uL of PBS. The sensor was then placed in
the BIND System and the peak wavelength value recorded and the change in peak wavelength

value from the previous step noted.

12
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Figure 4: Schematic of the sensor showing biotinylated antibodies bound to a streptavidin linker layer on a

titanium oxide surface. A blocker layer is utilized to minimize non-specific adsorption. The target antigen binds to
the exposed antibodies, resulting in a change in local refractive index. This change is measured using the BIND

Reader by examining the peak wavelength shift for the well and how it changes from before to after adding analyte.
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2.5 Results/Discussion

The addition of antibodies to the photonic crystal surface is of utmost importance. Obtaining a
high enough antibody density on the photonic crystal surface will increase the likelihood that an
antigen interacts with the antibodies when the antigen approaches the sensor surface. Antibodies
were added to the streptavidin-coated plate at varying concentrations, 100 pg/mL, 50pg/mL, and
10pug/mL. It was found that the peak wavelength shift saturated at 50pg/mL and above (data not
shown). For 10 pg/mL, the shift induced was greatly diminished. Setting a point of 50pug/mL

allows for high antibody binding density while maintaining the lowest possible sensor cost.
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Figure 5: Detection of whole cells with the current version of our biosensor was limited. The peak wavelength

shift from 1E8 CFU/mL is functionally indistinguishable from the control well that contained no cells.
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Figure 5 shows that the 384-well photonic crystal sensor was unable to detect the highest tested
concentration, 1E8 CFU/mL of E. coli O157:H7. This is likely because either our concentration
of analyte was too low, there existed a diffusion limitation of whole cells in the well, or the
whole cells that were bound to the antibodies did not greatly affect the local refractive index at
the sensor surface and induce a large peak wavelength shift. As the E. coli culture had already
reached its carrying capacity, getting a higher concentration of our analyte was not attempted.
Altering the rate at which the analyte diffuses and interacts with the antibodies as well as
maintaining similarity with the known-to-work antibody addition experiment was the chosen
option for troubleshooting. To this end, the breakage of cells into many pieces coupled with a
membrane protein extraction was attempted in order to detect a smaller number of initial target

cells.
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Figure 6: Peak wavelength shift values for varying concentrations of detergent lysed, membrane protein extracted

E. coli O157:H7 was examined.

15



Through lysing the cells with B-PER and extracting the membrane proteins, the size of the
analyte being detected was diminished. This increases the rate of diffusion and thus, the
likelihood that the bacteria’s surface protein antigens would interact with the polyclonal
antibodies. Lysing the bacterium also increases the number of independent antigens in solution
which might play a role in the increased level of detection. Our experimental results, see figure
6, using lysed cells show that there is a distinguishable difference between 1E8 CFU/mL and 1E7
CFU/mL and the control well without cells. A similar increase in the limit of detection from
detergent lysing and protein extraction was reported in the case of a biosensor employing a flow-
through SPR detection method [19]. However, no such experiment has been done using a

photonic crystal biosensor in a static well with bacteria.

The next step taken in development of this biosensor was to determine the specificity of the
assay. The E. coli O157:H7 antibodies used are known to have little cross-reactivity with other
bacteria, however, non-specific adsorption of non-target analytes to the sensor surface will
induce a peak wavelength shift. In this regard, it is necessary to optimize the blocking of the
sensor surface. Figure 7 shows the resulting peak wavelength shifts when three common
blocking agents are used. The figure also demonstrates the shift induced by non-specific
adsorption when E. coli K12 is added to the sensor surface. The non-specific adsorption of E.
coli K12 to the sensor surface is very high. For both the Sea Block and the Starting Block, the
shift from K12 vs. O157:H7 are almost functionally indistinguishable. However, the casein
blocker provides much better blocking to K12 without inhibiting the binding of O157:H7. To
quantify the quality of blocking, an efficacy of blocking parameters was designed (see Figure 8).

This parameter compares the shift induced by 1E8 O157:H7 vs. the shift from 1E8 K12. A lower

16



ratio is desired due to the O157:H7 shift being placed in the denominator. Sea Block and
Starting Block show efficacy of blocking parameters near 0.8 whereas casein sits much lower at
less than 6. This experiment helps demonstrate the difference in blocking between the different

agents with casein being around 25% better at blocking non-specific adsorption.

