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Abstract

Foodborne infections are worldwide health problem with tremendous social and fi-

nancial impacts. Efforts are focused on developing accurate and reliable technologies

for detection of food contaminations in early stages preferably on-site. This thesis

focuses on interfacing engineering and biology by combining phage receptor binding

proteins (RBPs) with engineered platforms including microresonator-based biosen-

sors, magnetic particles and polymerase chain reaction (PCR) to develop bacterial

detection sensors.

We used phage RBPs as target specific bioreceptors to develop an enhanced

microresonator array for bacterial detection. These resonator beams are optimized

to feature a high natural frequency while offer large surface area for capture of

bacteria. Theoretical analysis indicates a high mass sensitivity with a threshold

for the detection of a single bacterial cell. We used phage RBPs as target specific

bioreceptors, and successfully demonstrated the application of these phage RBB-

immobilized arrays for specific detection of C. jejuni cells.

We also developed a RBP-derivatized magnetic pre-enrichment method as an

upstream sample preparation method to improve sensitivity and specificity of PCR

for detection of bacterial cells in various food samples. The combination of RBP-

based magnetic separation and real-time PCR allowed the detection of small number

of bacteria in artificially contaminated food samples without any need for time

consuming pre-enrichment step through culturing. We also looked into integration

of the RBP-based magnetic separation with PCR onto a single microfluidic lab-on-

a-chip to reduce the overall turnaround time.
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Chapter 1

Introduction

1.1 Motivation for Early Detection

Bacteria are omnipresent and thus their existence in food is natural. While the ma-

jority of bacterial strains are harmless or even beneficial to humans, several others,

being pathogenic in nature, can cause severe threats to health and safety and conse-

quentially inflict tremendous burden on our socio-economic balance and health care

systems. The Center for Disease Control and Prevention (CDC) estimates around

76 million cases of foodborne illnesses, resulting in 325,000 hospitalization and 5000

deaths annually in USA [7]. The cooking process successfully kills any potential

bacteria that are present in food, however, food styles have changed significantly

in recent years, and more processed and ready-to-eat packaged foods are available,

which increases the chance of exposure to pathogenic contamination. In addition

to direct bacterial contaminations, entertoxins can cause foodborne diseases even

when the causative bacteria have been killed. Processed meat, poultry, vegeta-

bles and milk products are among the most probable carriers of potent foodborne

pathogens, including E. coli, Salmonella, Listeria and Campylobacter jejuni and

there have been numerous incidents of product recalls across United States in past

years. E. coli O157:H7 was considered a rare serotype when first reported in 1983,

but is now one of the major causes of foodborne diseases in developed countries

[199, 253]. Food producers also experience dramatic financial losses in an incidence

of foodborne outbreak. For example, XL Food Inc. received a lawsuit of $17-million

in damage for financial and emotional loss after Canada’s largest beef recall in 2012
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[44]. Monitoring food has therefore been argued as the most important priority

towards national and international health and safety with global emphasis on rapid

and early detection of pathogen contamination in food and water.

1.2 Limitations of Available Technologies

Conventional culture methods largely rely on microbiological and biochemical anal-

ysis which involve the isolation and enumeration of bacteria through several enrich-

ment and culturing steps followed by analysis of results morphologically or biochem-

ically. Culture based methods have been the most reliable and accurate technique

for foodborne pathogen detection; and have been used for detection of wide vari-

ety of pathogens including L. monocytogenes, S. aureus, Salmonella, E. coli, C.

jejuni [57, 16, 18, 209], The main drawback of culture-based detection methods is

their slow process time (usually 2-3 days for initial results and more than a week

for confirmation), as they rely on the ability of bacteria to grow to visible colonies

[57, 16]. In addition, some bacteria may enter viable but non-culturable (VBNC)

phase resulting in failure to isolate bacteria from a contaminated sample or under-

estimation of number of bacteria [240, 188, 263]. Detection of Campylobacter takes

4-9 days to obtain a negative result and between 14 to 16 days to confirm positive

result [36]. Therefore, despite being highly accurate, these microbiological methods

are overly time consuming, cost-ineffective and non-amenable to integration for on-

site diagnosis in industrial applications. Besides, successful execution of pathogen

identification and detection by conventional methods require extensive training and

experience.

Alternative rapid but accurate methods for pathogen detection have therefore

been sought to overcome these limitations. Advances in immunological methods

such as enzyme-linked immunosorbent assay (ELISA) have paved the way towards

development of easier and quicker pathogen detection methods, relying on the recog-

nition specificity of antibodies (Abs). Immunology-based methods have been used

for detection of various pathogens such as E. coli [11, 13], Salmonella [11, 47, 154],

and Campylobacter [35, 46, 223]. Immunological methods however suffer from cross-

reactivity of polyclonal Abs, high production cost of monoclonal Abs, and need for
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sample pre-processing and pre-enrichment due to low processing sample volume and

lower limit of detection [2].

Recently, more sophisticated traditional analytical methods such as liquid/gas

chromatography coupled with mass spectrophotometry have been used for more

accurate analysis of pathogen. Although these methods have enjoyed tremendous

popularity, their feasibility towards point-of-care onsite pathogen monitoring tools

is hard to realize. Development of alternative tools for fast, accurate and sensitive

detection of pathogens has therefore been an area of continued interest to researchers

across the globe.

Nucleic acid based detection methods have found great interests in recent years

due to several features. First, any living organisms poses its own unique nucleic acids

in terms of sequence and quantity. Nucleic acids are also easy to extract, purify, label

and sequence and therefore are daily adaptable to clinical applications for sensitive

and rapid detection. However, nucleic acids extracted from microorganisms are

relatively small, and thus there is need for DNA amplification prior to detection.

Polymerase chain reaction (PCR) is a well established DNA amplification technique

that offers major advantages in terms of speed, specificity, and sensitivity [240]. PCR

amplifies a small quantity of DNA to detectable levels within relatively short assay

times. Conventional PCR methods are coupled with DNA size separation methods

such as gel electrophoresis to qualitatively detect the amplified DNA at the end

point of reaction. Quantitative real-time PCR is a newer technology that labels

DNA with fluorescent tag and can quantify the DNA concentration by measuring

the intensity of fluorescent signal.

Despite these superior features, direct identification of pathogenic microorgan-

isms in food samples is problematic. The major impediment to the realtime or

near realtime detection of foodborne pathogens is the low infectious dose ( 10- 1000

bacterial cells) of pathogenic bacteria [211]. Besides, the residual food components

and competitor microorganisms interfere with detection mechanism and reduce the

test sensitivity and specificity. Therefore, a pre-detection sample preparation step is

necessary for separation, purification and subsequently concentration of the target

bacteria from a complex food sample.

Biosensors are relatively new technologies that have been looked upon as poten-

3



tial alternatives for bacterial detection. Biosensors are analytical devices that are

composed of three parts, a target-specific bioreceptors, a transducer, and a signal

processing unit, to translate a specific bio-recognition event into a measurable sig-

nal. They have the potential for rapid and sensitive analysis with minimal sample

preparation at low cost. They also have the promise to be miniaturized to realize

portable devices for in situ real-time monitoring, thus to reduce overall turnaround

time from sample to result. Despite much progress, biosensors are still in their early

developmental stages, and there is an ongoing research to improve their sensitivity,

stability and reliability.

The conventional clinical methods for sample preparation involves lengthy pre-

enrichment steps which may take several days. Figure 1.1 outlines the steps involved

in analysis of a food sample by various popular detection methods and time involved

to reach a conclusive pathogen identity. Clearly, these lengthy sample preparation

steps are the main Achiles’ heels for rapid and real-time analysis of food samples

regardless of the detection technology.

1.3 Project Description and Scope

This dissertation aims to harness natural advantages of phage receptor binding pro-

teins (RBPs) to develop new technologies to overcome the key technological barriers

that presently limit realtime detection of bacterial contaminations in food. In order

to achieve the above objective, we first developed methods to effectively immobilize

the phage RBPs onto solid surfaces. Various derivatives of phage RBPs have been

identified and tested to study the capture efficiency and specificity. We next used

the proposed surface immobilization method to overcome major limitations associ-

ated with two detection platforms: microresonator-based biosensor and polymerase

chain reaction.

Microresonator-based biosensors are extremely sensitive, scalable and conducive

to integration into large arrays, and therefore are proposed as promising platforms

for high-throughput and label-free diagnosis. The mass sensitivities down to the

single cell have been reported for cantilever-based resonators [107]. However, this

platform lacks the specificity for recognition of target cell. Any particle landing on
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Figure 1.1: The flowchart illustrates the processing steps involved and relative time
taken in detecting a pathogen in a food sample.

the surface will result in changes in sensor response. The specificity of recognition

is usually provided by means of target-specific bioreceptors. Frequently, antibodies

have been used as recognition probes which offer some degree of selectivity and

specificity for the detection of bacteria antigens. However, they are expensive and

suffer from instabilities against environmental factors.

Bacteriophages (or phages) have been proposed as an alternative approach for

the detection of bacteria. They are viruses that attach to their host bacteria using

their tail-spike proteins to initiate infection. This recognition is highly specific,

and thus makes bacteriophages good candidates for the development of pathogen

detection sensors. Whole phages have been exploited for the development of various

detection platforms [19, 61, 166, 179, 221, 17]. However, immobilization based on
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whole phages has two main drawbacks. First, the capture efficiency is severely

impaired after drying surface-immobilized whole-phages. Secondly, overexposure to

the surface-immobilized phages leads to bacterial lysis and eventual destruction of

the captured target pathogen. Alternatively, phage TSPs have been looked upon,

and have shown to circumvent the limitations associated with whole phage probes

[218, 220] . Phage TSPs show relatively higher capture efficiency due to the smaller

size of molecules. Moreover, their affinity and binding properties can be improved

by genetically expressing desired tags on TSPs. These properties in addition to

their high level of stability make TSPs advantageous over antibodies as well as

whole-phage probes.

We leverage phage RBPs to develop an enhanced microresonator array for bacte-

rial detection. This biosensing platform features a large surface area for the capture

of bacteria with high mass sensitivity with a threshold for the detection of single

bacterium. The application of these devices for bacterial detection is studied using

finite element analysis and experimental methods. We have successfully demon-

strated the specific detection of Campylobacter jejuni cells on this RBP immobilized

microresonator array. This platform, however, is not readily suitable for realtime

applications mainly due to the challenges associated with the transportation of cells

onto the surface. Although the current ”dip and dry” format is good for quick

proof of concept studies, it is not efficient for high throughput clinical analysis as

it is lengthy, laborious and requires large amount of analytes. Besides, there is no

control over the landing position of cells which may result in cells landing on places

other than beams surface.

PCR, on the other hand, is a well established technique for nucleic acid am-

plification in clinical applications, which is a rapid, sensitive and specific. PCR is

theoretically capable of amplifying a single copy of DNA million times. An ideal

set of primers can be designed to efficiently hybridize to the target sequence with

negligible binding to other related sequences present in the sample. Therefore, PCR-

based assays in combination with DNA measurement tools provides a sensitive and

selective way of detecting small number of bacteria in samples, and thus has had a

high impact in the field of diagnostic microbiology. Despite these advantages, the

application of PCR assays for on-site food analysis is still problematic due to several
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factors.

One major impediment to the application of PCR for direct realtime analysis

of food samples is the need for sample preparation preceding the PCR assay. Food

samples are usually complex, and contain PCR inhibitory substances. For example,

the presence of Ca ions and fat in milk is known to degrade the enzyme activity and

reduce PCR sensitivity. Pre-PCR sample preparation is a complex procedure as it

needs to isolate bacteria from food sample, purify it from refractory elements, and

pre-concentrate it to very small volumes used in PCR reactions (1 µl to 10 µl). Due

to the importance of sample preparation step, a large variety of methods have been

developed [72, 131]. However, most of these methods are laborious, time-consuming

and expensive, or they do not provide the desired template quality.

Immunomagnetic separation (IMS) is shown to be an effective method for isola-

tion of bacteria from food [224]. Immunomagentic separation method is frequently

combined with PCR for the detection of foodborne bacteria in various food samples

[255, 268, 249, 118]. IMS is ideally applied to samples in an effort to eliminate

lengthy cultural enrichment steps; nonetheless, a cultural enrichment step prior to

IMS is still necessary to provide sufficient target bacteria for low limit of detection of

pathogens in foods [101, 45]. Reports also have shown that the recovery rate of IMS

methods highly depends on the target pathogen and its antigenic expression, the

binding affinity of the pathogen antigen to the available antibody, and physiochem-

ical properties of the sample matrix [59]. The specificity of capture and recovery

by IMS varies with the choice of antibody. Monoclonal antibodies are designed to

provide high degree of selectivity towards a single target epitope, but their produc-

tion is expensive. Polyclonal antibodies are cheap to produce but they suffer from

cross-reactivity with related targets. Therefore, there is a tradeoff between choosing

polyclonal versus monoclonal antibodies with respect to balancing the likelihood of

false positives versus the cost of assay when designing IMS assays [251]. Moreover,

antibodies relatively have a short shelf time. Various physical or chemical properties

of sample medium affect the expression of the target epitope(s) on a bacterial cell.

The binding affinity of antibodies towards bacterial cells may also be compromised

by the metabolic state of the bacterial cell itself [71, 84, 229].

We use phage RBPs to develop a novel phage RBP-based magnetic separation
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and pre-enrichment method as an alternative to IMS by replacing antibodies with

the bacteriophage receptor binding proteins (RBPs). To achieve these objectives,

we first identified the phage receptor binding proteins specific to the target pathogen

in collaboration with Dr. Szymanski’s group. Next, we investigated strategies to

efficiently immobilize these phage RBPs onto gold surfaces and magnetic beads.

The capture of Campylobacter jejuni cells were studied and specificity of capture

was confirmed using other pathogens as negative control. Next, we coupled the

proposed RBP-derivatized magnetic pre-enrichment method with real-time PCR.

The combination of RBP-based magnetic separation and real-time PCR improved

PCR sensitivity and allowed rapid detection of C. jejuni cells in milk and chicken

broth samples without a time consuming culture-based pre-enrichment.

Another obstacle for application of PCR for food analysis in industrial field is

the long turnaround time of the assay from sample in to answer out considering the

time required for pre-PCR sample preparation and post-PCR DNA analysis steps.

Besides, commercial PCR devices are bulky, relatively expensive, and quite slow

(1-2h run time for a single PCR) . More than 90% of total PCR assay time is spent

on temperature cycling due to large thermal mass as not only the PCR mixture but

also the whole reaction chamber needs to heat up and cool down. In the past decade,

microPCR lab-on-a-chip (LOC) devices have been extensively looked upon with a

goal of miniaturization of PCR modules and integration of pre-PCR and post-PCR

functionalities onto a single chip to realize a rapid and portable device for point-

of-care diagnosis. Miniaturization of reaction volumes typically reduces reagent

consumption, shortens analysis time and minimizes the risk of sample contamination,

and overall enhances PCR efficiency.

We looked into integration of our proposed RBP-based magnetic separation

method with PCR on a single microfluidic chip. We selected a microchip with the

potential for performing magnetic separation, PCR and capillary electrophoresis for

our study. This microchip was designed and fabricated by researchers at Applied

Miniaturization Laboratory at the University of Alberta [113, 114]. But, a criti-

cal aspect for adapting PCR technique to LOC devices is the precise and localized

temperature control for an efficient amplification. The high amplification efficiency

requires a ±1 ◦C temperature precision at each temperature stage, minimized over-
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shoot and undershoot in transitions and fast transition during temperature changes

[275]. The fundamental challenge for design of such an accurate temperature con-

troller for a microPCR LOC device is the temperature measurement without per-

turbation. Direct sensor in the micro scale reaction chamber affects heat transfer

dynamics, and increases the risk of sample contamination. Therefore, it is desirable

to estimate the temperature inside the reaction chamber based on the measured

temperature outside the chamber.

We investigated temperature control problem of a PCR microfluidic chip with

the goal to minimize the transition times in the PCR thermal cycling process and

maintain tight fluctuation limits in each of the temperature stages. We designed a

robust observer-based state feedback controller to rapidly and accurately track the

PCR profile trajectory. The total analysis time was improved 30- 50 % using this

controller. We used thermochromic liquid crystal (TLC) to verify the accuracy of

temperature setting at each stage of PCR thermal cycling.

1.4 Overview of Remaining Chapters

Chapter 2 - 5 presents background information on materials in relation to this dis-

sertation, and also summarizes key aspects of previous works. This is followed by

a breakdown of the core project into component parts. Chapter 6 describes our

method for immobilization of phage receptor binding proteins onto solid surfaces.

Chapter 7 presents an enhanced RBP-based microresonator array for derection of

pathogenic bacteria. Chapter 8 presents a novel phage RBP-derivatized magnetic

pre-enrichment method as an upstream sample preparation step. This sample prepa-

ration method is coupled with PCR to detect bacterial contaminations in food sam-

ples. We present our work progress for integration of our proposed sample prepa-

ration with PCR on a single LOC microchip in Chapter 9. Finally, Chapter 10

presents a set of concluding remarks, a look at future directions, and a summary of

main contributions of this work.

In summary, this dissertation presents the development of phage RBP-based

methods for detection of pathogenic bacteria. Coupling this technology with mi-

croresonator array biosensors and PCR enables detection of bacteria with high level
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of specificity. The proposed RBP-derivatized microresonator array offers large sur-

face area for capture of bacteria, and is theoretically capable of detection of a single

bacterial cell on entire array. However, the transportation of cells onto the resonator

surface is still a practical challenge. Moreover, the resonance quality is compromised

when these devices are operated in liquid resulting is less than optimal sensitivity.

Therefore, they are still in early developmental stages with lots of methodological

hurdles for field applications. The proposed PCR assay in conjunction with RBP-

based pre-enrichment methods, on the other hand, is sensitive, specific, and reliable

for detection of bacterial cells in food samples. The proposed RBP-based magnetic

separation technique successfully removes the PCR-inhibitory elements from food

samples and pre-concentrate target cells for PCR assays.
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Chapter 2

Background on Pathogen

Detection Methods

2.1 Laboratory-based Methods

2.1.1 Gram Staining

Gram staining is a basic bacteriological laboratory method for classification of bacte-

rial species into two groups, gram-positive and gram-negative based on the physical

properties of their cell walls. Gram stain procedures involves four steps: (1) staining

the heat fixed smear of bacterial culture with primary stain (crustal violet (CV)),

(2) addition of gram iodine, which reacts with crystal violet and adhere it to the

cell wall, (3) decolorization with alcohol or acetone, and (4) counterstaining with

safranin. Gram-positive bacteria have a thick cell wall that is rich in teichoic acid,

while gram-negative bacteria have a thin cell wall rich in lipid. The decolorizer

penetrates throughout he thin cell wall of the gram-negative bacteria and washes

away the crystal violet, resulting in pink or red colour of gram-negative bacteria.

Gram-positive bacteria appears purple as decolorizer can not penetrate the cell wall.

Gram stain test is used to identify presence of bacteria in direct smears made from

swaps, aspirates, secretions. It can also be used to identify colonies isolated from

cultures. Although gram staining is an effective diagnostic tool in clinical as well

as research applications, it is generally not as specific or informative as other tech-

niques , and thus all positive gram stain results need to be confirmed by culture
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counting or molecular methods.

2.1.2 Culture and Colony Counting

Culture and colony counting is the oldest microbiological method for bacteria de-

tection, and it is considered the gold standard for bacterial detection due to its

high reliability and accuracy. These methods rely on growing live bacterial cells

on specific media under controlled laboratory conditions, and then enumerating the

number of bacteria by using optical methods, mainly by ocular inspection. These

methods are very sensitive and relatively inexpensive. However, the entire process is

extremely time consuming and laborious. For example in the case of campylobacter,

it takes 4-9 days to obtain negative results and 14-16 days for the confirmation of

positive results.

2.1.3 Immunassays

Immunology based methods works based on antigen-antibody interaction and has

been widely used for identification of foodborne pathogens. They work based on

the principle that each bacteria have various antigens on their cell wall. Some of

these antigens are specific to certain strains of bacteria. Antibodies specific to that

certain antigens can be used to specifically recognize that specific strain of bacteria.

The most common examples of immunological based techniques are enzyme im-

munoassay (EIA) and enzyme linked immunosorbent assay (ELISA). ELISA is a

bioassay that determines the concentration of target substance through several steps

as follows:

• The primary antibodies, called recognition antibodies, are immobilized onto

the wells of a microtiter plate. These antibodies binds specifically to the target

antigen.

• The buffered solution of the sample is next introduced to each well of a mi-

crotiter plate. The target antigens (on the cell wall of bacteria) will bind to

the recognition antibodies on the wells.

• The wells are washed with a blocking agent such as bovine serum albumine to

prevent unspecific binding.
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• Secondary antibodies, called detection antibodies, are added to each well. This

secondary antibodies, usually modified with an enzyme, bind to the target

antigens upon recognition.

• The substrate for this enzyme is then introduced to the wells. The colour of

the substrate changes upon reaction with the enzyme which can be measured

with a plate reader.

Immunological methods are faster compared to conventional culture techniques.

However, they require two different antibodies specific to the target bacteria. They

also suffer from cross-reactivity of monoclonal antibodies, high production cost of

polyclonal antibodies, and need for sample pre-processing and pre-enrichment due

to small sample volume and lower limit of detection.