17
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Figure 7: Non-specific binding of cellular debris on the surface of our biosensor seems to have caused the

measured low signal-to-noise ratios. Optimization of blocking protocols by adding a further surfactant-based

washing treatment as well as attempting different blockers resulted in a much higher signal-to noise ratio.
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Figure 8: Blocking efficacy of Starting Block, Sea Block and casein were investigated. Casein on the streptavidin-

coated plate provided the best blocking characteristics.

2.6 Conclusions

This study details the initial stages of development of a label-free, PC-based biosensor capable of
detecting bacterial cells in solution. While the current detection limit of this system is relatively
high, further development of the assay could put this system above other immuno-based
detection methods such as ELISA while minimizing cost due to the assay’s label-free protocol.
Through this method, the developed PC sensor was able to detect 1E7 CFU/mL of E. coli

O157:H7 and certain blockers were shown to have different blocking efficacies.
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Chapter 3. Electrical Detection of dsDNA and the Application of Polymerase Chain Reaction

Amplification Detection

3.1 Introduction

Since the inclusion of thermostable DNA polymerases from Thermus aquaticus in 1988,
polymerase chain reaction assays have become commonplace in labs [20]. Overcoming the
requirement to add fresh polymerase after each thermal cycle greatly improved the time, labor,
and cost of PCR. By 1992, the first end-point fluorescence detection of PCR amplification was
published [7]. By incorporating an intercalating dye, ethidium bromide, which fluoresces more
brightly when bound to double stranded DNA, scientists were able to detect changes in
fluorescence intensity from the beginning to the end of the complete thermal cycling process. In
1993, the first kinetic PCR analysis was demonstrated [8]. In this experiment, a video camera
monitored changes in fluorescence over the course of thermal cycling. Together, these three

papers paved the way for real-time PCR assays in modern science.

In 1993, Northrup et al. reported the first micro-fabricated reaction chamber for DNA
amplification [1]. Micro-fabrication technologies have enabled the realization of portable PCR
systems by significantly reducing the thermal mass by utilizing miniaturized reaction chambers.
The size of these on-chip chambers range from micro [22-26] to sub-nano liter scale [27]. These
developments have not only made rapid heating and cooling ramp rates possible for fast, efficient

PCR, but can also save a significant amount of samples, reagents, and workspace.
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However, a portable and fast PCR machine for point-of-care and on-site diagnosis will not be
practical without a simpler detection method than fluorescence for the amplified PCR products.
As of today, the state of the art micro-fabricated devices focus mainly on two detection
methodologies, an optical detection approach, such as on-chip capillary electrophoresis detection
[8-10] or labeling the amplified products with fluorescent dye and reporter particles for detection
[11-12], and an electrochemical approach using either complementary probe binding [33-34] or
surface charge sensing [35]. Although, these methods are rapid in comparison to the
conventional gel electrophoresis methods; the requirement of an optical component integrated
into micro-fabricated devices with respect to the optical method, or a functionalized surface for
DNA hybridization for the electrochemical method, not only limits the mobility of such devices,

but also increases the labor and total cost of operation.

Instead of using a fluorescence label for optical detection or a oligomeric probe for
electrochemical detection, the electrical properties of DNA molecules first researched back in
1950’s and 1960’s [36-39] are a good candidate for developing a novel, simpler PCR detection
method. In this study, the change in impedance and phase with respect to changing DNA

concentration was interrogated to demonstrate a novel PCR detection method.

3.2 Method of Detection

It has been shown that, in solution, DNA molecules, due to their negatively charged sugar-
phosphate backbone, will be surrounded by a counter-ion cloud [40] These counter-ions are

usually classified as two layers; one is associated with bound ions, i.e. condensed ions closed to
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the DNA molecule while the other layer is a loosely surrounding ion cloud. The two separate
counter-ion layers give rise to two different dielectric relaxation points when the DNA molecules
are probed in an AC electrical field over a range of frequencies [41-42] Tomic et al. discussed
the mechanisms for the lower frequency dielectric relaxation point in low salt concentrations in
great detail [43]. As depicted in Figure 9, the dielectric dispersion is a function of the condensed
ion cloud fluctuating between the ends of the DNA molecule in an end-to-end movement. As the
measurement frequency increases, the DNA and its surrounding cloud are not able to align with
the electric field quickly enough, resulting in a dielectric relaxation point in the system. At higher
frequencies, the closely bound condensed ion layer forms a dipole with the negatively-charged
phosphate groups of the DNA backbone which introduces another dielectric relaxation point

related to the DNA molecule’s axial rotation.