2.1.4 Polymerase Chain Reaction

Polymerase chain reaction (PCR) is an in vitro laboratory procedure for amplifica-

tion of specific sequence of DNA from tiny amounts by a factor of 1,000,000. This

method is promising as it amplifies the target organism rather than the signal. PCR

can detect a single copy of target DNA with high specificity, therefore, PCR offers

potential for detection of a single pathogenic bacterium. PCR shortens the analy-

sis time compared to conventional techniques and offer comparable or even better

sensitivity for detection of pathogenic microorganisms. PCR is also preferable to

immunoassays for detection of microbial pathogens because it can obtain detailed

genetic information about a particular pathogen virulence, resistance against an-

tibiotics and epidemiology [25]. Conventional PCR assays in conjunction with gel

electrophoresis DNA analysis have been widely used for detection of wide range

of foodborne pathogens such as L. monocytogenes [49, 119, 163, 202], Salmonella

[119, 186], C. jejuni [64, 267], E. coli [182, 119], S. aureus [244, 119].

In field applications, realtime PCR is more applicable as it does not require time

consuming post-PCR DNA measurement analysis with gel or capillary electrophore-

sis. Realtime PCR stains the dsDNA with fluorescent dye and monitors the increase

in fluorescent signal with the amplification of DNA during PCR. In simpler qPCR as-

say formats, a DNA intercalating dye such as SYBR Green dye was used that binds
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to minor grooves of dsDNA and fluoresces several times brighter at bound state.

There are several reports on detection of foodborne pathogens using SYBR Green

qPCR [68, 112, 165, 66]. The main drawback of SYBR Green qPCR is that it binds

to any dsDNA nonspecifically, therefore lacks the desired specificity of recognition.

This can be accounted for by running a melt curve analysis. The unspecific ampli-

fication will generate a melting curve peaks at different temperatures compared to

target amplicon. Alternatively, probe-based qPCR assays are developed to provide

the desired level of specificity and sensitivity for detection of target pathogens [40].

The TaqMan assay is the most commonly used probe-based assay. TaqMan probes

has a reporter dye at 5’ end and a quencher molecule at other end (i.e. 3’ end). The

TaqMan probe works based on fluorescence resonance energy transfer (FRET) pro-

cess in which the reporter dye’s emission is absorb by the quencher molecule when

they are in close proximity. During PCR amplification, the Taq polymerase cleaves

off the annealed probe through an 5’ - 3’ exonuclease activity, resulting in increased

fluorescence. TaqMan probe assay is highly specific, but costly to design and use

[140, 122]. There have been various reports on the use of TaqMan real time PCR for

specific detection of Salmonella [111, 155, 27], Campylobacter [207, 201, 30, 128], E.

coli [99, 175], L. monocytogenes [91].

Commercial PCR devices however have several features with respect to size,

weight, power usage and speed that make them less suitable for on-site analysis.

Ideally, PCR process can be shorten to 2.5 min ( 5s/cycle: 1s for denaturation,

1s for annealing, and 3s for extension) [257] providing precise temperature control.

However, the ramping rate in conventional devices is very slow (1 - 2 ◦C/s due to

large thermal masses, since not only the PCR mixture but also the entire reaction

chamber needs to heat up and cool down. This lead to very lengthy PCR reactions

typically in the order of 1-2 h. In addition, PCR reactions in conventional setup

requires significant amount of reagents. Microfuidic PCR devices are proposed to

miniaturize the reaction chambers and integrate other functionalities (e.g. pre-PCR

sample preparation and post-PCR analysis) onto a single chip. Microfluidic PCR

devices can achieve faster heat transfer due to a smaller thermal mass of reaction

chambers and a large surface to volume ratio.

Although PCR offers major advantages in terms of speed, specificity, and sensi-
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tivity, the widespread application of this technology for detecting bacteria in food

and environmental samples has been limited due to several methodological hurdles.

The major challenge is the possibility of generation of false negatives due to issues

associated with (1) the low infectious dose of foodborne pathogens [211], (2) assay

detection limit (theoretical limit of detection of 1 cell per reaction is usually trans-

lated into 103-104 cells per gram or per ml of food samples due to the small reaction

volumes (10-50 µL)), (3) the complexity of food sample matrix, and (4) presence

of matrix-related interfering components that may degrade or inhibit PCR enzyme

activity[203, 132, 191]. These issues decreases the limit of detection of PCR assay

to 103-104, while the detection threshold for foodborne pathogens is one cell per

25g of sample based on international standards derived from traditional detection

methods [156]. An efficient upstream sample preparation method is necessary to

isolate, purify and pre-concentrate target pathogen for downstream PCR detection.

Culture-based pre-enrichment step are successful in improving PCR sensitivity,

however they are lengthy and laborious [155, 90, 207, 178]. Target-specific ap-

proaches have been developed as pre-PCR sample preparation method that rely on

natural biological interactions between bioaffinity ligands and bacterial cell surface

receptors such as magnetic separation methods and flow cytometry. Antibodies,

nucleic acid aptamers, lectins, bacteriophage, and phage receptor binding proteins

are the widely used bioaffinity ligands that specifically recognize and bind to specific

cell surface receptors, and have the advantage of high specificity and affinity. There

are reports on successful application of each of these ligands for isolation, purifica-

tion and pre-concentration of foodborne bacteria to improve the sensitivity of PCR

assays [31, 14, 26]. However, as will be discussed later, each of these methods suffer

from a practical hurdle that limits their application [59]. Therefore, there is still

great interest in developing better alternatives to overcome these limitations.

Immunomagnetic separation in conjunction with PCR has been tested for detec-

tion of many foodborne pathogens such as S. enterica in milk (1 cfu/ml), ground

beef (25 cfu/25g), and alfalfa sprouts(1.5 cfu/25g) within 13h [31], E. coli in ground

beef (1.3 ×104 cells/g) [67], and L. monocytogenes in milk [14]. Overall, the capture

and recovery efficiency of IMS methods highly depends on the sample matrix, target

pathogen and its antigenic expression, and the affinity of antibody to its antigen.
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The short shelf time of antibodies as a result of changes in environmental condition

is another major challenge for the application of IMS. Phage or phage receptor bind-

ing protein mediated magnetic separation methods have been recently looked upon

with the promise to overcome the challenges associated with the available methods

[63, 28, 124].

2.2 Biosensors

Rapid monitoring of food products with high levels of reliability, sensitivity and

selectivity is critical for inspection of food products in industrial firms considering

the short shelf time of products and low infection dose of foodborne pathogens.

Biosensors have found great interests; and efforts have been focused on optimizing

the biosensor transducers to improve the detection sensitivity. Bioprobes have been

combined with various analytical methods to provide the specificity of recognition.

We will review the biosensor transduction platforms that have been successfully em-

ployed for specific detection of foodborne pathogens. Table 2.1 summarizes various

organisms that have been detected with these detection platforms.

2.2.1 Optical Biosensors

Optical biosensors are rapid, sensitive, and adaptable to a wide variety of assay

conditions, and have been widely investigated for bacterial pathogen detection. Op-

tical techniques are divided into two main subcategories based on their working

principles, labeled and label-free, The most commonly employed techniques for bac-

terial detection are surface Plasmon resonance (SPR), fluorescence/phosphorescence

spectrometry and bio/chemiluminescence. In the following section, we will focus on

optical biosensors that are employed for detection of foodborne pathogens.

Surface Plasmon Resonance Sensors

Surface Plasmon Resonance is the oscillation phenomenon that occurs at the inter-

face between two media with oppositely charged dielectric constants. SPR sensors

monitor events happening at surfaces and interfaces by excitation of plasmons by

light in thin metal films, which generates evanescent electromagnetic wave. These
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evanescent waves propagate along the interface between metal film and the ambient

medium [208]. SPR sensors measure the refractive index near the sensor surface that

changes as a result of interaction of target analyte in solution with receptors on trans-

ducer surface. SPR has been widely used for real-time monitoring of biochemical

interactions of small analyte such as DNA hybridization, cell-ligand, protein-peptide,

and protein-lipid. SPR systems have also been modified to enable the direct label-

free detection of larger biomarkers such as bacterial pathogens. Successful detec-

tion of pathogenic bacteria has been reported on antibody-immobilized SPR sensors

[236, 177]. Bacteriophages-based probes have also been immobilized on SPR sensors

and successful detection of S. aureus[19] , E. coli K12 [17], E. coli O157:H7 and

methicillin-resistant Staphylococcus aureus (MRSA) [235] has been reported. The

limit of detection was typically in the range of 102 to 103 cfu ml−1. Bacteriophage

receptor binding proteins have also been used as biorecognition probes on SPR. For

example, Singh et al. immobilized genetically engineered tailspike proteins (TSP)

from P22 bacteriophag S. aureus e and Campylobacter bacteriophage NCTC 12673

onto the gold-coated SPR plates, and demonstrated a selective real-time detection

of Salmonella and Campylobacter jejuni bacteria with the LOD of 103 cfu ml−1 and

102 cfu ml−1 of bacteria, respectively [220, 219]. Recently, some efforts have been

focused to simplify the bacterial detection with SPR to protein-protein interaction

by combining a subtractive inhibition assay with a SPR immunosensor, and success-

ful detection of E. coli O157:H7 cells [274] and Listeria monocytogenes [138] have

been reported. In this method the target bacteria are incubated in antibodies for

short amount of time, and then the cells bound to antibodies are separated from

unbound antibodies by stepwise centrifugation. The remaining free antibodies are

exposed to the surface of antibody immobilized SPR sensor chip and the general

response is inversely proportional to the bacterial cell concentration. The lowest

limit of detection reported is 3 × 104 cfu ml−1.

Bioluminesence Sensors

Bioluminescence assays quantitatively detects bacteria by measuring the level of

light emission from interacellular components. This assay involves two major steps of

bacterial cell lysis for release of interacellular components, followed by measuring the
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content level using a bioluminescent reaction with luciferase. The major drawback of

this technique is the lack of specificity. Using lytic phage specific to target bacteria as

a recognition probe overcomes this limitation. Blasco et al. demonstrated successful

detection of E. coli and Salmonella newport combining an ATP bioluminescence

assay with lytic phage as bioprobe and lysis agent [32]. Ten- to 100-fold better

sensitivity was reported when adenylate kinase (AK) was used as an alternative cell

marker, and fewer than 104 cfu ml−1 E. coli could be detected in less than 1 h [32].

A similar assay for Salmonella was slower and took up to 2 h [32]. Wu et al. showed

that various factors such as the bacterial type, the growth stage, the phage type,

and the infection time influence the amount of released AK form bacterial cells [260].

The use of lytic phage as biorecognition probe provides sensitivity and eliminates

the need for lengthy conventional microbiological methods and selective media.

Fluorescent Bioassay

Fluorescent bioassay is a sensitive and selective detection method that involves stain-

ing bacteria with fluorescence labels. For example, the fluorescently stained bacte-

riophages are used to recognize and bind to their host bacteria. The flow cytometry

or epifluorescent filter techniques are then used to detect the complex of phage-

bacteria with the average sensitivity of around 102 - 103 cfu ml−1 for epifluorescent

microscopy and is 104 cfu ml−1 for flow cytometric detection [136, 92, 93]. This tech-

nique is further combined with immunomagnetic separation method, and improved

the detection limit to 10 - 102 cfu ml−1E. coli O157:H7 in artificially contaminated

milk after 10 h enrichment [79] and 104 cfu ml−1 concentration of E. coli O157:H7

in broth [78].

Edgar et al. [61] and Yim et al. [273] further improved the sensitivity of this

approach by tagging bacteriophage with fluorescent quantum dots (QD). QD im-

proves the sensitivity of detection platforms such as flow cytometry and epifluores-

cence microscopy by boosting the intensity and stability of fluorescent signal. The

streptavidin coated QDs were bound to the head of bacteriophage modified with

biotin binding peptide. This method enabled detection of as low as 20 E. coli cells

in 1 ml water sample in 1 h [61]. The fluorescent assays have also been used for

detection of bacterial toxins. Goldman et al. applied phage display to select a 12-
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mer peptide that could bind to Staphylococcal enterotoxin B (SEB), which causes

food poisoning [76]. They could detect as low as 1.4 ng of SEB per sample well in a

fluorescence-based immunoassay using a fluorescently labeled SEB-binding phages.

Array biosensors were also developed based on a similar principle to simultaneously

detect Bacillus globigii, MS2 phage and SEB [204].

2.2.2 Electrochemical Biosensors

Amperometric Biosensors

Amperometric biosensors usually rely on enzyme-based system that converts the

analyte to a electrochemically active product that can be reduced or oxidized at a

working electrode. They are usually composed of a pair of reference and working

electrodes. They apply a bias voltage between two electrodes to generate a current

through analyte that directly depends on the rate of electron transfer, which changes

with variation in ionic concentration of analyte. Various amperometric biosensors

are developed for detection of foodborne pathogens including phage-based, micro-

bial methabolism-based, and antibody-based biosensors. Phage-based amperometric

sensors work based on the principle that the overexposure of phages to bacterial cells

results in bacteria lysis leading to release of bacteria cell content, such as enzyme,

into the surrounding medium. This enzymatic activity can be measured and quan-

tified using specific substrate. The product of the reaction between substrate and

enzyme is oxidized at the carbon anode at the reference electrode, producing a cur-

rent. Neufeld et al. combined amperometric technique with phage typing for specific

detection of E. coli K12, Mycrobacterium smegmatis, and Bacillus cereous bacteria

[169]. They could achieve limit of detection of 1 cfu ml−1 within 68 h using this

technique in combination with filtration and pre-incubation before infecting bacteria

with phage.

Amperometric biosensors are also employed to detect bacteria by monitoring

a specific metabolic process. Ruan et al. developed a new in situ method for

monitoring of Salmonella typhimurium in selective media by measuring the oxygen

reduction peak on a gold electrode surface using electrochemical cyclic voltammetry

during proliferation of bacteria [205]. The growth of S. typhimurium in selective
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media consumes oxygen dissolved in medium causing a sharp decrease in the oxy-

gen peak current at a time, termed the detection time (threshold value), during

the growth of bacteria. They could successfully detect 1-2×100 and 1-2×106 cells

per mL of viable Salmonella in 10 and 2.1 h, respectively [205]. Antibody-based

amperometric sensors immobilize antibodies specific to bacteria directly on an elec-

trode surface. Croci et al. [54] used 3, 3, 5, 5- tetramethyl-benzidine as a substrate

to measure the activity of horseradish peroxidase as label enzyme for detection

of Salmonella in artificially contaminated pork, chicken and beef. Abu-rabeah et

al. reported a double layered amperometric immunosensor for detection of E.coli,

consisting of a polypyrrole-NH2-anti-E.coli antibody (PAE) inner layer followed by

an alginate-polypyrrole (Alg-Pply) outer packing layer. Presence of bacterial en-

zyme, p-aminophenyl β-D-galactropyranoside (PAPG), β-D-galactosidase produces

the p-aminophenol (PAP) product resulting in an amperometric signal. The low

limit of detection of 10 cfu/ml is reported with this technique [12]. A disposable

amperometric magnetoimmunosensor was developed for detection of Staphyloccocal

protein A and Staphylococcus aureus (S. aureus) with very low limit of detection (1

cfu/ml of raw milk sample). This assay involved immobilization of anti-protein A

antibody onto protein A-functionalized magnetic beads, followed by a competitive

immunoassay involving protein A labeled with HRP. The modified magnetic beads

were captured on the surface of tetrahiafulvalene-modified Au/ SPEs and the amper-

ometic response was obtained with respect to the silver pseudo-reference electrode

of the Au/SPE after the addition of H2O2 [56].

Impedimetric Biosensors

Electrochemical impedance spectroscopy (EIS) biosensors monitor biomolecular in-

teractions by measuring the resulting changes in impedance over a range of frequen-

cies. For example, EIS bacterial biosensors monitores the changes in the solution-

electrode interface due to the capture of microorganisms on the sensor surface. The

capture of target analyte such as bacteria on sensor increases the insulation re-

sulting in increase in the impedance. Shabani et al. [214] and Mejri et al. [158]

developed a EIS bacterial detection platform by by immobilizing T4 phage onto the

functionalized screen-printed carbon electrode, and showed specific detection of E.
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coli bacteria with limit of detection of approximately 104 cfu ml−1. Although EIS

offers label-free detection of pathogens compared to amperometry technique, its ap-

plication for pathogen detection is limited due to its lower detection limit compared

to other techniques.

Potentiometric Biosensors

Potentiometry is the simplest, most widespread and most field portable method

among electrochemical techniques. It allows the determination of various ions in the

wide range of concentrations and requires inexpensive equipments. Potentiometric

solid-state electrodes have been used for bioanalysis in liquid samples. Carbon

nanotube and aptamer-based potentiometric biosensors have been used for detection

of 1cfu Salmonella Typhi in 5mL of buffered sample in less than 1 min [278] or 12

cfu of E. coli in 2 mL of milk in a couple of minutes [280], and 8 × 102 cfu/mL of S.

aureus in a couple of minutes [279]. Recently, chemically modified graphene-based

aptasensor was reported for detection of a single cfu/mL of S. aureus in near realtime

[94]. The application of these aptasensors in real samples with complex matrices

however requires filtration prior to analysis to remove undesired electroactive species

within the original matrix [94]. Otherwise, the results may not be accurate.

2.2.3 Micromechanical Biosensors

Quartz Crystal Microbalance Biosensors

Quartz crystal microbalance (QCM) sensors are very sensitive with capability for

detection of nanogram changes in mass. A QCM sensor is composed of two metallic

electrodes coated on two sides of a thin piezoelectric plate. Applying an electrical

field across the quartz crystal excites the mechanical resonance. The fundamental

wavelength (λ) and resonance wavelength (λ = 2d/n) are determined based on the

plate thickness d, and thus the corresponding resonant frequency:

fn = n.f0 =
n.ν

2d
(2.1)

where ν is the sound velocity, and f0, fn are the fundamental and the nth

overtone resonant frequency, respectively. The resonance frequency shifts to lower
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frequencies after adsorption of mass onto the electrode surface. The rate of frequency

change is proportional to the adsorbed mass with uniform distribution according to

the Sauerbrey Equation:

∆f =
−2f2

0∆m

A(µρ)
1
2

(2.2)

in which µ is the shear modulus of quartz (2.947 × 1011 gcm−1s−2), A is the

piezoelectrically active crystal area, and ρ is the density of the quartz (2.648 gcm−3).

QCM sensors are used to measure the mass of various target analytes by immobiliz-

ing specific probes on a sensor surface. Bacteriophage probes are immobilized onto

QCM sensors for specific detection of bacteria. Olsen et al. developed a sensitive

platform for rapid detection of Salmonella typhimurium by physical adsorption of

3 × 1010 phagescm−2 on piezoelectric transducer surface. This phage-immobilized

QCM sensor had a low detection limit of 102 cells ml−1 with a wide linear range of

10 - 107 cells ml−1 and a rapid response time of less than 180 s [179].

Magnetoelastic Sensors

Magnetoelastic sensors are mechanical oscillators that are excited with an AC mag-

netic field. The sensor resonates when the applied field frequency equals the natural

frequency of sensors. The fundamental resonant frequency of longitudinal oscilla-

tions is given by:

f =

√
E

ρ(1− ν2)

1

2L
(2.3)

where E is the Youngs modulus of elasticity, ρ the density of the sensor material,

ν the Poissons ratio, and L is the long dimension of the sensor. The mechanical

oscillation is damped when non-magnetoelastic material are added to the sensor

surface resulting in frequency shift:

∆f = −f

2

∆m

M
(2.4)

where f is the initial resonance frequency, M the initial mass, ∆m (smaller than

M) the mass change and ∆f is the shift in the resonant frequency of the sensor. The
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response of the magnetoelastic sensors can be measured wireless, making the real-

time and in vivo bio-detection feasible. Filamentous bacteriophages are immobilized

on magnetoelastic sensors for the detection of various bacteria including Salmonella

typhimurium and Bacillus anthracis spores in different food matrixes such as fat

free milk, and fresh tomato [129, 129, 130]. The limit of detection was typically in

the range of 103 cfu ml−1.

Cantilever-based Sensors

Cantilever sensors are a class of micro mechanical sensors which hold promises as

label-free, sensitive, portable, inexpensive sensors with potential for integration into

large arrays for parallel, high throughput analysis of samples. Cantilevers are used

in two modes: the static mode and the dynamic mode. The static mode cantilevers

measures the changes in the cantilever deflection caused by differential surface stress

upon adsorption of target analyses. The resonant mode (i.e. dynamic mode) can-

tilevers rely on the shifts in resonant frequency caused by mass changes. Can-

tilever sensors have been used to measure mass of various cells and biomolecules

[38, 264, 157, 281, 82, 42, 172, 74, 142] with mass sensitivities down to the single

cell level [107].

The resonant mode cantilevers measure the binding induced changes in mass di-

rectly, however the interference from the sensing medium (e.g. effects such as viscous

damping) can strongly effect the sensors response. The static mode cantilevers are

usually not influenced by surrounding medium as long as the cantilever deflection

can be measured accurately. The theory behind resonant mode cantilever will be

discussed in detail in chapter 3

2.3 Lab-on-a-Chip technology for Pathogen Detection

In the past decade, developments in microfluidic technology led to introduction

of lab-on-a-chip (LOC) devices which miniaturize and integrate several chemical

and biological assays on a single chip. Integrated LOC devices offer major advan-

tages such as rapid analysis, lower cost, smaller reagent consumption, and lower

turnaround time. These features make them favourable for point-of-care (POC)
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applications. Various laboratory-based methods for pathogen detection are minia-

turized into microfluidic LOC devices. Microfluidic PCR devices were introduced

in the early 1990s [171]. Integrating PCR onto microfluidic devices reduces the size

of amplification reaction chamber to micro/nano scale and increases the surface to

volume ratio, thus yields lower thermal capacities and a higher heat transfer rates

leading to faster amplification ( 5-10 minutes) compared to the conventional PCR

systems (30 min - 2h). Initially, silicon microstructures were proposed with rapid

ramp rates in the order of ≈ 4 ◦C/s for cooling and ≈ 6 ◦C/s for heating, and

rapid thermal cycling in the order of 30 s/cycle [217, 170, 237] and even 17 s/cycle

[25] were achieved. In such devices, the dwell times of denaturation and annealing

steps were reduced to 1 - 5 s and realtime TaqMan PCR assay was performed in

7 min [25]. Glass microchips with non-contact infrared-mediated thermal cycling

was also reported with fast heating and cooling rates of 10 ◦C/s and 20 ◦C/s [176]

and even faster of 67 ◦C/s and 53 ◦C/s [225]. Droplet-based microfluidics have

also been looked upon for development of microbial detection platforms. Heyries et

al. presented a microfluidic ”megapixel” digital PCR device that employs surface

tension-based sample partitioning and dehydration control to enable high-fidelity

single DNA molecule amplification in 1,000,000 reactors of pico litre volume with

densities up to 440,000 reactors cm−2[95]. They reported a dynamic range of 107,

single-nuceotide-variant detection below one copy per 100,000 wild type sequence.

Their devices could also achieve the discrimination of a 1% difference in chromosome

copy number [95]. The droplet-based microfluidic devices hold promise for the devel-

opment of universal and programmable microfluidic devices. Leung et al. presented

a versatile microfluidic device that enables the execution of different experiments as

well as independent recovery of reaction products, through simple reprogramming

of device operation [139].

Detection methods are also miniaturized and integrated onto microfluidic PCR

devices. Capillary gel electrophoresis [114, 148, 60, 100, 117, 276] and fluorescence

detection [170, 51, 115, 134, 145, 144] are the most common techniques for mea-

surement of amplified DNA products that have been integrated within microfluidic

PCR systems. The capillary electrophoresis (CGE) is an alternative technique for

conventional slab gel electrophoresis. This technique is suitable for integration with
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PCR microchips for practical DNA/PCR product analysis. CGE offers excellent

performance due to fast separation and detection, reduced risk of contamination

due to minimum manual sample handling and transportation, and high sensitivity

and capability for quantification of results. Fluorescence detection has also been

implemented in microfluidic devices to realize realtime PCR using two common

methods. The first one uses fluorescent dye to intercalate with dsDNA and to emit

fluorescence. The intensity of fluorescent signal is in direct relationship with the

amount of dsDNA (e.g. amplified DNA/ PCR product). The second fluorescence

measurement method is based on using a spectrometer with continuous spectral

dispersion and a linear charge-coupled-device (CCD) array detector during thermal

cycling in a realtime PCR machine.

Further efforts have been expanded so far as to integration of sample prepara-

tion modules along with detection methods on a single LOC device. The common

approaches for separation of cells, bacteria, viruses from clinical samples are hydro-

dynamic forces [102, 206, 261, 265, 270, 271], microfilteration [52, 213, 243, 256, 259,

266], acoustic forces [133, 262], dielectrophoretic (DEP) forces [23, 24, 70, 86, 147],

and magnetic separators [69, 141, 258, 200]. Cell lysis is also a very critical step for

extraction of nucleic acids for variety of applications. Various microfluidic devices

are also developed to perform cell lysis including chemical, thermal, laser, ultrasonic,

mechanical, electrical and electrochemical approaches. DNA/RNA extraction is an-

other important step in molecular biology which has been integrated in microfluidic

devices based on DEP forces or magnetic beads. The sample pre-treatment is cru-

cial for successful DNA based detection as it increases the limit of detection of the

sensing system. White et al. presented a fully-integrated microlfuidic device capable

of performing high-percision RT-qPCR measurements of gene expression from hun-

dreds of single cells per run. Their proposed device performs all steps of single-cell

processing including cell capture, cell lysis, reverse transcription, and quantitative

PCR on a single chip [254]. Miniaturization of these processes significantly reduces

the required sample volume and processing time.

Microfluidic systems have been used for identification of various pathogens such

as Listeria monocytogenen. Shu et al. developed an integrated microfluidic plat-

form for detection of low level of Listeria monocytogenen (around 0.2 copies/µL
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of genomic DNA) with a single phase continuous-flow nested PCR strategy [216].

An integrated microfluidic device capable of monoazide pre-treatment and PCR

was developed for rapid detection of live methicillin-resistant Staphylococcus aureus

(MRSA) [150]. Chen et al. reported a complex polycarbonate microfluidic system for

saliva-based bacterial detection. The microfluidic chip contains a fluidic network for

cell lysis, DNA extraction, PCR, and labelling of PCR product with phosphor parti-

cles for detection on the lateral flow strip [50]. Simultaneous detection of Salmonella

enterica, Eschericha coli O157:H7, Listeria monocytogenes was reported using an

oscillatory-flow multiplex PCR microfluidic device [248]. These reports shows that

microfluidic systems are promising for detection of bacteria, however, the detection

is mainly limited to clean samples using purified genomic DNA.

2.4 Biomarkers

Biomarkers are vital for specific identification of biological species. Ideal attributes

of any recognition element would be high stability, ease of immobilization on sen-

sor platform and recognition specificity towards host with minimum cross-reactivity

from interfering pathogens. The popular bio-probes that have been employed for

pathogen detection are nucleic acids, antibodies, whole phages, phage-display pep-

tides (PDPs) and most recently phages receptor binding proteins (RBPs).

2.4.1 Nucleic Acids

The fundamental principle behind nucleic acid based detection lies in the sequence

complementarity. The careful choice of probe is essential to maintain specificity

of detection. Deoxyribonucleic acid (DNA), ribonucleic acid (RNA), peptide nu-

cleic acids (PNAs) and locked nucleic acids (LNA) are the molecular probes that

have been explored for such applications. The major advantage of using DNA-

based probes is the ability to amplify a desired target DNA sequence from the host

pathogen using PCR and consequently augment the signal generated by the biosen-

sor in the event of hybridization on the detection platform. RNA could similarly

be amplified by reverse transcription PCR (RT-PCR) using RNA polymerase en-

zymes to similar effect. Alternatively, PNAs are pseudopeptide DNA mimics that
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show high binding affinity to DNA or RNA by sequence-specific complementary

base pairing. LNA s are modified RNA nucleotides with an extra bridge connecting

the 2’ oxygen and 4’ carbon. LNAs have better hybridization properties since the

locked ribose conformation enhances base staking and backbone pre-organization.

They are therefore looked upon as attractive substitutes for DNA- or RNA-based

probes due to their improved binding characteristics and better stability against

physical, chemical and biological degradation. The use of PNAs as biological probes

for pathogen detection is a relatively new but rapidly growing area of investigation

but their application is limited due to the high cost involved in the synthesis of

these probes. DNA and RNA based detection approach therefore is simple, stable,

versatile, rapid and cost-effective. Besides, the development of microarray technol-

ogy [277] and multiplex-PCR [234] provides opportunities for detection of several

pathogens simultaneously in complex food matrices. In addition, nucleic acid-based

probes (especially DNA) are highly stable in a variety of solvents [33] and buffers,

which facilitates their application in a wider range of food samples. The advance-

ment in the nucleic acid-based probe technology has led to several commercialized

products for pathogen detection mostly for clinically relevant samples.

Though nucleic acid hybridization-based detection systems are tremendously

popular for pathogen identification, they have several drawbacks that limit their

application. PCR-based amplification methods rely heavily on the purity of the

template nucleic acid and are therefore prone to contaminations that would amplify

and result in false positives. Similarly, degradation of the template nucleic acid

could also result in a false negative result. One such product, LCx (Abbott Labora-

tories, Abbott Park, IL, USA), a ligase chain reaction based system for Chlamydia

detection was pulled from the market in 2003 due to problems with reproducibility

of results [80]. Nucleic Acid Hybridization (NAH) detection systems are also inca-

pable of predicting the viability of the bacteria and thus the true bacterial load in

a sample. Besides, these systems cannot be used to detect toxins produced by cer-

tain bacteria in a food sample. Despite these limitations, NAH-based systems have

enjoyed considerable success and have been extensively studied. A details account

of nucleic acid based detection system has been reviewed [161] and is recommended

to the readers.
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2.4.2 Antibodies

Antibodies have been extensively explored as bio-probes for pathogen detection and

monitoring due to the ease of their immobilization on biosensor surface and high level

of specificity (kd 1071011) towards their target. Polyclonal and monoclonal Abs,

Abs fragments, recombinant Abs and llama bodies have been successfully employed

for detection of pathogens, their spores as well as toxins. They have also been si-

multaneously used for immune-magnetic separation of pathogens during sample pro-

cessing for pre-enrichment and pre-concentration [81]. Enzyme-linked immunosor-

bent assay (ELISA) is the most commonly used method for Ab-based detection,

though they have been successfully integrated on other biosensor platforms as well.

The PCR-based target amplification and ELISA-based detection specificity have

also been combined as PCR-ELISA to attain improved detection limits. Perelle et

al.. demonstrated that PCR-ELISA could be successfully employed to detect five

Salmonella cells in milk or meat samples of 25 g size [185]. Abs have similarly been

integrated into optical [97], electrochemical [180], mass-based [232], magnetic [162],

surface-acoustic wave (SAW) [29] and cantilevers [42] based platform for detection

of pathogen mostly in clinical samples though there is a dearth of commercialized

systems for analysis of food samples. Abs as bio-probes however suffer from several

drawbacks that limit their application. They are highly prone to physical (temper-

ature, pH), chemical and enzymatic damage. They have to be stored in a controlled

refrigerated environment and even then the shelf life is low, limiting their applica-

tion in in situ conditions outside the lab. Polyclonal Abs have several recognition

epitopes and thus show cross-reactivity, while monoclonal antibodies, though spe-

cific to a single epitope, involve high production costs. Production of the Abs also

involves immunization of animals, which poses ethical issues with their application.

Stability of the Abs at higher temperature has been addressed to some extent by

production of llama bodies, which are truncated Abs with single heavy chain (VH)

with small antigen binding site and lack light chain (VL) [85]. These llama bodies

have been found to be stable up to 90 ◦C and their engineered clones have been suc-

cessfully applied in pathogen detection [75, 241]. Phage display Abs is yet another

approach that overcomes several shortcomings of conventional Abs, which will be
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discussed in detailed in the next section. Byrne et al.. have recently reviewed the

principles, problems and potential applications of Ab-based sensors for detection of

pathogens and toxins [4]. Table 2 provides a list of some commercially available

kits for the detection of foodborne pathogens along with the method of detection,

company name, product name and limit of detection if available.

2.4.3 Bacteriophage

Phages are obligate parasites that lack their own metabolic machinery. They use

their bacterial hosts for multiplication and propagation of mature virions. Most

phages recognize their host very specifically to the strain level of bacteria, with few

exceptions, such as Listeria phage A511 that identifies, binds and kills within an en-

tire genus [282] while some phages show inter-species binding capability. Phages bind

to their host bacteria, inject their DNA and take over the host machinery to propa-

gate new virions that lyse the bacteria to infect new host (lytic phages) or integrate

their genome into the host DNA, remain dormant until stimulated for replication

and propagation (lysogenic phage). With an estimated pool of 1031 phages existing

in the environment, this provides a unique class of recognition elements that can be

exploited not only for bacterial identification and binding on biosensor surface but

also as therapeutic biocontrol agents. Structure and anatomy of bacteriophage as

well as phage-based recognition elements that have been employed as bio-probe on

sensor platforms for pathogen detection will be described in details in 5.4.3.

2.5 Sample Preparation

The application of many detection methods for analysis of food samples is usually

problematic due to the complexity of food samples and presence of various interfer-

ing components. In addition, the contaminating dose of pathogenic bacteria in food

products is usually very low (10-1000 cells) and barely reaches the limit of detection

of rapid technologies. These issues reduces test specificity and sensitivity and leads

to less than optimal detection results. Traditionally, lengthy cultural enrichment

steps are included to overcome these limitations. However, the ultimate objective

of new detection technologies is to shorten the analysis time which is not possible
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with such lengthy pre-enrichment processes.Efforts have been focused on developing

better sample preparation techniques. An efficient sample preparation process ad-

dresses several important issues: (1) it separates target pathogens from a complex

food sample, (2) removes matrix-associated inhibitory factors, (3) ideally recovers all

of the pathogens without any cell disruption, and (4) pre-concentrate the recovered

pathogens to the concentrations suitable with downstream assays. Various sample

preparation methods are investigated with the goal to achieve high recovery of target

bacteria and removal of interfering components. Some of the common techniques

are chemical methods based on adsorption and desorption of bacterial cell walls to

solid surfaces such as biofilms, lectins, and ion exchange resins, physical separation

methods such as centrifugation, filtration and dilution, or the combination of two

methods called physico-chemical methods using metal hydroxide. Magnetic sepa-

ration methods are yet another approach that immobilizes biomarkers on magnetic

particles for recognition and separation of bacteria from crude samples.

2.5.1 Chemical Methods

Bacterial cells are adsorbed to food particulates by cell wall constituents including

proteins and carbohydrate. Chemical methods disrupts the attractive force between

the bacterial cells and the food components to separate bacteria from food samples.

Most microorganisms have a net negative charge and therefore they can be ab-

sorbed to positively charged compounds. Solid surfaces such as ion exchange resins

and lectins are used to separate target microorganisms. In the next step, the ab-

sorbed substances are eluted from the solid surface by a reversible physicochemical

interaction between pathogen surface and the solid matrix such as pH manipula-

tion. Chemical methods are rapid and inexpensive, but sample pre-treatments are

necessary to remove debris. In addition, they are generally not specific to the target

microorganism and the pH manipulations needed for elution of adsorbed destroys

cell viability. Jacobsen et al. used ion exchange resins in combination with differ-

ential centrifugation to recover Pseudomonas cepacia from soil and reported 35 %

recovery rate [108].
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2.5.2 Physical Methods

Centrifugation is the most common physical separation method that uses the cen-

trifugal force to drive particles suspended in liquid medium to sediment. The sed-

imentation rate depends on variety of physical factors including particle diameter,

particle density, solution entity, volume, angle, and speed of rotation. The sedimen-

tation rate also depends on the solution viscosity and gravitational force. Various

centrifugation methods are developed by manipulating solution density, particle size,

and rotational speed. High speed centrifugation (9000× g) was used to isolate E.coli,

Listeria, Salmonella from seafood and soft cheese [250]. Differential centrifugation

(i.e. low speed centrifugation (≤ 1,000 × g) followed by high speed centrifugation

(≥ 8,000 × g) was also used to separate Listeria from meat homogenate [167] and

E. coli from soft cheese [159]. Separation by means of centrifugation is rapid, simple

and inexpensive, however, this method is not specific, and in most cases not effi-

cient as bacteria adhere to and sediment with the matrix component. In addition,

bacterial cells are usually damaged during centrifugation due shear force [230].

Filtration is another physical method that separate bacteria and inhibitors based

on either solubility of molecular weight. Iso-Grid (Neogen Corporation, Lansing, MI)

is a commercial method that uses dual filtration procedure for separation and quan-

tification of microorganisms. First, a 5 µm, pre-filter is used to remove gross food

particlulates. The sample is then passed through 0.45 µm hydrophobic, grid filter

which is designed to minimize the spread of colonies and is divided into sections

of a known area to facilitate counting after incubation on the surface of agar plate

[183]. Iso-Grid methods are available for E. coli, Salmonella, Listeria, etc. Elec-

tropositively charged filters are also used for bacterial separation. Although bacteria

adsorbs to these filters quite efficiently since bacteria have a net negative charge,

adsorption rates are relatively poor. Thomas et al. used this method for recovery of

yeast and lactic acid bacteria from wine and beverages [238]. Overall, filtration has

not been a successful method for bacterial concentration from food samples because

large particles tend to clog the filters. In addition, some components of food ma-

trix also tend to concentrate with the bacteria that are inhibitory for downstream

applications such as PCR. More importantly, some number of bacteria may attach
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to the upper surface of the filter or may trap in filter pores, and the recovery of

the microorganisms from filter is almost always incomplete which may result in un-

derestimate of bacterial load. Moreover, the filtration process usually impairs the

ability of microorganisms to grow on solid media.

2.5.3 Physico-chemical Methods

One of the efficient techniques for separation and concentration of bacteria com-

bines physical and chemical principles using metal hydroxides. This method adds

high molecular weight charged material to bridge oppositely charged particles to pro-

duce a loose aggregate. This aggregate is simply removed by physical methods such

as low speed centrifugation. Kennedy et al. first proposed the use of titanous and

zirconium hydroxide to immobilize bacterial cells to eliminate tedious enzyme pu-

rification procedures for use in enzymatic assays [116]. Ibrahim et al. later reported

the use of titanous hydroxide to immobilize and recover various gram-negative and

gram-positive organisms organisms with recovery rates varying from 90-98% [104].

Later, they employed a similar immobilization platform for solid-phase ELISA de-

tection of Salmonella, and demonstrated 100- to 160- fold improvement in limit

of detection when applied to food enrichment broth [105]. Overall, bacterial im-

mobilization and isolation using metal hydroxide is easy, rapid, and inexpensive.

Recovered bacteria usually reserve their viability. Since the introduction of the

method, it has been coupled with various detection methods such as culture and

colony counting and RT-PCR after RNA extraction [153]. Cullison et al. coupled

magnetized carbonyl iron to zirconium hydroxide suspension to facilitate magnetic

separation of hydroxide-bacteria complexes without the need for any centrifugation

steps [55].

2.5.4 Magnetic Separation

Magnetic separation of cells offers several advantages over other sample preparation

techniques. Throughout magnetic separation, the target cells are isolated directly

from crude samples such as food, water, stool, blood, etc in relatively fast and simple

process. This method allows selective separation of desired bacteria due to the large

difference between the permeability of magnetic particles and non-magnetic com-
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ponents. In addition, magnetic separation technique is generally a gentle process,

and does not disrupt delicate bacterial cells during sample preparation, and the re-

covered cells by magnetic separation are usually unchanged, pure, and viable. This

technique does not require too much handling, costly equipments, or expensive con-

sumables, and therefore can be easily integrated into automated or semiautomated

platforms for high throughput preparation of multiple samples.

The particles used magnetic separation of bacteria are usually on the order of a

cell diameter (1 - 5 µm). These particles are typically superparamagnetic, meaning

that they only show magnetic properties in presence of an external magnetic field.

Therefore, these particles can be suspended in homogeneous mixture without at-

tracting to each other in the absence of an external magnetic field. The fine grains

of iron oxides are dispersed inside a polymer shell to eliminate direct exposure of

cells to iron. The polymer surface chemistry is usually modified to provide linking

agents.

The typical magnetic separation process for isolation of target cells consists of

three fundamental steps:

• The magnetic particles are coated with target-specific biorecogontion probes.

Antibodies are the most commonly used agents for this purpose. However,

they suffer from several limitations as will be discussed later. Therefore, there

is need to find better bioreceptors alternatives for immobilization of magnetic

particles for purification of cells from various matrixes.

• The functionalized magnetic particles are incubated in the suspension contain-

ing the cells of interest usually for 30- 60 min to allow interaction between cells

and bioreceptors. The cell-magnetic particle clusters are then separated using

an appropriate magnetic separator and the supernatant is discarded.

• The cell-magentic particle complex are then washed in buffered solutions to

remove unwanted contaminant or loosely bound cells. The cell-bead clusters

are resuspended in a small volume of buffer for later analysis.

Immunomagnetic separation (IMS) is the most widely studied sample prepara-

tion method that uses antibody coated magnetic beads for isolation of bacterial
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cells from different samples. IMS has been combined with PCR for the detection

of various pathogens such as Salmonella [198, 31], L. monocytogenes [242, 268, 65],

and E. coli [135, 67] in different food samples such as dairy [65, 268, 242, 31], egg

products [198], and meat samples [101, 31]. Combination of IMS with PCR has also

shown promise for simultaneous detection of pathogens unambiguously [249, 98].

Although antibodies as bio-probe provide some level of specificity, they suffer from

several drawbacks. They are highly prone to physical (temperature, pH), chemical

and enzymatic damage, and therefore they have a short shelf time even when stored

in a controlled refrigerated environment. Polyclonal Abs are inexpensive but they

show cross-reactivity. Alternatively, monoclonal antibodies are specific to a single

epitope, but they involve high production cost. Therefore, there is need to develop

better recognition and linking agents.

Quite recently, bacteriophage based probes were immobilized on magnetic par-

ticles for separation and concentration of Salmonella from food samples [63][28].

The bacteriophages offer several advantages over antibodies such as ease of pro-

duction, high specificity of recognition, natural affinity of phage to bacterial cells,

and stability against environmental factors. Bacteriophage based probes however

are relatively large, and therefore uniform functionalization of such large entities

on microsize particles are challenging. In addition, immobilized phages may wrap

themselves around the magnetic particles, and consequently loose the availability of

their tail fibers for the capture of bacteria. Moreover, phages may undergo a lytic

activity, resulting in lysis of captured cells, consequently leading to the inefficient de-

tection. Recently, Kretzer et al.. demonstrated that the cell wall-binding domains

of bacteriophage endolysins are suitable for the capture and separation of bacte-

ria when immobilized on paramagnetic beads [124]. Recently, we developed phage

RBP-derivatized magnetic separation method as an upstream sample preparation

method for PCR and demonstrated their efficiency in improving the sensitivity of

PCR assays for detection of pathogenic bacteria in food samples [189]

With recent developments in MEMS technology, magnetic separation modules

are integrated in with biosensors and microfluidic devices [146, 226, 121, 149, 194].