Due to the complexity of the different types of background ions, charge neutralization and
binding to the back-bone in highly ionic solutions, such as PCR reagent, it is necessary to purify
and resuspend the PCR product in DI water. In prior work, it was shown that increasing the
DNA concentration will increase the effect of the induced dipole moments [44]. Therefore, as
the effect of the induced dielectric relaxation point increases and measured impedance and phase
of the system changes, it is possible to conclude that the concentration of dsDNA in the system is

increasing and that PCR amplification is occuring.
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axial rotation. The final relaxation point falls above 1GHz and corresponds to the orientational polarizability of



3.3 Materials

Listeria monocytogenes was grown in Brain Heart Infusion broth from Sigma Aldrich. PBS was
also obtained from Sigma Aldrich. Nuclease-free water for the resuspension of primers and
DNA was obtained from Ambion, Inc. Ready-to-go PCR beads were obtained from GE
Healthcare Life Sciences. A Qiaquick PCR purification kit from Qiagen, Inc. was used in the
PCR preparation. For the alcohol precipitation procedure, ammonium acetate, isopropanol, and
ethanol were obtained from Sigma Aldrich. The 100, 500, and 5000bp DNA fragments were
purchased from the NoLimits line of DNA at Fermentas Molecular Biology Tools, a division of
Thermo Scientific Inc. Primers for the prfA gene were purchased from Integrated DNA
Technologies, Inc. All centrifugation steps were performed in a Centrifuge 5415D from
Eppendorf). DNA sample purity was interrogated using a Nanodrop spectral photometer
(Nanodrop, Wilmington, DE). Injection of the sample into the microchip was accomplished
using a PHD ULTRA syringe pump from Harvard Apparatus. The microchip sensors (see Figure

11) and LCR meter used were provided by BioVitesse Inc (San Jose, CA).

3.4 Methods

3.4.1 DNA Precipitation

The 100, 500, 5000 base pair DNA molecules were prepared using an isopropanol precipitation
technique. Equal volume of ammonium acetate was added to the DNA followed by three times

the initial volume of isopropanol. This solution was vortexed on a table-top vortex and let to sit
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in -20°C freezer for 5 hours to ensure precipitation. The samples were then loaded into a
centrifuge and centrifuged at room temperature for 25 minutes at 14000g. The supernatant was
then removed and the tube was washed with 1mL of 95% ethanol by inverting the tube several
times and left to sit on ice for 10 minutes. The samples were the centrifuged again at 14000g for
15 minutes and the ethanol supernatant pipetted off the DNA pellet. The tube was then left to air
dry to remove any left-over ethanol for 30 minutes. Once dry, the DNA molecules were
resuspended in nuclease-free de-ionized water and diluted down to the desired concentrations.
The purity of the DNA samples was confirmed by a spectrophotometer, by examining the A260/

A280 ratio which must fall between 1.8 and 2.0 for pure DNA (Nanodrop, Wilmington, DE).

3.4.2 PCR samples

All the samples were prepared from Listeria monocytogenes cultures that were incubated for
18-20 hours in BHI broth in a 37°C incubator. One mL of cell culture was collected and heat
lysed in a 95°C water bath for 15 minutes, followed by 5 minutes quench in a -20°C freezer.
Following cell lysis, the cellular debris was spun down at 15000g for 30 seconds in a centrifuge.
The supernatant was then collected and checked for purities and concentrations by a Nanodrop

spectral photometer (Nanodrop, Wilmington, DE).

PCR sample preparation was accomplished using three, 25uL Ready-to-go PCR beads for each
cycle sample. To obtain a view of the reaction kinetics, 0, 10, 20, 30 and 40 cycles will be
measured. To generate the PCR samples for each cycle sample, an initial stock of 16 beads was
used to eliminate pipetting errors between cycle samples. Initially 352uL nuclease free DI water

was added to rehydrate the lyophilized beads, followed by 8uL of 10uM forward and 8uL of
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10uM reverse primers to get a final primer concentration of 0.1uM. Finally, 32uL of template
solution was added to the stock solution. From this point, 75uL was pipetted into 5 individual
tubes for the 0, 10, 20, 30, 40 cycle measurements. Left-over solution was put in a second 40
cycle tube that would be used to confirm successful PCR amplification through gel

electrophoresis.