Varshney et al. integrated magnetic nano particle-antibody conjugates (MNAC)

within a microfluidic flow cell with embedded gold interdigitated array micro elec-
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trode (IDAM) and demonstrated detection of pathogenic bacteria in ground beef

[245]. Self-assembled magnetic bead biosensors are also developed for measuring

bacterial growth and antimicrobial susceptibility testing [121]. Despite significant

developments in magnetic manipulation on microfluidic systems, the integration of

the magnetic separation methods with PCR on chip and its in field application is

still topic of ongoing researches.
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Table 2.1: A list of foodborne pathogens detected using various biosensors highlight-
ing the transduction platform used and limit of detection achieved.

Transducer Organism Bioreceptor Limit of Detection Ref

SPR E. coli K12 T4 Phage 7×102 cfu.ml−1 [17]

SPR E. coli O157:H7 T4 Phage 1×103 cfu.ml−1 [235]

SPR MRSA BP14 Phage 1×103 cfu.ml−1 [235]

SPR Salmonella P22 Phage TSP 1×103 cfu.ml−1 [220]

SPR C. jejuni Phage NCTC
12673 TSP

1×102 cfu.ml−1 [219]

SPR S. aureus Lytic Phage
(Phage 12600)

1×104 cfu.ml−1 [19]

SPR/subtractive
inhibition assay

E. coli O157:H7 Goat polyclonal
antibodies

3×104 cfu.ml−1 [274]

SPR /subtractive
inhibition assay

Listeria monocy-
togenes

Antibodies 1×105 cfu.ml−1 [138]

Bioluminesence E. coli E.coli phage 1×103 cfu.ml−1 [32]

Bioluminesence Salmonella new-
port

Felix phage 1×103 cfu.ml−1 [32]

Bioluminesence Salmonella enter-
itidis

Phage SJ2 1×103 cfu.ml−1 [260]

Bioluminesence E. coli G2–2 AT20 1×103 cfu.ml−1 [260]

Fluorescent Staphylococcal
enterotoxin B
(SEB)

Phage-diplayed
peptides

1.4 ng [76]

Fluorescent E.coli QD-labeled
lambda phage

N/A [273]

Fluorescent E.coli T7 phage 20 cell.ml−1 [61]

QCM Salmonella ty-
phimurium

Filamentous
phage

1×102 cell.ml−1 [179]

Magnetoelastic Salmonella Filamentous E2
phage

5×102 cell.ml−1 [130, 143]

Magnetoelastic Bacillus anthracis
spores

Filamentous
phage clone JRB7

N/A [215]

Amperometric
combined with
pre-filtration

E. coli K12 Phage Lambda 1 ×102 cfu.ml−1 [169]

Amperometric Salmonella N/A 1-2 ×100 cfu.ml−1 [205]

Amperometric
immunosensor

E. coli Polypyrrole-
NH2-anti-E. coli
antibody

10 cfu.ml−1 [12]

Amperometric
magnetoim-
munosensor

Staphylococcus
aureus

Anti- Prot A anti-
body

1 cfu.ml−1 [56]

Impedimetric E. coli T4 Phage 104 cfu.ml−1 [136, 214]
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Chapter 3

Introduction to

Micro/Nano-Resonator Sensors

3.1 Introduction

Microresonator based biosensors have attracted attention in recent years due to their

potential as a sensitive and high-throughput platform. A basic understanding about

the vibration mechanics of micromechanical resonators is important for developing

sensors with optimized sensitivity and structural design. This chapter overviews

the mechanical vibration of microresonator-based sensors and includes some of the

associated fundamental materials. Reader can read ref [197] for more theory.

3.2 Vibration Theory of Discrete Systems

3.2.1 One Degree of Freedom Simple Harmonic

Any mechanical system is literally susceptible to vibrations. A basic mechanical

system can be modelled with a mass (M) attached to a spring (K). The equation of

motion of this systems without any external excitation is determined using Equation

(3.1)

Mẍ+Kx = 0. (3.1)
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The solution of this equation is:

x(t) = A1sin(

√
K

M
t) +A2cos(

√
K

M
t), (3.2)

leading to the natural frequency:

f =
1

2π

√
K

M
. (3.3)

The natural frequency of the system is the frequency at which the system os-

cillates without any external excitation. The maximum vibration amplitude occurs

when the external force is applied at the natural frequency.

Figure 3.1: A single degree of freedom mechanical system.

3.2.2 Effective Mass and Stiffness

Mechanical systems with more than one mass and stiffness components can be math-

ematically described with a similar equation with slight modifications:

Meff ẍ+Keffx = 0. (3.4)

in which, Meff and Keff are effective mass and spring constant, respectively. The

effective mass and stiffness is determined by writing the velocities of all components

with respect to one reference point using the energy methods. The effective mass

is calculated based on the total maximum kinetic energy (Ek) of a point mass with

velocity vr at the reference point using following equation:

Ek =
1

2
Meffv

2
r , (3.5)

The effective stiffness is calculated considering the potential energy (Ep) and the

displacement of the reference point (xr) as follows:
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Ep =
1

2
Keffx

2
r. (3.6)

3.2.3 Multiple Degree of Freedom

More complicated systems have more degree of freedom. In such cases, the equation

of motion becomes:

[Meff ]ẍ+ [Keff ]x = 0. (3.7)

where x is a vector of the reference position and [Meff ] and [Keff ] are effective

mass and stiffness matrices, respectively. A system with n degree of freedom has

n different mode of vibration. Each mode adds another solution to Equation (3.7),

which corresponds to a movement trajectory and a natural frequency.

3.2.4 System with Damping

Different dissipation mechanisms influence a mechanical system with a kinetic energy

and cause the loss of kinetic energy. Dissipation mechanisms are either intrinsic

process (e.g. phonon-phonon interaction, phonon-electron interaction, thermoelastic

damping, and clamping point damping) or extrinsic due to interaction with the

surrounding media. A basic mechanical system with damping can be represented as

following:

Figure 3.2: A mechanical system with damping.

Meff ẍ+ bẋ+Keffx = 0. (3.8)
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where b is the damping coefficient. The presence of damping will cause the

vibrations to eventually stop. The natural frequency is also affected by the presence

of damping as given in Equation (3.9):

fr =
1

2π

√
Keff

Meff

√
1− ζ2 (3.9)

where ζ is the damping ratio and is given by:

ζ =
b

2
√

MeffKeff

(3.10)

‘ Equation (3.9) is only valid for the values of ζ less than one. The amplitude of

vibration is theoretically unbound for undamped systems. However, most systems

practically experience some damping which limits the amplitude of motion to a finite

value. Damping ratio determines the bandwidth in the frequency response of the

system, which is measured by the quality factor (Q) of the device. The quality factor

is defined as the ratio between stored vibrational energy W0 to the total energy lost

per cycle ∆W :

Q =
1

2ζ
=

fr
fBW

= 2π
W0

∆W
. (3.11)

where fBW is the one-half peak power bandwidth.

3.3 Vibration Theory of Continuous Systems

3.3.1 The Euler-Bernoulli Equation

Mechanical systems with infinite number of degree of freedom acts like a continuum

in which the stiffness, inertial and damping properties are distributed throughout

the structure. The motion of a continuous system is determined with partial dif-

ferential equations as opposed to ordinary differential equations. This complicates

the problem mathematically. However, the resonant frequency of a beam-based

microresonator, a simple mechanical structure, is derived by using Euler Bernoulli

differential equation:

ÊIx
δ4U(x, t)

δx4
+ (ρA)

δ2U(x, t)

δt2
+ ζ

δU(x, t)

δt
= q(x, t), (3.12)

where U(x,t), Ê and I are the beam deflection in x-direction, the Young’s modu-

lus and the moment of inertia, respectively. ρ is the mass density of beam material,
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and A is the cross sectional area. ζ is the damping coefficient per unit length per

unit velocity, and q(x, t) denotes the driving load in Nm−1. In these calculations, we

neglect the effect of rotary inertia and shear deformation, and nonlinear effects due

to large deformations. The Ê is equal to the Young’s modulus of the beam material

for a thin beam with a width smaller than its length. Otherwise, the Young’s mod-

ulus needs to be replaced with Ê = E
1−ν2

, where ν is Poisson’s ratio, to account for

the contraction in the transverse direction. The moment of inertia for a rectangular

beam, I can be calculated as:

I =

∫
A
z2dA =

∫ b

0

∫ h/2

−h/2
z2dzdy =

1

12
bh3. (3.13)

Assuming a harmonic solution, we separate the solution into two terms: time-

dependent term and position-dependent term, U(x,t) = U(x)T(t). In case of free

vibration, we can rewrite equation (3.12) as following:

ÊI ∂4U(x)
∂x4

(ρA)U(x)
= −

ζ ∂T (t)
∂t

(ρA)T (t)
−

∂2T (t)
∂2t

T (t)
= ω2

0 = const. (3.14)

The time-dependent term can be written as:

d2T (t)

dt2
+

ζ

ρA

dT (t)

dt
+ ω2

0T (t) = 0. (3.15)

The solution is equal to the model of the 1D harmonic oscillator with T (t) =

Be−αtsin(ω0t+ ϕ). The position-dependent term can be written as:

δ4U(x, t)

δx4
= α4U(x, t), (3.16)

where

α4 =
ω2ρA

ÊI
. (3.17)

The solution of this simplified differential function is :

Un(x) = An(cosαnx− coshαnx) +Bn(sinαnx− sinhαnx). (3.18)

The constants are determined from the boundary conditions. For a singly

clamped beam (i.e. cantilever), the frequency equation becomes:

1 + cos(αnL) cosh(αnL) = 0, λn = αnL = (2n− 1)π/2. (3.19)
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For a doubly-clamped beam (bridge), the frequency equation is

1− cos(αnL) cosh(αnL) = 0, λn = αnL = (2n+ 1)π/2. (3.20)

The resonance frequency of a clamped beam with rectangular cross section is

calculated as below by substituting these values in (3.17):

ωn =
λ2
n

L2

√
ÊIz
ρA

. (3.21)

We mentioned earlier that a beam based resonator can be modeled with a har-

monic oscillator with effective mass of Meff , and effective spring constant of Keff :

Meff ẍ+Keffx = f(ωt). (3.22)

The solution of this equation is:

x(t) = A1sin(

√
Keff

Meff
t) +A2cos(

√
Keff

Meff
t), (3.23)

leading to the resonance frequency:

f =
1

2π

√
Keff

Meff
. (3.24)

3.3.2 Energy Methods

The mathematics of motion is more complicated for more complex systems. The

energy approach is generally used to predict the natural frequency of such systems.

The maximum kinetic energy is expressed as:

Ek,max = 2π2f2
n

∫ L

0
ρA(x)(U(x))2dx. (3.25)

Similarly, the maximum elastic potential energy stored in the beam is expressed

as:

Ep,max =
1

2

∫ L

0
(EI(x)

δ2U(x)

δx2
)2dx. (3.26)

This is a conservative system assuming that damping is negligible, thus he max-

imum kinetic energy equals the maximum potential energy. Therefore, the natural

frequency is given by the following equation:
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f2
n =

1

4π2

∫ L
0 (EI(x) δ

2U(x)
δx2 )2dx∫ L

0 ρA(x)(U(x))2dx
. (3.27)

Equation (3.27) is called Raleigh’s quotient. U(x) is usually unknown for more

complicated systems. In these cases, the natural frequency is estimated using

Rayliegh’s quotient choosing an arbitrary function such that it follows the boundary

conditions.

3.4 Resonator Mass Sensors

3.4.1 Principle of Detection

Resonant micro mechanical mass sensors work based on the principle that their

resonant frequency depends on their mass. Thus, a small change in their mass

results in changes in their resonant frequency. The effective mass depends on the

mass of beam with a geometrical factor n, leading to Meff = nMosc. The additional

mass with uniform distribution changes the resonance frequency to:

fL =
1

2π

√
Keff

Meff + nδM
= f0

√
1

1 + nδM
Meff

. (3.28)

Therefore, the added mass can be calculated as:

δM = −
Keff

4π2n
(
1

f2
0

− 1

f2
L

). (3.29)

Assuming that the added mass δM is small compared to the effective mass Meff

of resonator, we can write first-order Taylor series approximation:

fL ≈ f0(1−
1

2

δM

M
) ⇒ δf

f0
≈ −1

2

nδM

Meff
. (3.30)

Therefore, the small added mass is calculated with this linearized expression:

δM ≈ −2
Meff

f0
δf0. (3.31)

3.4.2 Mass Sensitivity

Several factors affect the minimum detectable mass of a resonant mechanical sen-

sors. The minimum detectable mass critically depends on the minimum measurable
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frequency shift and the inverse mass responsivity S−1 = −2
Meff

f0
, which mainly de-

pends on the structural design of resonator. The minimum measurable frequency

depends on the measurement bandwidth of system ∆f , the dynamic range DR and,

the quality factor Q of microresonator. The mass sensitivity δm of a mechanical

resonator is given by [62]:

δm ≈ 2Meff

√
∆f

Qω0
10−DR/20. (3.32)

This equation indicates that there are several essential considerations for optimiz-

ing inertial mass sensors. First, the microresonator should be optimized to possess

low mass with high resonance frequency. Second, the full range of measurement

bandwidth should be employed. Third, the dynamic range for the measurement

should be optimized through minimizing the noise level in measurement system.

3.4.3 Stress Effects

The vibration of a beam is also affected by stress. The resonant behaviour of a

doubly clamped beam is influenced by both tensile and compressive stress. A thin

doubly clamped beam with stress exhibits a similar resonant behaviour as a taut

string under tension with the one dimensional wave equation. The natural frequency

of a string (fs) depends on its tension (Ts), its mass per unit length (µ), its length

(L) and the mode number (n) as follows:

fs =
n

2πL

√
Ts

µ
(3.33)

The natural frequency will have a L−1 (like a string) dependence instead of a

L−2 (like a beam) if stress is the dominating factor.

Surface stress can also affect the vibration of a mechanical resonator by changing

its spring constant. The Equation (3.24) for resonant frequency can be modified as

follows:

fss =
1

2π

√
Keff + δK

Meff
(3.34)

The surface stress also generates a radial force:
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Fr =

∫ L

0

∫ t/2

−t/2
[s1δ(z +

t

2
) + s2δ(z −

t

2
)]dtdl = (s1 + s2)L. (3.35)

where s1 and s2 are the surface stress at the top and bottom of resonator. This

force causes contraction or expansion depending on the sign of (s1 + s2). A thin

beam can be modelled with a taut string. The equation of transverse free vibration

is given by:

∂2z

∂y2
=

m1

Fr

∂2z

∂t2
(3.36)

where m1 is a uniform linear density (mass of unit length), Fr is the tension.

The propagation speed of the transverse wave (C = νλ) equals (Fr/mr)
1/2. The

fundamental resonance frequency due to surface stress is given by Equation (3.37):

f =
1

λ

√
Fr

n1m1
=

1

4

√
s1 + s2
n1mb

(3.37)

The geometrical factor n1 is used to adjust for the difference between a mechan-

ical resonator and a string. By comparing Equation (3.24) to (3.37), the spring

constant can be expressed as:

Ks =
π2n

4n1
(s1 + s2) (3.38)

and changes in spring constant due to surface adsorption is given by:

δK =
π2n

4n1
(δs1 + δs2) (3.39)

where δs1 and δs2 are the changes of the surface stress on the top and bottom

surface of the beam due to adsorption.

In most cases, the addition of mass on resonator sensors changes both the mass

and spring constant of resonator. Therefore, the changes in resonance frequency is

approximated by Equation (3.40) given than δM << Meft and δK << Keft:

df =
1

2
(
δK

Keff
− δM

Meff
) (3.40)
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3.5 Conclusion

This chapter reviewed the theory behind resonator mass sensors. The principle of

operation for detection of added mass and mass sensitivity was discussed. The effect

of surface stress on resonant behaviour of resonators were also reviewed.
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Chapter 4

Introduction to Polymerase

Chain Reaction

4.1 Introduction

The polymerase chain reaction is a molecular biology method that amplifies a single

or a few copies of DNA to generate thousands to millions of copies of a particular

sequence of target DNA. PCR was first introduced by Kary Mullis in 1983, and

has been used for variety of applications such as DNA cloning for sequencing, func-

tional analysis of genes, diagnosis of heredity disorders, detection and diagnosis of

infectious diseases.

4.2 Principles and Components of PCR

PCR is based on a thermal cycling process consisting repeated heating and cooling

steps to melt DNA, to hybridize primers containing target-complementary sequences

along with a DNA polymerase, and to generate double-stranded DNA. Ideally, the

amount of DNA doubles at each cycle. In almost all PCR applications, a heat-stable

DNA polymerase, known as Taq polymerase, is used to enzymatically assemble a

new DNA strand from nucleotides (i.e. DNA building blocks) on the single strand

template DNA using primers.

The PCR is commonly carried out in a machine called thermal cycler in a re-

action volume of 10 - 200 µl in small reaction tubes with thin walls which permits
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favourable thermal conductivity. PCR reaction usually require several components

and reagents:

• Template, DNA sequence of interest to be amplified

• DNA polymerase, an enzyme for DNA synthesis

• two primers (i.e. forward and reverse), short DNA fragments (primers) com-

plementary to target DNA sequence

• dNTPs (deoxynucleoside triphosphates), building blocks for synthesis of DNA

• Buffer solution, to provide a suitable chemical environment for optimal enzy-

matic activity.

• Cations such as magnesium, manganese, potassium ions

PCR process consists of 30-40 temperature cycles, each consisting of three tem-

perature steps:

• Denaturation step: This is the first cycling step in which the reaction is heated

to 94-98 ◦C to melt a double stranded DNA (dsDNA) into two single stranded

ones (ssDNA). The complete denaturation is the key for successful amplifica-

tion as the incomplete one will result in inefficient use of template in the first

cycle, and consequently yielding poor amplification efficiency.

• Annealing step: The reaction temperature is reduced to around 50-65 ◦C to

allow the primers to anneal to the single stranded DNA. The primers are

carefully designed to match the DNA template sequence. The polymerase

enzyme known as Taq polymerase is attached to the primer-template hybrid

and begins to form dsDNA throughout the next step (i.e. extension step). The

optimal annealing temperature is critical to ensure specificity of amplification.

• Extension/elongation step: The reaction temperature is raised to 70-80 ◦C

to allow the enzymatic activity of polymerase. Polymerase is like biological

glue that attaches the deoxynucleoside triphosphates (dNTPs) to the freshly

denatured ssDNA to synthesize a new DNA strand complementary to the DNA

template strand. Theoretically, the amount of DNA is doubled at this step

resulting in the exponential amplification of the specific DNA fragment.
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Figure 4.1 shows the schematic of PCR reaction, during which the amplification

leads to the exponential growth of DNA.

Figure 4.1: PCR reaction diagram.

PCR assays are extremely sensitive, thus prevention of contaminations is critical

to obtain successful amplification and achieve reliable results. Therefore, certain

precautions are necessary; Pre-PCR processing (i.e. DNA extraction), PCR reaction

mixing, and post processing (i.e. gel-based detection) need to be performed in

separate areas.
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4.3 Phases of PCR

Figure 4.2 shows the amplification plot in a PCR reaction, which can be divided

into three phases. In the exponential amplification phase, the amount of product is

doubled at every cycle. At later cycles, the PCR reaction enters the linear phase in

which the reaction slows down as enzyme starts to degrade and the other reagents

such as dNTPs and primers are consumed. Finally, the amplification reaches the

plateau phase as all reagents and enzyme are used up, and no more product accu-

mulates.

Figure 4.2: PCR amplification plot

4.4 Methods of PCR

4.4.1 Conventional PCR

Conventional PCR uses Agarose gel electrophoresis for size separation of PCR prod-

uct at the end point of reaction (i.e. plateau phase). The size of PCR product is

compared with a DNA molecular weight marker called DNA ladder, and positive

results are confirmed if the size of product is within the expected range. End point

detection however does not provide any quantitative information about the amount

of PCR products. It also suffers few other limitations such as poor precision, low

sensitivity, short dynamic range, low resolution, and long assay time.
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4.4.2 Quantitative PCR

Quantitative PCR is developed to quantify DNA along with the amplification of

the target sequence. The amount of DNA usually doubles during each amplification

cycle for an optimized reaction. In quantitative PCR (qPCR), the amplified product

is tagged with a fluorescent reporter molecule, therefore, the amount of amplified

product is linked to the intensity of fluorescent signal. The fluorescent signal is

either measured at the end of reaction (endpoint qPCR) or during the amplification

process (realtime qPCR).

In endpoint qPCR, fluorescence signal is measured after the amplification is

complete. This signal is used to calculate the initial amount of template. However,

this method is not very consistent for quantification of PCR product, because the

efficiency of PCR reaction may decrease at the last cycles of PCR due to consump-

tion of reagents and accumulation of inhibitors. These effects are not predictable,

thus the final fluorescence signal value may not be related to the starting template

concentrations. Figure 4.3 shows that the data collected at the endpoint of reaction

may vary from run to run for an identical sample.

Figure 4.3: The endpoint qPCR reaction variation for runs with 96 identical reac-
tions [231].

Realtime qPCR is a more sensitive and reproducible method which measures the

fluorescent signal during the early cycles of the exponential phase of amplification,
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before the efficiency of reaction is affected due to limiting reagents, accumulation

of inhibitors, or inactivation of polymerase. The product DNA is labeled with a

fluorescent reporter molecule, thus the fluorescent intensity increases proportional to

the amplification cycle in response to the increased amplicon concentration. A level

of fluorescent intensity- automatically set by the instrument software or manually

set- is used to determine the threshold cycle value (Ct). This level is set to be above

the baseline and sufficiently low to be within the exponential growth region of the

amplification curve. The baseline us defined as an initial cycles of PCR in which

there is little change in fluorescent signal [5]. The first cycle at which the fluorescent

intensity is above the background signal is called the threshold cycle value (Ct),

which is inversely proportional to the starting template concentration. The higher

the starting concentration of template, the smaller is the Ct value (Figure 4.4). The

threshold cycle value (Ct) above 8 and below 35 is desirable. A Ct value less than

8 means that there is too much template in the reaction. And a Ct value above 35

indicates a low amount of target in the reaction [6]. A standard curve of the dilution

series is run on the same plate as the unknown samples to correlate the Ct values

to the starting concentration of each unknown sample.

4.5 Real time qPCR Chemistry

Two types of chemistries have been developed to detect the PCR products on real-

time qPCR:

• fluorescent intercalater dye-based chemistry

• Fluorogenic-labled probe-based nuclease chemistry

4.5.1 Fluorescent Intercalater Dye-based Chemistry

Fluorescent intercalater dyes are small molecules that bind to any double-stranded

DNA (dsDNA)formed during PCR, which results in increase in fluorescence inten-

sity. SYBR Green I dye is a common intercalater dye used for real-time qPCR, which

is excited using a blue light (Λmax = 488 nm) and emits a green light (Λmax = 522

nm). The intensity of fluorescent signal is 1000 fold higher in bound state compared

to unbound dye. Figure 4.5 shows the SYBR Green I detection mechanism.
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Figure 4.4: Principle of realtime qPCR. Ct value is inversely proportional to the
initial copy number[231].

The qPCR assay based on SYBR Green I dye is usually used for initial assess-

ments as it is relatively easy to design and inexpensive. However, this process is

inherently non-specific as SYBR Green I dye binds to any dsDNA. Therefore, the

specificity of the reaction is solely determined by primers. Any non-specific binding

(e.g. primer-dimer formation) may result in increase in the measured fluorescence,

yielding inaccurate determination of the initial template concentration. Although

non-specific amplification is not always avoidable, its presence can be easily detected

by performing a melt curve analysis after the completion of PCR reaction.

During melt curve analysis, the PCR product is heated and the fluorescence

versus temperature curve is analyzed. The DNA molecule of the PCR product melts

at a certain temperature (melting temperature Tm), which depends on the length

of DNA molecule. Therefore, a single thermal transition is detected in an optimized

amplification with high specificity. The presence of non-specific PCR product will

result in multiple thermal transitions in the fluorescence intensity.
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Figure 4.5: The mechanism of SYBR Green I dye chemisty. The dye bind to dsDNA
in the reaction.

4.5.2 Fluorogenic-labeled Probe-based Nuclease Chemistry

Probe-based chemistries provide higher level of detection specificity by using a

sequence-specific fluorogenic-labeled probe along with primers in PCR reaction.

FLuorogenic-labeled probes (hydrolysis or TaqMan probes) have a fluorescent dye,

typically FAM, at the 5′ end and a quencher, historically TAMRA, at 3′ end. Linear

probes uses a FRET (Fluorescence Resonance Energy Transfer) quenching mecha-

nism where quenching will occur as long as the quencher is on the same oligonu-

cleotide. The probe is hybridized to its complementary part on one strand of target

sequence during annealing step of PCR amplification. During extension step, the 5′

to 3′ exonuclease activity of the Taq polymerase breaks the reporter-quencher prox-

imity probe allowing the emission of fluorescence which is detectable after excitation

with laser. It is important to optimize the thermal profile to ensure proper annealing

and hybridization of both primers and probe and subsequent cleavage of probe. To

fulfil these requirements, a two-step thermal profile is used with a denaturing step

at around 95 ◦C and a combined annealing/extension at around 60 ◦C. Figure 4.6

shows the probe-based realtime PCR assay.
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4.6 Methods of Quantification

There are two basic methods for calculating the results of real-time qPCR: absolute

and relative quantification.

Absolute Quantification In this method, a standard curve is prepared from a

dilution series of control template with known concentration. The value for un-

known sample is extrapolated after comparing to the standard curve. The absolute

quantification is used when the objective is to measure the exact level of template

in the sample.

The standard curve can be prepared using plasmid containing a cloned gene of

interest (GOI), genomic DNA, cDNA, or synthetic oligos. The choice of template

for standard curve depends on the application. Nonetheless, It is critical to design

primers to work efficiently with both standards and the sample under test. The

standard curve is created by plotting the log of initial copy number against the Ct

value for each dilution.

A standard curve consists of multiple points (at least 4 points) ranging several

orders of magnitude. Each data point must be run at least in duplicate. Ideally, the

standard curve must be linear over the whole range (i.e. the correlation coefficient

R2 must be very close to 1) to ensure the efficiency of amplification is consistent at

varying template concentrations. A nonlinear standard curve at low template con-

centration denote the limit of detection of the assay. The efficiency (E) of a realtime

PCR assay is calculated with E = (10−1/slope − 1) × 100 Ideally, the efficiency of

reaction falls between 90 and 110%. The 100% efficiency corresponds to perfect dou-

bling of amplicon at each cycle. Lower efficiency implies that the reaction is slowing

down due to either presence of inhibitors in reaction, or less optimal primer sets

or reaction condition. Poor serial dilution preparation as well as extreme ranges of

concentrations also causes low efficiency. Higher efficiencies (i.e. significantly higher

than 100% indicate error (e. g. nonspecific amplification, pipetting error, PCR in-

hibitors, probe degradation, primer-dimer formation). Primer-dimer formation is a

major concern with SYBR Green I dye where any dsDNA is detected.
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Relative Quantification Various scientific researches aim to study changes in

gene expression in a given sample relative to another sample such as an untreated

control sample or a zero time point in a time-course experiment. Relative quantifi-

cation uses one of the following methods for calculations:

• Standard curve method: the standard curve is prepared to express the

target gene quantity relative to some control sample (called a calibrator, e.g.

untreated sample). In this approach, the target quantity is determined from

the standard curve and divided by the target quantity of the calibrator. There-

fore, the calibrator is the 1× sample, and all other quantities are determined as

an n-fold difference relative to the calibrator. This method is advantageous as

it requires the least amount of optimization and validation. For this method

to be applicable, it is important to dilute DNA very accurately. However,

the units of this dilution is irrelevant. For example, if the standard curve is

prepared with two-fold dilutions, the units could be the dilution values 1, 0.5,

0.25, and so on.

• Comparative Ct method: In this method, the reactive expression levels

are compared with a calibrator (i.e a control sample such as non-treated sam-

ple), and the amount of target is calculated using 2−∆∆CT , where ∆∆CT =

∆CT (sample)−∆CT (calibrator), in which ∆CT = CT (housekeepinggene)−

CT (targetgene). Therefore, the equation compares the normalized expression

of target gene in the unknown sample to the normalized expression of the

calibrator sample. This methods offers several advantages including higher

throughput and better accuracy, as it eliminates the need for a standard curve

and related errors. However, the validity of the ∆∆CT method relies on the

efficiency of PCR amplification which needs to be approximately equal for the

target gene and the housekeeping gene. Otherwise, this method is not appli-

cable and other quantification methods, such as standard curve method must

be considered.
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4.7 Determination of LOQ and LOD

Although real-time PCR is a valid technique for the quantification of pathogen in

samples, there is not a generic method for the determination of limit of quantification

(LOQ) and limit of detection (LOD) in qPCR. Nutz et al. suggest a method for

determining the LOQ and LOD [174]. The LOQ is defined as the amount of target

DNA that leads to a maximum of summation of sensitivity and specificity[174].

The LOD is defined as the lowest amount of DNA that was amplified while the

false-negative rate is below a given threshold [174].
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Figure 4.6: TaqMan PCR assay. [231].
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Chapter 5

Introduction to Bacteriophage

Technology

5.1 Introduction

Bacteriophages (also known as phages) are the most abundant micro-organisms with

the estimate range from 1030 to 1032 in total [127], and can found in the sea, soil,

drinking water, and food. Phages play a critical role in microbial balance of their

surrounding ecosystem. Phages are viruses that recognize and bind specifically to

their host bacteria, and thus are benign to other species. Phages have evolved with

their bacteria counterpart, and therefore they are available in various types. Some

phages are very specific to a certain strain level of bacteria while others can infect

a larger range of bacteria [127].

Phages were independently observed by Fredrik Twort and Felix d’Herelle in

1915 and 1917, respectively. However, the nature of bacteriophages were under de-

bate for long time until the advent of electron microscopy. Initial investigations on

biological nature of phages raised interest in their potential for therapeutic applica-

tions for infectious diseases [187, 187]. Recently, phages have found great attention

as recognition probes due to some inherent properties such as diversity, biological

and environmental stability, ease of amplification, and unique selectivity and speci-

ficity for recognition of bacteria. They have been coupled with various biosensors

for detection of bacteria [222].
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5.2 Phage Structure and Anatomy

Phages are classified into two major groups: tailed phages and filamentous phages.

Tail phages are the largest and most widespread group of phages. The vast majority

have dsDNA, but small group of phages contain ssDNA, ssRNA, and dsRNA. Most

bacteriophages have complex structure. An example of a tailed bacteriophage with

double-stranded DNA is shown in Figure 5.1. Tailed phages are composed of several

structural components including the phage head, tail, sheath, base plate and tail

fibers. The genetic material of a phage is highly condensed within the phage head.

The size of phage head varies between 45 nm and 100 nm depending on the genome

size they contain. The protein connecting head to tail is an important structural

part. These proteins control the entry of DNA and assembly of the tail to the imma-

ture head during morphogenesis of new particles. During infection, the conformation

of these proteins change to allow the DNA to exit the virions towards the bacterial

cell. The tail support the bacteria binding site and they serve as conduit for genome

insertion. The morphology of tails are different from phage to phage. For example,

phage T4 has long, rigid, and contractile tails; Lambda phage has long, flexible, and

non-contractile tails, and some other phages such as P22 has short tail.

Figure 5.1: Tailed bacteriophage

Filamentous phages have completely different structure compared to tail phages.

They are composed of a long tabular body with two ends, one infective end and one

non-infective end. The tabular body is consisted of many repeating proteins which
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also represent most of the phage’s mass. The genetic material of phage is inside the

tabular body structure.

5.3 Phage Infection Cycle

In essence, phage needs to induce a living bacteria to synthesize all the essential

components to produce more phage progeny. Phage infection cycle can be divided

into five steps as follows:

1. Attachment (adsorption) of the bacteriophage to the host bacteria

2. Penetration of the phage or its nucleic acids into the cell

3. Synthesis of phage nucleic acid and protein by bacterial cell methabolism as

directed by bacteriophage

4. Maturation involving assembly of phage and packaging of viral genome into

new progenies.

5. Release of mature virions from the cell.

The specificity of the recognition of bacteria by phage depends upon attachment.

The phage has special proteins on the outside that interact with the specific surface

components on their target bacteria called receptors. These receptors are normal

surface components of bacteria such as proteins, polysaccharides, carbohydrates,

glycoproteins, lipids, lipoproteins, or complex of these. The bacteriophage can not

attach and therefore can not infect bacteria in the absence of the specific receptors.

In the case that receptor site is altered e.g. due to mutation, the host becomes

resistant to virus infection. Thus, the host range of phage is determined by the

availability of a suitable receptor that can phage recognize.

Upon attachment of viruses to their host bacteria, the virus and cell surface

changes to facilitate penetration of phage and its nucleic acid into the bacteria.

Bacteriophages have the most complex penetration mechanism among all viruses.

The bacteriophage T4 which infects E. coli is a good example. The proteins on the

tail fibers recognizes the polysaccharides on the outer layers of the cell envelope and

attaches phage to the bacteria. The tail fibers then retract and the core of the tail
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makes contact with the cell wall of the bacteria. The tail sheath then contracts and

the viral DNA passes into the cytoplasm. Most of the coat protein remains outside

the cell.

After the successful transport of the phages DNA into the cytoplasm of the

bacteria, the synthesis of host nucleic acids stops and transcription of specific phage

genes starts. Bacteriophages are classified into two categories based on their viral

life cycles: virulent and temperate. Virulent bacteriophages kill their host bacteria

after infection through over expression of viral genome. This allows phage assembly

to take place. On the other hand, temperate phages are able to undergo a lysognic

life cycle resulting in a stable genetic relationship with their host. In this state, the

virus genes are not expressed, rather the virus genome called prophage is replicated

synchronous with the host chromosome.

T-even phages are examples of virulent bacteriophages. And, T4 bacteriophage

is the most extensively studied one. The time course of events during T4 phage

infection is very short which takes less than 25 min. Following injection of phage

DNA, the early and middle mRNA is produced that are translated into phage DNA.

Late mRNA codes for structural proteins of phage resulting in assembly of head

and tail independently. The phage DNA is actively pumped into the head until it

reaches a certain pressure level. The tail subsequently attaches to the head followed

by addition of smaller components such as tail fibers. Phage remains inside bacteria

while the other virions are generated concurrently. The phage encodes and enzyme,

T4 lysozyme which is eventually activated causing the lysis of the host bacteria. The

newly developed phages are released in the environment causing infection of other

bacteria.

Temperate phages have the ability to coexist with their host in a non virulent

way. Lambda and P1 are the best characterized temperate phages. The temperate

phage does not exist as a virus inside a bacterial cell during lysogeny. Instead, the

virus genome is exist in the cytoplasm in plasmid form such as bacteriophage P1,

or it is integrated into the bacterial chromosome (e.g. Lambda phage). In either

case, it replicates with the host cell until the genes which activate its lytic pathway

is expressed. Phages may enter lytic cycle under stress conditions such as UV light

exposure or prolonged starvation. This will often cause massive assembly of phage
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particles followed by the lysis of the lysogen cell.

5.4 Phage as Diagnostic Tools

5.4.1 Wild-type Phages

The inherent ability of the phages to bind to their target pathogen has been ex-

ploited to design biosensor surfaces using physical and chemical functionalization.

The physical functionalization is achieved by surface adsorption, which is simple and

straightforward, but gives inconsistent and unstable immobilization density. Phys-

ical adsorption nonetheless has been used for detection of Staphylococcus aureus

using lytic phages (detection limit 104 cfu ml−1) by surface plasmon resonance

(SPR) [19] and Salmonella using magnetoelastic sensor in suspension [129] and fat

free milk (detection limit 103 cfu ml−1) [130]. Similarly, physical adsorption of

the phages on sugar and amino acid modified gold surfaces [221] as well as surface

modified silica particles [39] for pathogen capture have also been reported in the

literature. The ELISA-based binding strength study of phages versus monoclonal

antibody against β-galactosidase in E. colireveals that phages (Kd 21 172 nM)

bind to their target with similar or better affinity compared to monoclonal antibody

(Kd 26 172 nM) [166]. Despite these successful functionalization reports, strong

chemical immobilization of phages on a sensor platform is preferred due to several

advantages.

The anchoring of phages by chemical bonds on a biosensor detection platform

is pertinent to development of a consistent and stable detection system. The ad-

vantage of surface modification and chemically anchored immobilization approach

was revealed by a methodical study that demonstrates a 7-fold and 37-fold improve-

ment in the phage density respectively, on cysteamine-modified and gluteraldehyde

activated gold substrate compared to that by physical adsorption on bare gold sus-

bstrate [221] . This two-step method was further improved by application of dithio-

bis(succinimidyl propionate) (DTSP) self-assembled monolayer (SAM) where the

thiol group binds to the gold surface while the free succinimidyl interacts with the

surface amine groups on the phages [17]. Silane chemistry has similarly been applied

for silicon based substrates to facilitate P22 phage immobilization for Salmonella

63



capture [87] as well as study of phage receptor-host ligand binding strength using

atomic force microscopy [88]. In yet another example, electrochemical oxidation was

used to generate carboxyl group on carbon surface followed by amide coupling of

T4 phages for subsequent E. coli capture [214].

Purity of the phage suspension is an important criterion to consider for chemical

functionalization. Phages are amplified in their host bacterial culture to achieve

high titers; and despite repeated centrifugation, the contamination of bacterial pro-

tein, lipids and carbohydrates could severely affect the efficiency of immobilization

and binding ability of the phages. Phage lysate have therefore been purified by a

host of methods such as ultra-high speed centrifugation [221], ultra-filtration [34],

poly(ethylene glycol) precipitation-gradient centrifugation[103], chromatofocusing

[37] and size exclusion chromatography [164]. An interesting study demonstrates

that purified phage lysate can be essentially used to systematically study the bind-

ing kinetics of the phages on to an activated surface for chemical immobilization.

Studies with T4, P22 and NCTC 12673 phages model systems revealed that the

phage binding kinetics does not follow the idealized and homogenous Langmuir ad-

sorption isotherm but is governed by heterogenous adsorption closely related to

Brouers-Sotolongo isotherm [164]. Such rigorous surface binding studies are ex-

tremely important for understanding of phage immobilization on a surface and can-

not be realized in the presence of contaminations in the lysate. Wild-type phages

have been extensively explored for functionalization of biosensor platforms and sub-

sequent pathogen detection.

Wild-type intact phages however suffer from certain drawbacks that limit their

application on biosensor platforms. Intact phages are biologically active and thus

result into the lysis of the host bacterium upon infection that would lead to loss

of signal on a biosensor platform [220]. Besides, some phages show enzymatic ac-

tivity towards their host bacterial surface receptor. For example, P22 phage shows

endorhaminosidase activity towards the O-antigen on the surface of Salmonella en-

terica, which results in binding and subsequent detachment of the bacterium. Such

enzymatic activity would lead to inconsistent signals on a biosensor platform, lead-

ing to changes in detection efficiency. Results also suggest that intact phages bound

on sensor platform lose their bacterial binding capability upon drying. This could

64



be explained due to the fact that intact phages collapse on the sensor surface upon

drying, and consequently their tail fibers are unavailable to bind to the bacterial

host [220]. In addition, intact phages have relatively large sizes, which limits their

application as bioreceptors on particular sensor platforms such as in the surface

plasmon resonance based sensor where detection signal is distance dependent.

5.4.2 Engineered Phages

Phage Display Peptides Phages have a unique ability to display peptides or

proteins on their surface, a technology that was first described in 1985 [227]. This

technology enables the screening of proteins or peptide that would have affinity to a

variety of target such as carbohydrates, proteins, small molecules or an entire cell.

The underlying principal of this method is to fuse the gene encoding for the peptide

or protein of interest to the phage surface protein encoding gene(s) resulting in the

expression of the hybrid protein on phage surface [181]. Lambda, M13, f1, fd, T4 and

T7 phages have most widely been used for the phage display technology. The phage

libraries, thus developed can be screened against an immobilized target of interest,

the unbound phages are washed away and the tightly bound phages are eluted,

propagated and are used as probes against that target. A comprehensive review by

Smith and Petrenko summarizes the central paradigm and technical details of the

phage display technology [228].

Phage display not only enables peptide- and protein-based acquired recognition

specificity towards a pathogen, but is also exploited to facilitate oriented immobi-

lization of these bio-probes onto a biosensor platform. Gervais et al.. demonstrated

an oriented immobilization of T4 phages using the popular biotin-streptavidin recog-

nition. T4 phages expressing biotin on the head region were immobilized on strep-

tavidin coated gold substrates facilitating exposed tails for specific capture of E. coli

[73]. In yet another study, biotin carboxyl carrier protein gene (bccp) and cellulose

binding module gene (cbm) were expressed with the small outer capsid protein (soc)

of T4 phages and the expressed surface ligand was leveraged for the phage immobi-

lization on streptavidin coated magnetic particles and cellulose-based material [239].

Oriented immobilization of phages can also be achieved by a careful study of differ-

ences in physical properties in their head region compared to the tail region. Studies
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with mutant phages reveal that the phage head carry a net negative charge while

the tail region has a net positive charge [212]. This charge difference has been used

to immobilize Listeria and E. coli infecting phages on a positively charged cellulose

membrane by electrostatic interaction [15]. Such subtle differences in phage prop-

erties could be of tremendous importance for successful functionalization of sensor

platforms.

Reporter Phages Reporter phages are genetically modified phages used as a

reporting gene carrier, introducing a gene of interest into the host bacteria upon

infection. The reporter gene of interest incorporates into the host chromosomes,

expressed and codes for a fluorescent or substrate dependent colorimetric marker

for subsequent pathogen identification. Bacteriophages, being host dependent for

any physiological function, are incapable of expressing the reporter gene by them-

selves until host infection, thereby confirming the presence of the host bacterium

upon gene expression. Prokaryotic and eukaryotic luciferase expressing gene (lux

and luc), E. coli β-galactosidase (lacZ) gene, bacterial ice nucleation (inaW) gene

and green fluorescent protein (gfp) expressing gene have been most commonly used

for such applications. Reporter phage-based technology has been successfully lever-

aged for identification of several pathogens, including E. coli [246], Mycobacterium

[184, 210], Salmonella [126], Staphylococcus aureus [192] and Listeria monocyto-

genes [151]. Loessner et al.. successfully employed A511::luxAB recombinant phage

for detection of one Listeria bacterium per gram of sample of artificially spiked

ricotta cheese, chocolate pudding and cabbage [152]. Similarly, on more microbi-

ologically complex food samples such as minced meat or soft cheese, 10 bacteria

per gram of could be detected using the same system. The sample processing time

and pre-enrichment steps were performed in 20 h and the total detection time was

estimated to be 24 h compared to four days by conventional microbiological meth-

ods [152]. The ability to distinguish between live and dead bacteria is the biggest

advantage of reporter phages since the phages will be unable to infect and express

the reporter gene in dead bacteria. Reporter phages however suffer from limita-

tions such as phage multiplication inhibition due to prophage presence [89], DNA

restriction-modification system [120], presence of specific phage inhibition genes [53]
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and antiviral bacterial immunity system.