The forward and reverse primers used for the PCR reaction targeted the L. monocytogenes prfA

gene, which is a protein that positively regulates Listeria monocytogenes virulence factors:

LMPRFA-F CGGGATAAAACCAAAACAATTT (5" to3")

LMPRFA-R TGAGCTATGTGCGATGCCACTT (5" to3")

Samples of designated cycles for each replicate were prepared with all the templates, primers and
PCR reagents mixed well before distributing to each PCR reservoir. Two negative controls
consisting of samples without primers and samples without template were made in order to rule

out effects from just the primers and just the template.

The PCR was performed with a pre-heat step of 94°C for 2 minutes. This ensured that the

genomic DNA molecules were completely denatured. The amplification process consisted of 40
cycles with each cycle containing three steps: 30 seconds at 94C for denaturation, 30 seconds at
55°C for annealing, and 30 seconds at 72°C for extension. At 0, 10, 20, 30 and 40 cycles, tubes

were removed from the PCR thermocycler and placed in a -20°C freezer.
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3.4.3 PCR Purification and Precipitation

In order to eliminate background noise such as primers, enzymes, cellular debris, and salts, PCR
purification was performed using a PCR purification kit from Qiagen. The procedure for this kit

can be found in the Qiaquick PCR purification manual.

To further purify the amplified DNA and to remove excess salt ions left over from the PCR
purification step, an alcohol precipitation procedure was implemented. This procedure followed
the same steps as the precipitation technique that was used with the 100, 500, and 5000 base pair
DNA samples from Fermentas. The only change was the final resuspension volume was 50uL

instead of 75uL.

3.4.4 Micro-scale device design and fabrication

The biochips were provided by BioVitesse, Inc. The fabrication process of the biochip sensor
was similar to Gomez, et al. [45] and started with bare 4” silicon wafers, with a (100) surface and
a thickness of 500um. Silicon dioxide was thermally grown on the wafers and subsequently
patterned with conventional photolithography (using Clariant AZ1518 positive photoresist,
Clariant Corp.,Somerville, NJ) followed by etching in buffered hydrofluoric acid (BHF). This
oxide layer serves as a hard mask for etching the channels in an anisotropic potassium-
hydroxide-based etchant to a nominal depth of 12um. After etching the channels, the hard mask
was removed by etching in BHF and the wafers were thermally reoxidized to create a 2000-A
layer of silicon dioxide. Subsequently, a metal layer, which creates the measurement electrodes
and the RTD temperature sensor, was deposited by sputtering 800 A of platinum over a titanium

adhesion layer (Perkin-Elmer Sputterer Model 2400, Perkin-Elmer Inc., Wellesley, MA) and
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patterned by liftoff. Subsequently, a 10,000-A-thick layer of gold over a titanium adhesion layer
was deposited by electron-beam evaporation (Varian Inc., Palo Alto, CA) and patterned by wet
etch to create robust bond-pads. After dicing the wafers, a glass cover was anodically bonded to
each die at 400 mAmps with a voltage of 1000 V for 60 min. The glass cover was made from 4”,
500um thick polished Pyrex glass wafers type 7740 (Corning Inc., Corning, NY), which were
custom diced and ultrasonically drilled to create holes where input/output tubes were attached.
The holes in the glass were aligned to the input/output channels in the die before anodic bonding.

Fig. 12 (A) shows a cross section of the packaged device.

After fabrication, each die was fixed onto a custom-designed printed circuit board carrier that
allows it to be easily connected to the equipment that measures the impedance, and measures and
controls the temperature. The carrier contains an integrated heater and gold-plated bond pads
that connect to the pads on the chip by wire bonding. Fig. 12 (C) shows a packaged biochip on a

pc board.

3.4.5 Impedance measurement

The impedance of each PCR sample was measured by the LCR meter in the BioVitesse System.
A DI water curve was taken as a baseline reading before each set of measurements to ensure the
system had achieved a consistent baseline measurement to measurement. After DI, 25 puL of
sample solution was injected into the chip at a rate of 20uL/min. The measurement voltage was
250 mVp.p with 12 frequencies, 10, 32, 100, 200, 250, 500, 800, 1000, 2500, 5000, 7500, and

10000Hz. 10-12 sweeps were taken for each sample to ensure that the system had stabilized and
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was functioning properly. To minimize the issue of DNA contamination between cycle samples.

The samples were run from low concentration to high concentration or from 0 cycle to 40 cycle.