5.4.3 Phage Receptor Binding Proteins (RBPs)

Some very recent research efforts have led to the evolution of bacteriophage RBPs

as novel probes for pathogen detection. The unique host-specific recognition of the

tailed phages comes from the RBPs located on the tail fibers and it is the binding

of these proteins that trigger the translocation of the phage genetic material into

the host [137, 43]. The phages RBPs generally recognize unique proteins or carbo-

hydrate (polysaccharide) sequences on the surface of the host bacterium [77]. The

recent advancement in genome information, cloning and molecular biology methods

has led to the capability of specifically recognizing the genome of interest, cloning,

transfecting and over-expressing the protein of interest. These advancements have

greatly benefitted the phage-technology and strategies are devised to identify the

phage RBPs and their subsequent application in therapy [252] and pathogen detec-

tion [218]. Genetically engineered RBPs offer several advantages over the antibody

or intact phage-based technology for pathogen detection. Their agglutination ability

towards bacterial cells is found to be similar to the monoclonal antibodies against the

bacterial lipopolysaccharides [252]. The RBPs also offer better stability against envi-

ronment factors such as pH and temperature and resistance against gastrointestinal

proteases [252]. Their high level of stability in harsh environment is due to their

compact structure that make them resistant to proteases, detergents and protein

denaturing agents. For example, TSPs from bacteriophages Sf6, P22, and HK620

are rod-like homotrimers with comparable β-selenoid folds and similarly high kinetic

stability in spite of different amino acid sequences [22]. Their binding affinity can

be easily tailored to the requirement and multi-valency can be imparted if desired.

Most importantly, suitable tags can be added to the RBPs sequence at appropriate

position without altering their binding affinity and such tags can be exploited for

oriented surface functionalization of the RBPs on the biosensor platforms.

Singh et al.. demonstrated the use of cysteine-tagged P22 phage RBPs on gold

surface for capture and detection of Salmonella enterica serovar Typhimurium [220].

Their results demonstrate that N-teminus Cys tagged proteins capture bacteria effi-

ciently compared to the C-terminus Cys tagged protein due to preferential orienta-
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tions. Besides, the endorhamnosidase mutant protein shows a 6-fold improvement

in bacterial capture compared to the intact P22 phage as well as phage RBPs with

endorhamnosidase activity. In yet another report, the Campylobacter jejuni bind-

ing RBPs (Gp48) from the phage NCTC 12673 were cloned and overexpressed as

glutathione-S-transferase fusion protein (GST-Gp48) [125]. These GST-Gp48 pro-

teins could be successfully functionalized on glutathione derivitized gold surface

for specific detection of the C. jejuni host bacteria by surface plasmon resonance.

The versatility of functionalization of the RBPs was further demonstrated by their

immobilization on tosylactivated Dynabeads M-80 for specific capture of the host

bacteria in buffered samples [219]. In an unpublished result, similar application

has been validated for capture of S. flexnari using wtRBPs as well as endorham-

nosidase mutant D399N RBPs. The results clearly indicated that wtRBPs show

a low bacterial capture density of 5.71 ± 0.24 bacteria/100µ2compared to mutant

RBPs (capture density 11.07 ± 0.62 bacteria/100µ2) [218]. Although the initial

experimental results show great promises for phage RBPs as potential probing el-

ement for pathogen detection, much work is still needed to achieve a commercial

level biosensor.
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Chapter 6

Surface Immobilization of

Phage Receptor Binding

Proteins (RBPs) for Specific

Bacterial Capture

6.1 Introduction

This chapter focuses on strategies taken to enhance the attachment of bacteriophage

receptor binding proteins to solid surfaces for bacterial capture. Campylobacter je-

juni was chosen as the model bacteria, which is the common bacterial cause of food

borne illnesses. Rapid and specific detection of this pathogen is critical for effective

control and quick treatment of infection. Available diagnostics for this pathogen

are laborious and time consuming and require equipped laboratories and expert

personnel. Recently, Kropinski et al. sequenced the genome of phage NCTC12673

and identified its putative receptor binding protein, GP48, that recognize its host

bacteria, C. jejuni [125]. Singh et al. reported the use of these RBPs for specific

detection of C. jejuni cells using RBP-derivatized gold surfaces [219]. We developed

new protocols for immobilization of GP48 RBPs onto magnetic beads. To that end,

1All work in this chapter was performed by S. Poshtiban except the expression and purification
of proteins and their shorter derivatives . M. Afzal Javed expressed and purified phage tail spike
proteins and their shorter derivatives [110].
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we characterized magnetic beads to ensure they are suitable for protein immobiliza-

tion. We assessed the efficiency and specificity of bacterial capture using fluorescent

microscope.As will be discussed in next chapter, we will use the RBP-derivatized

magnetic beads to develop an efficient sample pre-enrichment method for isolation,

purification and concentration of bacterial cells from food samples. We also identi-

fied that the receptor binding domain is localized to the C-terminal quarter of GP48.

GP48 is the largest protein encoded in the genome of NCTC12673 (152 KDa). Its

large size poses a challenge for expressing an active form of the protein in high yields.

The localization of the binding domain allowed us to generate a shorter derivatives

that is one-quarter the size of the original protein, yet is capable of detection of C.

jejuni cells.

6.2 Experimental Methods

6.2.1 Expression and Purification of Phage Tail Spike Proteins

The production of the tail spike proteins (TSPs) starts with amplifying gene 48 of

bacteriophage NCTC 12673 (GeneBank ID:GU296433) using PCR. The appropri-

ate PCR product is ligated into a properly cut pGEX 6P-2 plasmid (GE Health-

care), used as a cloning vector. This plasmid encodes the N-terminal glutathione-

S-transferase (GST) tag and was used to produce a GST-Gp48 fusion protein. The

insert is sequenced to confirm the correct orientation and product integrity. GST-

Gp48 protein was expressed in E. coli BL21 cells transformed with the pGEX 6P-

2 plasmid containing gene 48. Bacteria cells are incubated and grown at 30 ◦C

overnight. E. coli cells are harvested and resuspended in PBS followed by disrup-

tion by sanitation in the presence of 5 mM EDTA and ProteoBlock protease inhibitor

cocktail. The solution is centrifuged at 27000 g for 30 min to remove cell debris.

The soluble fraction is filtered through the 0.22 µm filter (Millipore). The proteins

are purified as 170 KDa soluble glutathione S-transferase (GST) fusion protein us-

ing glutathione-agarose affinity chromatography and ion-exchange chromatography.

The absorbance of protein solution was measured at 260 and 280 nm to determine

protein concentration [125].
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6.2.2 Localization of Host Binding Domain in the GP48

GP48 is relatively a large protein and thus it is challenging to achieve high expression

yields with the intact proteins. Localization of binding domain and expression of

shorter derivatives of GP48 will overcome this challenge. In addition, the surface

coverage improves for the smaller size of proteins resulting in better bacterial capture

efficiency. To localize the host binding domains, truncated versions of Gp48 were

expressed as GST-fused protein using pGEX 6P-2 plasmid vector and E. coli BL21

cells. The list of plasmids and primers used in this study are given in Table 6.1 and

6.2, respectively.

Table 6.1: List of plasmids used to study RBP binding domain localization [110]

Plasmid Description Source or reference

pGEX 6P-2 Glutathione-S-transferase (GST) fused protein
expression vector, ampicillin resistance marker,
tac promoter

GE Healthcare

pGEX gp48 gp48 in frame cloned into multiple cloning site
of pGEX 6P-2 for expression of GST-fused Gp48

[125]

pGEX ntgp48 Expression construct of GST-fused N-Gp48 in
pGEX 6P-2

This study

pGEX ctgp48 Expression construct of GST-fused C-Gp48 in
pGEX 6P-2

This study

pGEX ncgp48 Expression construct of GST-fused NC-Gp48 in
pGEX 6P-2

This study

pGEX ccgp48 Expression construct of GST-fused CC-Gp48 in
pGEX 6P-2

This study

pGEX 3cgp48 Expression construct of GST-fused 3C-Gp48 in
pGEX 6P-2

This study

pGEX 4cgp48 Expression construct of GST-fused 4C-Gp48 in
pGEX 6P-2

This study

pET28 ccgp48 Expression construct of 6xHis -fused CC-Gp48
in pET28a

This study

pET28 3cgp48 Expression construct of 6xHis-fused CC-Gp48 in
pET28a

This study

pET28 4cgp48 Protein expression vector, 6xHis tag, kanamycin
resistance marker, T7 promoter

Invitrogen

Initially, Gp48 DNA fragments encoding for the N- and C-terminal parts of Gp48

are amplified from pGEX gp48 using primer pairs CS710/CS711 and CS712/CS713,

respectively. Each amplicon is digested with EcoRI and XhoI and ligated with the

EcoRI/XhoI double digested pGEX 6P-2 vector. The resulting vectors pGEX ntg48

and pGEX ctgp48 are transformed into E. coli DH5 α and then BL21; colonies are
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Table 6.2: List of primers used to study RBP binding domain localization [110]

Primers Tm (◦C) Nucleotide sequence (5’ - 3’)

CS710 64.2 GCCCCTGGGATCCCCAGGAATTCC

CS711 56.7 AAGGCTCGAGTTATAGAACTGCAATAACTTTAGTTCCACTAG

CS712 59.7 AAGGAATTCCCGCAGTTCTAACTTCTGATAACAGTAAAACAAATG

CS713 59.1 CAGATCGTCAGTCAGTCACGATGC

CS716 53.4 AAGGAATTCCCTCCAAACAAGTTGATAATATATCTTTTCA

CS717 56.2 AAGGCTCGAGGGAGCTATTTATATCAACTTGGTAATAAGG

CS725 52.3 AAGGCTCGAGTCCTATTTTAACACCGCTCATACA

CS726 54.4 AAGGAATTCCCGGATTTGATAACGGATATGCTTCT

CS1005 54.9 ATATTAGCCATATGGTGAGCAAGGGCGAGGAG

CS1006 56.3 ATATGGATCCCTTGTACAGCTCGTCCATGCC

selected on LB agar supplemented with ampicillin. The in-frame cloning of the DNA

fragments is confirmed by restriction analysis and nucleotide sequencing performed

at the Molecular Biology Service Unit, Biological Sciences Department, University

of Alberta.

The C-terminal half of Gp48 is further truncated into NC-Gp48 and CC-Gp48;

their encoding DNA fragments were amplified using primer pairs CS710/CS717 and

CS716/CS713, respectively. The amplicons encoding for NC-Gp48 and CC-Gp48

were double digested with EcoRI and XhoI and cloned into pGEX 6P-2 as described

above. The resulting vectors pGEX ncgp48 and pGEX ccgp48 were confirmed by

restriction analysis and nucleotide sequencing.

Further derivatives of CC-terminal were also produces into 3C-GP48 and 4C-

Gp48. DNA fragments encoding for 3C-Gp48 and 4C-Gp48 were amplified from

pGEX ccgp48 using primer pairs CS710/CS725 and CS726/CS713, respectively.

PCR products were digested with EcoRI and XhoI and were cloned into pGEX

6P-2 as described above. The resulting vectors pGEX 3cgp48 and pGEX 4cgp48

were analyzed by restriction analysis and nucleotide sequencing.

6.2.3 Immobilization of GST-Gp48 and Derivatives onto Au Sur-

faces

The gold substrates are sonicated sequentially in acetone, isopropyl alcohol, ethanol

and water for 5 min each to clean the surface prior to immobilization. The clean

substrates are incubated in a 2 mg/ml solution of Glutathione in PBS for 1 h on an
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orbital shaker at 1000 rpm to form a self assembled monolayer (SAM) of glutathione.

The GSH SAM chips are washed twice in PBS for 5 min each to remove excess

reagents from the surface. The clean GSH SAM substrates are incubated in 5 µg/ml

solution of GST-GP48 proteins in PBS for 1 h on an orbital shaker at 1000 rpm to

ensure homogenous mixing. The TSP coated substrates are washed in 0.05% Tween-

20 PBS solution for 5 min followed by two washes in PBS. The TSP funtionalized

substrates are incubated in 1mg/ml BSA for 30 min to block any free surface area,

and thus prevent unspecific binding. The BSA blocked chips are washed in 0.05%

Tween-20 PBS solution for 5 min followed by two washes in PBS. Then, the TSP

immobilized substrates are used for bacterial capture. All the immobilization steps

are carried out at room temperature.

6.2.4 Magnetic Beads

Dynabeads M-280 Tosylactivated and Lyophilized Dynabeads M-270 Epoxy were

purchased from Life Technologies, Inc. These beads are 2.8 µm in diameter and are

pre-functionalized to actively bind to protein/peptide containing amino or sulfhydryl

groups [9, 8]. Both types of beads are uniform, superparamagnetic, polystyrene

beads coated with a polyurethane layer. The Dynabeads M-280 Tosylactivated beads

are further activated by p-toluensulphonyl chloride. The amino groups on proteins

react covalently with the resulting sulphonyl ester group on the functionalized beads

[9]. Dynabeads M-270 Epoxy are functionalized with a hydrophilic layer of glycidyl

ether (epoxy) groups which allow for covalent binding of proteins through amine

group [8].

6.2.5 Immobilization of GST-GP48 Protein onto Magnetic Beads

Initially, 5 mg of Lyophilized Dynabeads M-270 Epoxy or 165 µL of Dynabeads

M-280 Tosylactivated beads are washed twice in 0.1 M Na-phosphate buffer (pH

7.4) for 10 min. The tubes containing washed beads are placed on a magnet (

6-tube magnetic separation rack, Invitrogen Inc.) for 1 min, and the supernatant

is removed. The washed beads are resuspended in 100 µL of 0.1 M Na-phosphate

buffer (pH 7.4) and 100 µL of 3 M ammonium sulfate (pH 7.4). The ability to

capture and isolate target bacteria from a bacterial cell suspension is examined in
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two different immobilization modes for receptor binding proteins: random coating

and oriented immobilization. Figure 6.1 shows the schematic of various events during

immobilization of RBPs and capture of C. jejuni cells on magnetic particles. For

random un-oriented immobilization, 100 µL of GST-Gp48 RBPs is added to the

suspension containing pre-washed beads and the mixture is incubated overnight on

an orbital shaker at 1000 rpm. The tube containing RBP-coated magnetic beads

is placed on a magnet and the supernatant is removed. The RBP coated magnetic

beads are washed four times in PBS-BSA buffer (PBS (pH 7.4) containing 0.1%

(w/v) BSA) to block any uncoated surface. The BSA blocked beads are resuspended

in 1 ml of PBS buffer (pH 7.4) and stored at 4 ◦C (Figure 6.1, top panel).

Figure 6.1: Diagram of steps involved in surface immobilization of GST-Gp48 pro-
teins on magnetic beads.(A) Direct un-oriented immobilization (B) Oriented immo-
bilization based on GSH SAM [189]-Reproduced by permission of The Royal Society
of Chemistry.

For oriented immobilization, the washed beads are incubated in 100 µL of 1 mg

per ml solution of glutathione in PBS, and incubated overnight on an orbital shaker

at 1000 rpm to form a self-assembled monolayer of glutathione (GSH SAM)). The

GSH SAM beads are washed in PBS once and then placed on a magnet and the

supernatant is removed. The GSH-SAM beads are incubated in 40 µg of GST-Gp48

RBPs in PBS for 1 h on an orbital shaker at 1000 rpm. The RBP derivatized

magnetic beads are washed four times in PBS-BSA buffer to block free surface. The

BSA blocked beads are resuspended in 1 ml of PBS buffer (pH 7.4) and stored at 4

◦C until used for bacterial capture (Figure 6.1, bottom panel).
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6.2.6 Capture and Separation of Bacterial Cells

The desired amount of RBP-derivatized beads (10 µL to 300 µL of RBP-coated

beads (3.3 × 106 to 108 beads)) are exposed to the sample containing host or non-

host bacteria for 1 h. The absolute number of beads is indicated based on the

correlation between weight (mg) of beads and the number of beads as provided by

the manufacturer [9, 8]. The tubes containing bacteria-bead clusters are placed on

a magnet and the supernatant is removed. The bacteria-bead clusters are washed in

PBS twice to remove loosely bound bacteria. After magnetic separation, bacteria-

bound beads are resuspended in 100 µL of PBS and stored in 4 ◦C.

Bacterial capture is assessed using fluorescent imaging. To that end, bacteria

suspended in PBS are stained with 1 µg/ml concentration of SYTO 12 green fluores-

cent dye for 5 min. The stained bacteria are washed twice in PBS prior to exposure

to RBP-derivatized beads. An Olympus IX81 microscope (Tokyo, Japan) equipped

with a FITC filter and a Roper Scientific Cool-Snaps HQ CCD camera (Duluth,

GA, USA) is used to record the fluorescence images of the captured bacteria.

6.3 Results and Discussion

6.3.1 Analysis of Bacterial Capture on Immobilized GST-GP48 and

Derivatives

The protein-immobilized substrates were exposed to host or nonhost bacteria for 20

min on an orbital shaker at 1000 rpm. The substrates were subsequently washed with

0.05% PBS Tween-20 for 5 min followed by 2 similar washes in PBS for 5 min each.

The substrates were incubated in a 2% solution of glutaraldehyde in water for 1 h

to fix the captured bacteria on the surface. The fixed substrates were washed twice

with water for 5 min followed by sequential incubation in serial dilutions of ethanol

(i.e. 60, 70, 80, 90 and 100%) 5 min each. Finally, the substrates were blow dried

with clean N2 and imaged using the Hitachi S-4800 scanning electron microscope

(SEM). The bacterial capture density was determined from the SEM images using

the cell counter plugin of ImageJ software (NIH, USA). The standard deviation in

capture density was obtained from counting 8 images for each experiment.
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The GSH SAM based immobilization technique uses the GST tag of the GST-

GP48 proteins and therefore provides an oriented way of immobilization of proteins

on the surface. In the first set of experiments, the purified GST-GP48 full length,

N-GP48, C-GP48, NC-GP48, CC-GP48, 3C-GP48, and 4C-GP48 derivatives were

immobilized onto the gold surfaces as described in section 6.2.3. The TSP func-

tionalized substrates were exposed to 109 cfu ml−1 of Campylobacter jejuni NCTC

11168 cells suspension in PBS for 30 min.

Figure 6.2 shows the scanning electron micrographs of the resulting surfaces.

The C. jejuni cells were captured on full length GST-GP48, C-GP48 and CC-GP48

immobilized substrates. However, there was no binding on N-GP48 or NC-GP48

immobilized substrates indicating that the host binding domain are localized on

the C-terminal of GP48. The results of these experiments also suggests that the

host binding site was lost when the protein was further truncated to 3C-GP48 and

4C-GP48 as no capture of bacteria was observed on the 3C-Gp48 and 4C-GP48

immobilized substrates.

Figure 6.2: Scanning electron microscopy images of C. jejuni cells captured by
the immobilized Gp48 and its derivatives. (A )GST-fused Gp48, (B) truncated N-
Gp48, (C) C-Gp48, (D) NC-Gp48, (E) CC-Gp48, 3C-Gp48 (not shown) and (F)
4C-Gp48 parts were immobilized onto gold-coated surfaces and binding of C. jejuni
NCTC11168 was studied. The results showed that the host binding domains of
Gp48 are localized in the C-terminal quarter (CC-Gp48) as in addition to wild type
Gp48. C. jejuni cells were captured by C-Gp48, CC-Gp48 only [110].

We analyzed the SEM images and compared the capture efficiency for GST-

GP48 full length, C-GP48 and CC-GP48 proteins. Table 6.3 summarizes the capture
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density for each protein derivatives upon exposure to 109 cfu ml−1 C. jejuni cells.

As expected, the smaller proteins provide better bacterial capture efficiency.

Table 6.3: Capture density for different protein derivatives

Protein Capture Density [bacteria/100µm2]

GST-GP48 12.04 ± 0.92
C-GP48 26.98 ± 1.4
CC-GP48 39 ± 1.7

Finally, the selectivity of recognition and capture was confirmed by using differ-

ent controls. GST-GP48 immobilized gold surfaces were exposed to 109 cfu ml−1

concentrations of Salmonella, Ecoli, and Campylobacter fetus as negative controls

in addition to Campylobacter jejuni as a positive control. Figure 6.3 shows insignif-

icant capture of bacteria for negative control experiments. This confirms that the

recognition of the GP48 protein is specific towards its host.

Figure 6.3: Scanning electron microscopy images of different bacteria captured by
the immobilized GST-Gp48, (A) Campylobacter jejuni, (B)Campylobacter fetus, and
(C) Ecoli. Bacterial recognition and capture is specific to Campylobacter jejuni.

6.3.2 Bacterial Capture on RBP-derivatized Magnetic Beads

Two types of magnetic beads, Dynabeads M-270 Epoxy and Dynabeads M-280 Tosy-

lactivated beads were immobilized with GST-Gp48 in two different immobilization

modes, namely: un-oriented immobilization and oriented immobilization. In the

case of un-oriented immobilization, any free amine groups (-NH2) of the GST-Gp48

fusion protein react with the functionalized groups on magnetic particles, which re-

sults in random orientation of protein on the surface (Figure 6.1, top panel). The

bottom panel on Figure 6.1 illustrates the process for oriented immobilization of
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RBPs. A self-assembled monolayer of reduced glutathione (GSH) is initially formed

on magnetic particles. The GST tag of the GST-Gp48 protein has natural binding

affinity towards GSH and thus provides a definite orientation of the protein on the

surface with receptor binding proteins available for capture of bacteria.

..

Figure 6.4: Fluorescent images of bacterial capture by GST-Gp48 derivatized Tosy-
lactivated beads (A) Capture of C. jejuni on GST-GpT48 derivatized Tosylactivaed
beads, (B) zoomed in view; (C) No capture of Salmonella as negative control on
GST-Gp48 derivatized Tosylactivated beads, (D) zoomed in view. The Tosylac-
tivated magnetic beads were also clearly seen on fluorescent images due to their
auto-fluorescence properties. The captured bacteria are seen as a fluorescent dot
attached to magnetic beads. For the sake of clarity, the bacteria are pointed at with
arrows. In all experiments, 108 RBP-derivatized beads were exposed to 104 cfu/mL
of bacteria. The images on the left column were captured at 100x magnification.
The captured images were zoomed in further to visualize the bacteria capture as
shown on the right column. [189].

In total 108 RBP-derivatized magnetic beads were exposed to C. jejuni suspen-

sion containing 104 cfu/ml cells for 1h. Fluorescent imaging of the beads exposed to

C. jejuni followed by bacterial cell staining with CYTO 12 green dye confirmed that

both types of beads, i.e. Tosylactivated (Figure 6.4a,b) and Epoxy (Figure 6.5e,f)

beads coated with GST-Gp48 captured C. jejuni cells. The slight aggregation of
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Figure 6.5: Fluorescent images of bacterial capture by GST-Gp48 derivatized Epoxy
beads. The captured bacteria are seen as a fluorescent dot attached to magnetic
beads. (E) Capture of C. jejuni on GST-GpT48 derivatized Epoxy beads and (F)
zoomed in view. (G) No capture of Salmonella as negative control on GST-Gp48
derivatized Epoxy beads and (H) zoomed in view. The Epoxy beads do not show
significant auto-fluorescence, thus can hardly be seen on the fluorescent images. The
small fluorescent dots correspond to the captured bacteria. For the sake of clarity,
the bacteria are pointed at with arrows. In all experiments, 108 RBP-derivatized
beads were exposed to 104 cfu/mL of bacteria. The images on the left column were
captured at 100x magnification. The captured images were zoomed in further to
visualize the bacteria capture as shown on the right column [189].

beads occurred as a result of cross-linking of bacteria, as a single bacterium can po-

tentially bind to more than one bead simultaneously. The specificity of capture was

confirmed using Salmonella Typhimurium as negative control in which no bacteria

were captured on GST-Gp48 derivatized beads (Figure 6.4c,d and Figure 6.5g,h).

Results suggest that GST-Gp48 derivatized beads specifically and selectively capture

C. jejuni cells and can be used as a reliable pre-concentration method for extraction

of C. jejuni from food samples.
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6.4 Conclusion

In this chapter, we explored methods for surface immobilization of phage receptor

binding proteins onto gold surfaces as well as magnetic particles. We also studied the

receptor binding domain of the respective receptor binding proteins, and produced

a shorter derivatives of these proteins to achieve better yields. The efficiency of

bacterial capture was assessed for the host bacteria, i.e. C. jejuni. The specificity

of capture was confirmed using negative controls, C. fetus, E. coli and Salmonella,

where no significant number of bacteria were captured on the surface. Three negative

controls gives a certain amount of confidence that the specificity is retained. More

work could be done across a larger library of bacteria, or screening against the

carbohydrates of pathogens.
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Chapter 7

Phage RBP-based

Microresonator Array for

Detection of Bacteria

7.1 Introduction

Micromechanical resonators have been proposed as promising platforms for high-

throughput and label-free diagnosis of multiple biomarkers as they are extremely

sensitive, scalable and conducive to integration into large arrays. These devices

operate by monitoring the resonance frequency shift, attributed to the mass of the

adsorbed target analyte. Biospecificity is usually achieved by immobilizing the

devices with target-specific bioreceptors. Cantilevers are the most widely investi-

gated micromechanical resonators and have been used to detect various food-borne

pathogenic bacteria [264, 157, 281, 82, 42, 172, 74] with mass sensitivities down to

the single cell level [107]. Although scaling down the dimensions of cantilevers im-

proves its mass sensitivity, it also reduces the effective area for capture of bacteria.

This limitation can be overcome with integration of a large number of cantilevers

into compact arrays. Nonetheless, efforts have so far mostly been limited to individ-

ual cantilever designs. There is thus a need for the design of compact arrays that

1All work in this chapter was performed by S. Poshtiban except the fabrication of the microres-
onator arrays. The microresonator arrays were designed and fabricated at Micralyne Inc. The
technical support on these devices were provided by Glen Fitzpatrick

2A version of this chapter has been published by S. Poshtiban et al. [190].
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optimizes the effective capture area.

The capture of a target analyte onto the cantilever surface reduces the reso-

nance frequency due to the added mass. However, some counteractive phenomena

may influence the frequency shift of a cantilever after capture of target analyte. For

instance, it has been known that the added mass shifts resonance to lower frequen-

cies, and adsorption-induced surface stress shifts resonance to higher frequencies

[106, 196]. Therefore, the application of micromechanical resonators for detection of

bacteria requires a good understanding about the effects of these opposing factors

for the specific target of interest.

We developed an innovative ultra-compact micromechanical resonator array that

leverages phage TSPs as bioreceptors. This platform offers several features that over-

come the limitations of previous designs. The structural design of each resonating

beam is optimized to realize wide beams with a large surface area without compro-

mising the high natural frequency and mass sensitivity. In addition, each beam is

attached to an electrode and therefore is individually addressable for electrostatic

actuation. One thousands of these beams are integrated into a compact array on a

small area (≈13.5 mm2) with a micron wide gap between two adjacent beams. The

dense arrangement of individual beams on these arrays further increases the effec-

tive area for the capture of bacteria. This layout also makes this resonator array

suitable for integration with an automated microfluidic sample delivery system in

an encapsulated microfluidic channel [123].

We used three-dimensional finite element analysis (FEA) to evaluate the perfor-

mance of these resonators for the capture of bacteria. We modeled the bacteria on

these devices and studied the effect of mass and stiffness of bacteria on the reso-

nance response. FEA simulations show that the frequency shift is mainly dominated

by mass loading effects; and adsorption of such kind of soft massive objects does

not change the flexural rigidity of these devices significantly. Simulations also show

a linear relationship between the frequency shift and the added mass of randomly

distributed bacteria. This is in a good agreement with theoretical expectations for

frequency changes due to addition of uniformly distributed mass. Our analysis of

the experimental results further confirms this correlation. The number of captured

bacteria is calculated from the experimentally observed frequency shift with more
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than 88% accuracy.

We studied the potential application of these resonators for specific detection of

bacteria. For this purpose, we immobilized the Gp48 TSPs of NCTC12673 phage

on these resonators, and we exposed the functionalized devices to Campylobacter

jejuni (C. jejuni) cells. In a typical dip-and-dry experiment, N = 225 ±13 bacteria

were captured on a single resonator beam which resulted in ∆f = -1.47 ± 0.43 KHz

frequency shift, measured in a vacuum. Calculations suggests that this frequency

shift corresponds to the unit mass of a single bacterium around mb = 159 fg which

is well within the expected range for dry C. jejuni cell. Our analysis did not show

any significant change to the quality factor after the immobilization and capture

of bacteria. The specificity of detection was confirmed using E. coli as a negative

control where negligible number of bacteria was captured on the devices, and there-

fore no frequency shift was occurred. To the best of our knowledge, this is the

first realization of TSP-derivitized microresonator arrays for the specific detection

of pathogenic bacteria.

7.2 Device Structure and Fabrication

Figure 7.1a shows a typical microsresonator array chip which is composed of 1000

individually addressable deformable elements in a small area (i.e. 300 µ m × 41

mm). Individual deformable elements are separated by a micron wide gap. Figure

7.1b illustrates the schematic of cross sectional view of two adjacent beams; each

single beam is mounted on a pedestal and is composed of two resonating wings

extending laterally from the pedestal. The Si3N4 beams are coated with a Cr/Au

film stack to provide an electrode for electrostatic actuation. The SEM micrograph

of a section of an array is shown in Figure 7.1c.

These devices were designed and realized at Micralyne Inc. The first step in the

fabrication process is the growth of thermal oxide layer followed by sputtering thin

film of Au layer to form the first electrode. In the second step, three successive layers

were deposited by PECVD starting with a standard Si3N4 layer as an insulating

layer, followed by an amorphous silicon layer as a sacrificial layer, and a low stress

silicon nitride film. The Cr/Au layers were formed by sputtering. All of the films
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Figure 7.1: Microresonator array chip. (A) Ultra-compact resonators array com-
posed of 1000 beams over a small area. (B) Schematic of two adjacent resonating
beams (cross sectional view) - each beam is mounted on a pedestal in the center
along its longitudinal axis, thus composed of two resonating wings that flex about
the long axis, and (C) SEM micrograph of an array [190].

except metals were sequentially deposited one after another in the same PECVD

tool without patterning. The low stress silicon nitride layer was achieved by a

secondary ion bombardment of the substrate during deposition. This reduced the

tensile stress in the silicon nitride layer to roughly 200 MPa. The silicon nitride

film was lithographically patterned into a grid of deformable elements in the form

of elongated beams. The etch started from the sidewall exposed by RIE, so the

propagation was quite linear and predictable. Ending the etch was determined by

a separate etch monitor structure which indicated to submicron accuracy what the

central spine dimension was [3], [1].

7.3 Finite Element Modeling

7.3.1 Finite Element Model Verification

Unloaded Resonator Model

We studied the resonance behaviors of these microresonator using finite element

modeling (FEM) methods. Simulations were performed using COMSOL 4.2a (COM-

SOL Group, Burlington, MA) in 3D solid, stress-strain mode using its structural

mechanics module. A single resonating wing of an Au-coated beam was mod-

eled with dimensions of 20 µm long in the y-direction and 300 µm wide in the

x-direction. The inherent symmetry of the structure with respect to the longitudi-

nal axis was considered in the geometry composition, and only one resonating wing

of a beam was modeled in order to reduce the computational complexity (Figure
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7.2a). For this purpose, the symmetric plane was considered in the center of the

support pedestal, perpendicular to the substrate. The support pedestal was mod-

eled with a 1 µm×300µm fixed boundary beneath the Si3N4 layer along the x-axis.

The shorter edges of Si3N4 layer were constrained on both extremities along the

longer edge.

Table 7.1 summarizes the material properties used in these simulations. We con-

structed approximately 40,000 prism mesh elements using swept meshing techniques.

The convergence was studied to ensure that the relative error in the eigenfrequency

analysis is less than 0.1%. Simulations were conducted in a vacuum neglecting the

fluid-structure interactions. Initial stress and external force were set to zero for the

purpose of undamped resonant frequency simulations.

Table 7.1: Material properties

Material E [GHz] ρ [Kg/cm3] ν

Si3N4 160 3100 0.23
Cr 279 7150 0.21
Au 70 19300 0.44

The validity and accuracy of the simplified model (i.e. single wing) was confirmed

by comparing the unloaded resonance frequencies to the resonance frequencies of

two more complicated models, one including both wings (Figure 7.2b), and another

one including both wings and the pedestal (Figure 7.2c). Results show negligible

difference between various models as shown in Table 7.2

Figure 7.2: Unloaded resonator model, (A) simplified model, (B) model including
both wings, (C) model including both wings and the pedestal
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Table 7.2: Simulated frequency

Simulated Fre-
quency [MHz]

Simplified
Model

Model with two
wings

Model with
two wings plus
pedestal

f0 1.102 1.098 1.0952
f1 1.14 1.143 1.148
f2 1.102 1.2 1.218

Loaded Resonator Model Verification

In this study, we employ FEM to analyze the resonance response of these microres-

onator to the capture of bacteria. To verify the accuracy of our approach, we first

applied our FEM method to a doubly clamped SiCN cantilever resonators with ex-

perimentally known response to the added mass. These resonators were fabricated

using nanoimprint lithography with width ranging from 120 to 300 nm, thicknesses

of 40 and 70 nm, and a length of 14 µm resulting in average resonant frequencies of

16.6 ± 2 MHz, and 21.7 ± 0.3 MHz, respectively. Figure 7.3 shows the SEM image

of a resonator element. These devices were successfully employed as elements of

arrays for the detection of straptividin after coating with biotin yielding downward

frequency shifts ranging from 100 to 300 KHz, corresponding to capture densities of

roughly 1 to 5 molecules per 100 nm2.

We modelled the doubly clamped beam with a rectangular box with dimensions

of 14 µm long and 300 nm wide, and thicknesses of 40 and 70 nm constrained at both

extremities along the long axis. The material properties employed were a density

ρ= 2200 kg m−3 and a Youngs modulus of E = 108 GPa, as per experimentally

measured values reported in Ref. [83] for this material. The intrinsic tensile stress

was defined along the longer axis in the linear elastic material model as an initial

stress.

We approximately constructed 2780 tetrahedral mesh elements using physics-

controlled meshing technique such that there was denser mesh distribution at the

vicinities of the clamped edges and the centre of the beam. The eigenfrequency

analysis for prestressed structure was performed in two steps. The first step was

stationary analysis to solve for the effect of the initial stress and preload on the stiff-
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Figure 7.3: Scanning electron micrograph of a resonator element fabricated by im-
print lithography. This single device was used for validation of our FEA method for
analysis of frequency response to bacterial detection [109].

ness matrix of the resonator. The frequency response of the resonator was computed

in the next study step using eigenfrequency analysis. The geometric nonlinearity

was taken into account to ensure the prestress contribution to the equations.

The fundamental resonant frequency of a doubly clamped beam of rectangular

cross-section under a tensile stress σ, vibrating in the vertical direction (perpendic-

ular to the width of the beam), is given by:

f0 =
22.373

4π

√
Et2

3ρL4
+

4σ

22.373ρL2
(7.1)

where L, t, E, and ρ are the length, thickness, Youngs modulus and density,

respectively. A systematic study of single clamped and double-clamped resonators

fabricated in this material was reported in Ref. [83]. Double-clamped resonators

showed a L−0.999 dependence of f0, suggesting that the devices indeed operate in

this high-stress limit and thus dominated by the second term of equation 7.1. A

finite element analysis of the resonant frequency of L =14 µm long, and t = 40 nm

and t = 70-nm-thick beams as function of tensile stress σ is presented in Figure 7.4.

FEM results were in agreement with experimental measurements confirming that

the relationship between stress and frequency is linear above the values of 400 MPa,

thus devices are nominated by the second term of equation 7.1 above this stress
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value.

Figure 7.4: Finite element analysis of the resonant frequency measurements of L
= 14 µm long double-clamped beam, with thicknesses t = 40 nm and t = 70 nm,
under increasing value of tensile stress σ. The relationship becomes linear at stress
values above the σ = 400 MPa range [109].

We next simulated the effect of an accrued mass uniformly distributed on the

resonator surface using the added mass feature on the top boundary of the beam

to model the gravimetric effect of the captured streptavidin monolayer. The eigen-

frequencies were computed through the aforementioned two-step analysis. The fre-

quency shifts were calculated with respect to the eigenfrequency of the unloaded

resonator. Such FEA analysis was then employed to extract the accrued mass in-

ferred from experimentally observed frequency shifts.

The calculation of the accrued streptavidin mass has been performed through

both application of Equation 3.30 as well as through the related FEA data point

reported in Figure 7.5. Both Equation 3.30 and FEA report values of ∆m agreeing

within 0.5% for all experiments. This assessment neglects the possibility of any

upwards shifts that could be related to surface stress effects, which are expected

to be small compared with those net values. The specific capture of streptavidin

resulted in an additional added mass of 3.5 ±1.5 fg. We can use the estimated

mass density of streptavidin which is approximately 60,000 g/mol to determine an

approximate surface density of 1 streptavidin molecule per 100 nm2.
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Figure 7.5: Finite element analysis of the resonant frequency shift induced by an
evenly distributed accrued mass ∆m [109].

7.3.2 Bacterial Detection Frequency Analysis

The frequency shift of a cantilever-based mass sensor is attributed to the added

mass using equation 3.30 for the added masses with uniform distribution. However,

it has been demonstrated that the position of the discrete mass significantly affects

the magnitude and sign of frequency shift in the case of singly-clamped cantilevers

[58]. Ramos et al. observed a significant positive frequency shift because of changes

in flexural rigidity when bacteria were absorbed near the clamped edge [196]. We

performed FEA to understand how such kind of phenomena play a role in the context

of our microresonator platform for detection of bacteria.

In the first set of simulations, we studied the frequency response of these mi-

croresonator beams as a function of position of bacteria with respect to the free

edge. To this end, we modelled a roll composed of several discrete bacteria at differ-

ent distances from the free edge along the length of the beam. Each bacterium was

modelled with a brick of the dimension of 4 µm × 0.4 µm × 0.4 µm to represent a

typical Campylobacter jejuni cell, which is the target pathogen in our study. Each

bacterium was separated from the next one with 0.5 µm gap to ensure the entire

added object does not appear as a large continuous block. Figure 7.6a shows an

example of the model geometry; in which bacteria roll is located at the free edge.

Fine triangular mesh elements were constructed at the contact surface between each

bacterium and the surface of resonator. The rest of the model geometry was meshed

as described previously. As described previously, simulation of frequency response
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consisted of two steps. Initially, the static analysis was conducted to obtain the

flexural rigidity matrix of the resonator that reflects the impact from adsorption of

bacteria. The resonance response was then computed using eigenfrequency analysis.

The geometric nonlinearity function was activated to ensure eigenfrequency analysis

accounts for the contribution of the stiffness of bacteria in equations.

Figure 7.6: The effect of mass and stiffness of bacteria on resonance response, (A)
FEA model geometry, a single resonating wing; the dashed green line corresponds to
the symmetric plane considered in the center of a pedestal on xz-plane. The beam
is constrained on both short edges along the yz-plane. (B) Frequency shift versus
the adsorption position for different unit mass values of bacteria, the frequency has
a linear relationship with mass near the free edge. (C) Frequency shift versus the
adsorption position for various stiffness ratios (Eb/Er), capture of soft objects like
bacteria does not significantly change the flexural rigidity [190].

FEA results show that the frequency shift is mainly dominated by the mass of

captured bacteria. The added mass always decreases resonance frequency, with the

maximum negative frequency shift for the mass added near the free edge (Figure

7.6b) . Results of these simulations suggest that the capture of soft objects like

bacteria does not change the flexural rigidity of resonator significantly as shown on

Figure 7.6c. However, the absorption of rigid objects may change the flexural rigidity

if the stiffness ratio between the added object and the resonator exceeds a certain

level (Eb/Er > 0.02) resulting in a distinguishable positive frequency shift (Figure

7.6c). The accepted range for the Young′s modulus of dry bacteria is between Eb =

300 MPa to 400 MPa according to atomic force microscopy (AFM) measurements

[272], which corresponds to a small stiffness ratio (i.e. Eb/Er < 0.005). Thus, the

adsorption of such soft massive bacterial cells has a negligible impact on the flexural

rigidity of these resonators, and the frequency shift is mainly due to the mass loading

effects of captured bacteria.

In the next step, we simulated the dynamic behaviour of this platform in real
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experimental condition, in which bacteria are captured on the resonators surface

with a random orientation. SEM imaging shows that approximately 200 bacteria

are captured on a single beam in a typical experiment. We modeled 200 bacteria on

resonator surface with random distribution as shown on Figure 7.7a. The Young′s

modulus of bacteria was set to Eb = 400 MPa. We studied the frequency shift as

a function of added mass by varying the unit mass of bacteria within the expected

range from 90 fg to 650 fg. Simulations show that the frequency shift has a linear

relationship with the mass of randomly distributed bacteria. As shown on Figure

7.7b, the simulated frequency shift is in a close agreement with the expected values,

calculated using Eq. 3.30. This implies that this equation can be used with high

certainty to quantify the number of captured bacteria from the experimentally mea-

sured frequency shift in real applications. Experiments support FEA results as will

be discussed in greater details in the following section.

7.4 Experimental Methods

7.4.1 Resonator Frequency Measurements

Resonant frequencies are measured in a custom optical interferometer setup as shown

on Figure 7.8. The resonator chip is mounted on a piezoelectric disk that is contained

within a small vacuum chamber pumped down to the millitorr range. The piezoelec-

tric element is actuated by a sinusoidal signal in a close span of resonant frequency

by the tracking output of a spectrum analyzer. A He-Ne gas laser beam is guided

through a beamsplitter and focused on the resonator using a microscope objective.

The displacement of the resonator relative to the substrate creates a moving fringe

pattern that is reflected off the beamsplitter on an ac-coupled photodetector. It is

worth to note that the moving fringe patterns only occurs when the two plates are

in parallel, thus the interference between light reflected from moving substrate and

stationary optics does not create moving fringe pattern. The photodetector output

is connected to the input of the spectrum analyzer to monitor resonance spectrum

of the resonator. Laser power is kept at minimum (typically on the order of 40 µW)

to minimize heating effects.
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Figure 7.7: Resonance response to random capture of bacteria, (A) FEA model
geometry and deformation of resonator, (B) frequency shift versus total added mass,
linear relationship between frequency shift and added mass with a good agreement
with analytical calculations using Eq. 3.30 [190].