3.4.6 PCR Confirmation

As a method of amplification confirmation, gel electrophoresis was run for each cycle sample
with a 100bp low ladder from BioRad as the standard. The 100mL gel was made with 1x TE
buffer, 1% high purity agarose and 2uL ethidium bromide. The samples were loaded into the
wells using a loading dye from BioRad. The gel was then run at 100V for approximately 2

hours. An image of the gel was taken using a GelDoc XR system with a UV illuminator from

BioRad.
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Figure 11: (A) A cross-sectional view of the microchip is show. The portion containing the interdigitated

electrodes comprises a volume of 60nL. (B) A top view of the sensing region is shown. (C) The whole chip is
shown. Inlet and outlet ports are visible, as well as a secondary sensing chamber that can be used as a reference

well. (D) A photograph of the sensing region is shown.
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3.5 Results/Discussion

3.5.1 Varying DNA molecule length and concentration in DI water

The impedance spectroscopy plots for the 100, 500, and 5000bp samples from Fermentas are
shown in Figure 12. It can be seen that as the concentration of DNA molecules increases for
100, 500, and 5000 bp, the impedance decreases and the dielectric relaxation point shifts to

higher frequencies.
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Figure 12: Pure DNA samples diluted in nuclease free DI water were tested. The above figure shows (A) 100,

(B) 500, and (C) 5000bp DNA fragments as they were interrogated from 10Hz-10kHz. Changes in phase and

impedance can be seen with changing DNA concentration.
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The change in impedance is likely due to the increase number of molecules in solution and the
resulting change in capacitance and conductivity. The shifting phase change is more difficult to
understand. As the number of molecules increases, the dielectric relaxation point shifts to higher
and higher frequencies. This implies that the time it takes for the dipole formation and alignment
is taking a shorter and shorter amount of time. There are two likely reasons for this
phenomenon. For DNA strands whose length is above the persistence length of the DNA in
solution (50-100nm), the subunit length of the DNA molecule will decrease with increasing
solution conductivity and salt concentration [46]. In Figure 13 (A), the increase in the
conductivity of the solution can also be seen in the changing impedance values for the different
length DNA molecules at 1 kHz. As this subunit length decreases, the degree of coiling of the
DNA molecule will increase. This leads to a decreased effective length of the molecule which
will allow the counter-ion cloud and dipole alignment to occur at higher frequencies. A
secondary effect arises from the changing concentration of DNA. Dobrynin and Rubinstein were
able to show that the number of condensed counter-ions increases with increasing polyelectrolyte
concentration [47]. As the number of condensed counter-ions increases, electrostatic interactions
in the DNA chain are weakened. Weakening of the repulsive forces between negatively-charged
phosphate groups causes shrinkage in the polyelectrolyte chain. By reducing the size of the
polyelectrolyte chain, counter-ion cloud and dipole alignment can happen at a quicker rate which
shifts the relaxation point to a higher frequency, a result that is repeated in our work and is
especially applicable to the 100bp sample whose chain length is less than the average persistence

length of DNA.
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Figure 13: The change in impedance at 1 kHz referenced to a DI sample is shown. It can be seen that the change

in impedance shows concentration dependence within each sample. Between each sample it can be seen that there
exists a dependence on molecular weight. At a certain concentration of molecules, the change in impedance
increases relative to increasing molecular weight. This is most clearly seen at the concentration of 1E10 molecules/

ul.
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Figure 14: Purified PCR samples were tested over a range of 10 Hz-10 kHz. The impedance and phase response

is charted for (A) a full PCR test, (B) a primer only test, and (C) a template only test. In each test, different
thermocycling points ranging from 0 cycles up to 40 cycles, are measured in order to monitor the change in

impedance and phase relative to target DNA concentration.
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Figure 15: The percent change in impedance (A) and phase (B) are plotted with respect to the 0 cycle

measurement.

3.5.2 Detection of PCR amplification

After establishing the detection limit of dsDNA molecules in DI water, we applied the label-free

impedance spectroscopy method to detection of PCR amplification. In order to minimize the

36



effects of charge shielding, ion binding, and variance in ion composition, the amplified PCR
product was first purified to remove primers and PCR reagents and then precipitated out of

solution and resuspended in DI water in order to remove excess salt ions.

Figure 14 shows the raw data from one of the sample runs. A clear increase in the relaxation
maxima with increasing cycle number for the positive PCR sample can be seen in the raw data.
As confirmed through gel electrophoresis and nanodrop spectrophotometery (data not shown),
the 30 and 40 cycle samples contain roughly 3E10 508bp molecules/ul and 1E11 508bp
molecules/ul respectively. This is similar to the two highest 500bp concentrations studied in the
dsDNA test from Figure 12 (B). Results from the full PCR test are consistent with the 500bp
dsDNA test. To confirm the increase in relaxation maxima in the phase is solely due to the
amplified PCR product, negative controls were run. The primer only sample shows no increase
in relaxation maxima and no decrease in impedance from 0 to 40 cycles. The same can be said
of the sample containing template only. A change in the opposite direction from the full PCR
sample from 0 to 40 cycles was seen in both negative controls. This is believed to be an artifact
of the thermal cycling process and the purification and precipitation technique, however the
exact reasoning for this change is unknown. The trend for the full PCR sample follows
expectations and is considered significant and repeatable. Figure 15 looks at the relative changes
in phase and impedance for the raw data. The data shows a large increase in phase and a
decrease in impedance for the full PCR sample. This is a similar trend to the 500bp sample data
from Figure 12 (B). However, in this plot, the relative change from the 0 cycle measurement is

plotted. This provides a view of how the system changes from 0 to 40 cycles.
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In practice, the samples from the environment will not contain just one type of microorganism.
Therefore, in order to prove a method that works well for the detection of food-borne pathogens,
selectivity experiments of one specific bacterium from a mixture of microorganisms would also
have to be examined. Additionally, the effects of culturing pathogens from a food matrix would

also have to be investigated.

3.6 Conclusions

This study details the initial stages of development of a label-free, PCR biosensor capable of
detecting changing DNA concentration. While the current detection limit of this system is
relatively high, in the 30-40 cycle range, further development of the system could put its
capabilities on par with current real-time PCR detection devices. Amplifying the signal from the
DNA molecules is a strong possibility for improvement. This can either be done through
concentration of the DNA at the electrode surface through a technique such as dielectrophoresis
[48] or through inclusion of negatively DNA binders [49]. Overall, this study has laid down the
basis for a label-free detection method for PCR. In the future, this technique could be
incorporated into a lab-on-a-chip device and used as a point-of-care diagnostic device for the

food industry or for medical applications.
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Chapter 4. Conclusions

4.1 Overview of Accomplished Goals

The development of more cost-efficient, reliable food-borne pathogen detection methods will
enable food companies to provide safer food, faster at a more affordable cost to the consumer.
To that end, this study details the methods used to minimize the cost and time of two of the most

common types of food-borne pathogen detection systems.

By removing the need for enzyme-linked secondary antibodies, the presented photonic crystal-
based label-free biosensor advances the field of immunoassays for bacterial detection. By
removing the need for fluorescent dyes in real-time PCR, the presented label-free detection

method greatly improves the practicality of a point-of-care pathogen diagnostic system.

4.2 Future Prospects

In order to further develop the photonic crystal system, optimization of the blocking agent as
well as further specificity tests would have to be completed. Additionally, the detection limit of
the system would have to be increased. An option for increasing the detection limit of this sort
of system is to incorporate solution flow. By flowing a larger volume over the sensor, a greater
number of antigens will interact with the antibodies. Incorporation of dielectrophoresis(DEP) is
another possibility. If the sensor is made thin enough, a dielectrophoretic setup could be placed

under the photonic crystal. By using DEP, cells or antigens could be pulled down out of solution
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and concentrated at the sensor surface [50]. This may help minimize the problems of limited

cellular diffusion in a microwell.

The electrical detection of PCR protocol must also be improved. Real-time PCR techniques
show a detection limit closer to the 20 cycle range instead of the 40 cycle range. This is another
setup that could benefit from DEP. DEP has been shown to concentrate DNA at the surface of
electrodes. Increasing the local concentration of DNA molecules by 10 fold would mean that the
system would be able to detect 1E10 molecules/ul. In a PCR reaction, it is feasible to achieve
this sort of yield by 20-25 cycles. Another key component to enhance in this system would be to
limit off chip procedures. Scientists have shown systems that integrate PCR purification into a
microfluidic device [51-54]. By combining an on-chip thermocycling process and a PCR
purification step within the chip’s own microfluidics with electrical detection of DNA molecules,

an on-site diagnostic system with limited cost and footprint is possible.

In further developing label-free biosystems designed for the food industry, this report has

hopefully brought cheaper, faster, smaller biosensors one step closer to reality.
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