7.4.2 Phage RBP Immobilization onto Resonators

We tested the application of these resonators for bacterial detection by functional-

izing gold-coated resonators with GST-Gp48 TSP for specific detection of C. jejuni

cells. The devices were washed sequentially in acetone, isopropyl alcohol, ethanol,

and water for 5 min each to clean the surface prior to functionalization. The clean

devices were incubated in 2 mg ml−1 solution of glutathione in PBS for 1 h on an or-

bital shaker at 1000 rpm. The formation of a glutathione self-assembled monolayer

(GSH-SAM) ensures oriented attachment of proteins, resulting in 3-fold improve-

ment in bacteria capture density [20]. The GSH-SAM devices were washed twice in

PBS for 5 min each to wash away the excess reagent from the surface. The function-

alized devices were immersed in 5µg ml−1 solution of GST-GP48 protein in PBS for
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Figure 7.8: Schematic of resonance measurement interferometeric setup [168].

Figure 7.9: Optically measured resonance spectrum and simulated resonance modes
for a typical resonator. The red triangles indicate the simulated values for eigenfre-
quencies [190].

1 h on an orbital shaker at 1000 rpm followed by 5 min wash in 0.05% Tween-20 PBS

and two 5 min washes in PBS. The 1 mg ml−1 solution of bovine serum albumin

(BSA) was used to block any non-specific binding. The TSP-immobilized devices

were incubated in 1 ml of C. jejuni cell suspension in PBS with the concentration

of 108 cfu ml−1 for 20 min. The devices were washed twice with PBS-Tween 20

(0.05%) followed by PBS. Then, the captured bacteria were fixed in a 2% solution

of glutaraldehyde in MilliQ water for 60 min followed by serial ethanol dehydration

steps (50 - 95% for 10 min each). The devices were finally dried under clean nitrogen

gas and imaged using the Hitachi S-4800 scanning electron microscope (SEM).
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7.5 Results and Discussion

7.5.1 Characterization of Unloaded Resonators

Figure 7.9 shows the resonance spectrum and simulated modal shapes for a typical

microresonator beam. The largest displacement is observed for the first resonant

mode at f0 = 1.095 ± 0.005 MHz, with the quality factor of Q = 450 in a vacuum.

Finite element analysis predicts the eigenfrequencies accurately with less than 1%

difference, and show that the first resonance mode is purely flexural without any

torsional vibration coupling. The experimental characterization supports this be-

havior and indicates no vibration nonlinearity even when a large ac driving voltage

is applied (Figure 7.10).

Figure 7.10: Device characterization, (A) resonance spectra for various ac driving
voltage ranging from 10-300 mV, (B) vibration amplitude for various ac driving
voltages; nonlinear vibration was not observed even at high ac driving voltages
[190].
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It is desirable to operate biosensors in fluid for most applications, however, the

fluid viscosity usually affects the resonance response reducing the quality factor.

Figure 7.11 shows that the quality factor and resonance frequency did not change

significantly below p = 1.5 Torr, suggesting that the dissipative process is not dom-

inated with viscous damping in this range. However, the quality factor drops at

pressures above p = 1.5 Torr due to viscous damping. Nonetheless, the quality

factor (Qair = 80) is relatively high even at atmospheric pressure. This value of

quality factor is comparable to that of the previously reported cantilever sensors for

bacterial detection [41, 195, 173, 281].

Figure 7.11: Pressure dependency analyses, (A) Quality factor vs. ambient pressure,
(B) resonance frequency vs. ambient pressure [190].

We estimated the mass sensitivity of these microresonator arrays at approxi-

mately σm ≈ 52fg (in vacuum) and σm ≈ 123fg (in air) using Eq. 3.31. This is

lower than mass of a single C. jejuni cell. Dry Campylobacter jejuni cells are usually

coccoidal approximately 4 - 6 µm in length and 0.3 µm - 0.5 µm in width. Given

that the mass density is around 300 kg/m3, the unit mass of a single cell is within

the range of 150 fg to 200 fg.

7.5.2 Effect of Funtionalization Layers on Frequency Response of

Resonators

An initial set of experiments was performed to study the mass loading effect of func-

tionalization layers (i.e. GSH SAM, TSP, BSA, and Glutaraldehyde) on resonance

response prior to capture of bacteria. To that end, the microreosnator beams were

functionalized as explained in section 6.2.3 but without any exposure to bacteria. As
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shown on Figure 7.12, resonance frequency did not change significantly after func-

tionalization. This indicates that the frequency response to the functionalization

layer is not purely due to the mass loading effects. We can explain this behavior by

considering the counteractive effects of the surface stress induced after adsorption

of functionalization layers. It has been reported that the formation of alkanethiol

self-assembled monolayer (SAM) on flat gold surfaces induces surface stress [233]. It

was also previously shown that the adsorption of chemicals on the cantilever surface

changes the spring constant resulting in upward frequency shift [48]. We believe

that the total frequency shift results from the equal contribution of two factors,

mass and stress. In other words, the absolute value of negative frequency shift due

to the mass of functionalization layers is comparable to the absolute value of the

positive frequency shift due to the adsorption-induced surface stress from SAM, and

therefore the net frequency shift is not measurable.

7.5.3 Detection and Qauntification of C. jejuni Cells

We, then, functionalized these microresonator arrays with GST-Gp48 tail-spike pro-

teins (TSP) and captured Campylobacter jejuni cells. Figure 7.13a, 7.13b shows

the SEM micrograph of functionalized resonators after the capture of bacteria. The

number of bacteria was counted on SEM images for every resonating beam on the

array under test. The results show that an average of N = 225 ±13 bacteria was

bound to a single element with capture density of ≈3.86 ± 0.25 bacteria/100µm2.

This resulted in an average negative frequency shift of ∆f0 = −1.46 KHz. Figure

7.12a shows the resonance spectra for a beam at a zero mass load with a peak at

f0 = 1.091 MHz and after the capture of bacteria with a peak at fL = 1.0895 MHz.

According to Eq.1 this frequency shift suggests that the total added mass is δm ≈ 36

pg, which corresponds to a single bacterium unit mass of mb ≈ 159 fg. Correspond-

ing FEA using this value of mass also indicates a similar resonance frequency shift.

This value is well within the expected range because a typical dry C. jejuni cell

weighs approximately 150 fg -200 fg. These results imply that the number of added

bacteria can be quantified from experimentally observed frequency shift with high

certainty provided that the bacteria are randomly distributed on the resonators.
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Figure 7.12: Resonant frequency measurements for (-) unloaded resonator, (—) after
functionalization [190].

7.5.4 Capture Specificity

In the final set of experiments, we studied the specificity of detection to C. jejuni.

With that goal, the GST-GP48 immobilized microresonator were exposed to E. coli.

The TSP functionalized resonators show minimal affinity to E. coli cells as indicated

by negligible shift in resonance frequency and further confirmed by SEM imaging.

7.5.5 Practical Limitations

We faced several challenges during the course of these experiments. The major im-

pediments to the application of this platform is the transportation of bacteria onto

the surface of device. So far, experiments have been performed in the ”dip and

dry” format which is not automated and therefore is a significant barrier for field
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Figure 7.13: Bacterial capture on a microresonator array, (A) SEM image shows
the capture of C. jejuni bacteria on GST-GP48 TSP-functionalized resonators, no
bacteria were captured on Si3N4 regions confirming the selectivity of immobilization
to gold. (B) Zoomed in SEM image of a section of a beam, the capture density
is ≈ 3.86 ± 0.25bacteria/100µm2. (C) Specificity of detection, SEM image shows
negligible capture of E. coli cells on a TSP-functionalized resonating beam [190].

applications. In addition, it is desired to operate the biosensor in liquid environ-

ment in most biosensing applications. However, the quality of resonance decreases

significantly due to viscous damping resulting in low sensitivity. Moreover, it is chal-

lenging to control the landing point of bacteria on the surface of resonators. Figure

7.14 shows several bacterial capture artifacts such as bacteria bridging between two

adjacent resonators (Figure 7.14a,b) and bacteria wedging underneath a resonator

(Figure 7.14c,d). In any case, these artifacts changes the resonance behaviour of

resonators leading to unpredictable frequency shift after capture of bacteria. Inte-

grating these microresonator array with an automated sample delivery microfluidic

device may circumvent this limitation [123].

7.6 Conclusion

We present an innovative ultra-compact micromechanical resonator array that lever-

ages phage TSPs as bioreceptors. This platform offers several features that overcome

the limitations of previous designs. The structural design of each resonating beam

is optimized to realize wide beams with a large surface area without compromising

the high natural frequency and mass sensitivity. In addition, each beam is attached

to an electrode and therefore is individually addressable for electrostatic actuation.

One thousands of these beams are integrated into a compact array on a small area

(≈13.5 mm2) with a micron wide gap between two adjacent beams. The dense ar-

rangement of individual beams on these arrays further increases the effective area

for the capture of bacteria. This layout also makes this resonator array suitable for
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Figure 7.14: SEM images showing bacterial capture artifacts on a microresonator
array, (A, B) bacteria bridging between two adjacent resonators beam. (C, D)
bacteria wedging underneath the resonator beam.

integration with an automated microfluidic sample delivery system in an encapsu-

lated microfluidic channel [123]. We used three-dimensional FEA to evaluate the

performance of these resonators for the capture of bacteria. We modeled the bacteria

on these devices and studied the effect of mass and stiffness of bacteria on the reso-

nance response. FEA simulations show that the frequency shift is mainly dominated

by mass loading effects; and adsorption of such kind of soft massive objects does

not change the flexural rigidity of these devices significantly. Simulations also show

a linear relationship between the frequency shift and the added mass of randomly

distributed bacteria. This is in a good agreement with theoretical expectations for

frequency changes due to addition of uniformly distributed mass. Our analysis of

the experimental results further confirms this correlation. The number of captured

bacteria is calculated from the experimentally observed frequency shift with more

than 88% accuracy. We studied the potential application of these resonators for

specific detection of bacteria. For this purpose, we immobilized the Gp48 TSPs of

NCTC12673 phage on these resonators, and we exposed the functionalized devices

to Campylobacter jejuni (C. jejuni) cells. In a typical dip-and-dry experiment, N
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= 225 ±13 bacteria were captured on a single resonator beam which resulted in ∆f

= -1.47±0.43 KHz frequency shift, measured in a vacuum. Calculations suggests

that this frequency shift corresponds to the unit mass of a single bacterium around

mb = 159 fg which is well within the expected range for dry C. jejuni cell [38].

Our analysis did not show any significant change to the quality factor after the

immobilization and capture of bacteria. The specificity of detection was confirmed

using E. coli as a negative control where negligible number of bacteria was captured

on the devices, and therefore no frequency shift was occurred. To the best of our

knowledge, this is the first realization of TSP-derivitized microresonator arrays for

the specific detection of pathogenic bacteria.

As a future direction, each resonating beam can be actuated individually with

electrostatic actuation for capacitive detection. Furthermore, control beams will be

considered to quantify specificity. In this case, the control beams will be treated

with all steps of immobilization except exposure to the target specific TSPs. The

difference between frequency shift for TSP immobilized beams and control beams

will be used as a measure for capture of bacteria.
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Chapter 8

Phage RBP-derivatized

Magnetic Pre-Enrichment

Coupled with PCR

8.1 Introduction

Identification of pathogenic contaminations in food samples is critical for prevention

of food born outbreaks. Although cooking process or pasteurization kills any

potential bacteria that are present in food, the contamination of food products is

still a major problem both in developed as well as third world countries. The food

styles have changed in recent years and more processed and ready to eat food are

available nowadays. In developing countries, the consumption of unpasturized dairy

products is still very common. More importantly, in addition to direct bacterial

contaminations, the entertoxins of bacteria can also cause foodborne diseases even

after killing bacteria. Therefore, there is still great interest to develop rapid and

accurate technologies for detection of contaminations in food samples.

Polymerase chain reaction (PCR) based detection methods offer major advan-

tages in terms of speed, specificity, and sensitivity. However, direct application of

PCR in food samples is problematic due to the inhibitory effects of the residual

food components on PCR enzymatic activity [203]. Another major impediment to

1A version of this chapter has been published by S. Poshtiban et al [189]-Reproduced by per-
mission of The Royal Society of Chemistry.
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the application of PCR for real-time detection of foodborne pathogens is the low

infectious dose (≈10 - 1000 bacterial cells) [211]. Such a low number of pathogens

may be hard to detect by PCR, especially in the presence of natural inhibitors of

DNA polymerase present in food matrixes. Various DNA extraction kits have been

developed for extraction and purification of bacterial DNA prior to amplification;

however, their efficiency is significantly compromised in crude food samples. There-

fore, there is a need for a sample preparation step prior to detection which can

circumvent these methodological hurdles by selectively isolating and subsequently

concentrating the target bacteria from complex food samples.

In this chapter, we employ the proposed phage RBP-derivatized magnetic pre-

enrichment method in conjunction with PCR for analysis of artificially contaminated

food samples. Previous studies reported successful detection of 102 cfu/ml of C.

jejuni cells and 103 cfu/ml of Salmonella in buffered samples with phage TSP im-

mobilized SPR sensors [219, 220]. We demonstrate the ability of this pre-enrichment

method to isolate, purify and pre-concentrate bacteria from food suspensions, re-

sulting in elimination of PCR inhibition by matrix-related refractory components.

We artificially spiked various food samples including skim milk, milk with 2% fat

and chicken broth with known concentration of C. jejuni bacteria. Recovery rates,

assessed by real-time PCR, were greater than 80% for the samples spiked with as

low as 100 cfu/ml of C. jejuni cells. The specificity of capture was confirmed us-

ing Salmonella Typhimurium as a negative control where no bacteria were captured

on the RBP-derivatized magnetic beads. The combination of RBP-based magnetic

separation and real-time PCR improved PCR sensitivity and allowed the detection

of C. jejuni cells in milk and chicken broth samples without a time consuming

culture-based pre-enrichment. The total sample preparation and analysis time in

the proposed RBP-based method coupled with real-time PCR was less than 3h.

8.2 Experimental Methods

8.2.1 Primer and Probe Design

Primers and TaqMan probe (Applied Biosystems) were designed using Primer Ex-

press 3.0 software to amplify a fragment of gene lpxA of C. jejuni bacteria. The list
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of primers and probes used for real-time PCR is given in Table 8.1.

Table 8.1: List of primers and probes; the TaqMan probe was labeled with a 6-FAM
reported at the 5′ end and a MGB quencher at 3′ end

Assay Type Primer of Probe Nucleotide Sequence 5′-3′
Conventional PCR Forward CTCCTTTAGCTGTACCTGAATTTATCGTT

(Product Size = 288 bp) Reverse GTGCGGTGATTGAAGAGGGTG

Realtime PCR Forward GGCGGGCTTACACCTATTCA
(Product size = 70 bp) Reverse AGTGCACTTGCTCCTGCTATCA

MGB Probe 6FAM-AATTTGTCAAAGTAGGTGAGGGT

8.2.2 Conventional PCR Assay

Reactions for conventional PCR were done in 25 µL PCR mixtures containing 1U

Taq DNA polymerase, 200 ng BSA, 200 µL dNTPS, 2mM MgCl2, 1x Invitrogen Taq

PCR buffer, 500 nM each primer, 1µL of cell dilutions. The thermal cycle protocol

was started with a pre-denaturation for 4 min at 94◦C followed by 35 cycles of

denaturation for 10 sec at 94◦C, annealing for 20 sec at 55◦C and extension for 20

sec at 72◦C. PCR products were loaded in 2% agarose gel stained with ethidium

bromide and electrophorased at 90V for 30 min. Gel was visualized under UV light

using a transilluminator apparatus and camera.

8.2.3 TaqMan Real Time PCR Assay

The real-time PCR reactions were performed on an ABI 7500 Fast (Applied Biosys-

tems) in a 10 µL PCR mixture containing 1x Taqman Universal PCR Mastermix

(Applied Biosystems), 900 nM of each primer, 250 nM TaqMan Probe (Life Tech-

nologies, Inc.), PCR grade nuclease-free water and 1 µL of template. The thermal

cycling profile consisted of 2 min at 50 ◦C, 10 min 95 ◦C, followed by 40 cycles of

15 sec denaturation at 92 ◦C and 1 min annealing/extension at 60 ◦C.

8.2.4 Primer and Probe Concentration Optimization

A series of experiments were performed to determine the optimal primer concentra-

tions. To that end, a 10 µL PCR reaction mix was prepared to run three replicates

of each of the nine conditions as shown in Table 8.2. The thermal cycling condition
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was similar to the condition described previously. At the end of the run, the mini-

mum forward and reverse primer concentration were chosen that yield the minimum

Ct value.

Table 8.2: PCR reaction mix for primer optimization

Forward Primer (nM)

Reverse Primer (nM) 50 300 900

50 50/50 300/50 900/50

300 50/300 300/300 900/300

900 50/900 300/900 900/900

Similarly, the optimal probe concentration was determined through a series of

experiments using various probe concentrations as shown on Table 8.3. The op-

timal primer concentrations determined in previous experiment were used in this

experiment to find the optimal probe concentration.

Table 8.3: PCR reaction mix for probe optimization

Probe Concentration (nM) 50 100 150 200 250 500

8.2.5 DNA Extraction from Bacterial Cells

The commercially available DNA extraction kit (QIAamp DNA Mini Kit, Qiagen)

was used to extract and purify DNA from C. jejuni culture. The extracted DNA

was treated with RNase A (Qiagen) to obtain RNA-free DNA. DNA concentration

was determined using the NanoDrop ND 1000 spectrophotometer (NanoDrop Tech-

nologies Inc., Wilmington, DE, USA). Original concentration of DNA was adjusted

to 50 ng/ml for sensitivity testing. Details about this method of DNA extraction is

provided in Appendix A.3.

8.2.6 Creating Standard Curve with Genomic DNA for PCR Sen-

sitivity Analysis

The standard curves were created with purified genomic DNA of culture of C. jejuni

NCTC 11168 to study the sensitivity of primer-probe set for PCR assay. The stan-
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dard curve was created using purified genomic DNA of Campylobacter jejuni at the

range of 28×106 to 28 copies. The genome size of Campylobacter jejuni subsp.C.

jejuni NCTC 11168 (ATCC 700819) is estimated at 1.64 Mb [10]. The mass of the

C. jejuni DNA per genome is calculated at 1.797 fg using the Equation 8.1:

m = (n)(1.096e−21)
g

bp
(8.1)

in which n is the genome size (bp) and m is the mass. Dividing the mass of

the genome by the copy number of gene lpxA per haploid (i.e. one), we calculate

the mass per copy number of the gene of interest. Next, we calculated the mass of

gDNA containing the copy #s of interest, from 280,000 to 28 copies as summarized

in Table 8.3. The final concentrations are calculated by dividing the needed DNA

mass for desired copy # by the volume to be pipetted into each PCR reaction mix,

which is 1µL in this work (Table 8.3).

Table 8.4: Mass of DNA (fg) and final concentration of DNA vs Copy #

Copy # Mass of DNA
per genome

Mass of gDNA
(fg)

volume per re-
action

Final Concen-
tration (fg/µL)

280,000 503,160 503,160
28,000 50,316 50,316
2,800 ×1.797 fg 5,031 ÷1 µL 5,031
280 503 503
28 50 50

The Equation 8.2 is used to prepare the serial dilutions of the gDNA.

C1.V1 = C2.V2; (8.2)

in which C1 is the stock concentration of C. jejuni gDNA, V1 is the volume

needed to be pipetted for each dilution, C2 is the desired final concentration of

gDNA per dilution, and V2 is the desired final volume of each dilution.

8.2.7 Preparation of Artificially Contaminated Food Samples

Chicken broth stock (Campbell) and fresh partly skimmed milk with 2% fat (Dairy-

land) were purchased from local grocery stores. Skim milk was made using skim

milk powder (Difco). Food samples were mixed with 1 ml of appropriate dilutions
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of C. jejuni to obtain the contamination rate of 102 to 105 cfu/ml. Artificially con-

taminated samples were used immediately and 1 ml of each sample was exposed

to the desired amount of RBP functionalized beads. Following bacterial capture,

the bead-bacteria clusters were separated from background using a magnet and the

supernatant was removed. The clean bead-bacteria clusters were resuspended in 100

µL of PBS and used in real-time PCR assays.

8.2.8 Coupling RBP-based Magnetic Pre-enrichment with qPCR

Total bacterial DNA of C. jejuni cells was extracted using a previously reported

method [160, 247] which involves heating up each sample to 95 ◦C for 10 min.The

standard curve was constructed by isolating DNA from 10-fold serial dilution of a

suspension of pure C. jejuni cells suspended in PBS. Ten-fold serial dilutions of

C. jejuni cells in the range of 10-106 cfu/reaction were amplified in duplicates by

real-time PCR. The Ct values were plotted as a function of the logarithm of known

spiked C. jejuni cells to obtain the standard curve.

8.2.9 Calculation of Recovery Rate (RR) (%) and Statistical Anal-

ysis

The bacterial capture efficiency of RBP-derivatized beads was assessed by enumerat-

ing the number of captured cells using real-time PCR and subsequently calculating

the recovery rate[269].The cell number per PCR reaction for unknown samples was

obtained by comparing the Ct value with a standard curve generated during the

same run of PCR. The cell number per PCR reaction was multiplied by 100 to cal-

culate the cell number per 100 µL of unknown sample, as 1 µL out of 100 µL of

pre-concentrated sample was used in each PCR reaction. The recovery rate (RR)

was calculated using the following equation:

RR(%) = 100× Cc

C0
; (8.3)

where C0 is the initial number of cells spiked in the sample and Cc is the number

of cells captured to the RBP beads.
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8.3 Results and Discussion

8.3.1 Sensitivity and Linear Range of C. jejuni qPCR Assay

The sensitivity of primer-probe set for PCR assay was determined using the standard

curves created with purified genomic DNA of culture of C. jejuni NCTC 11168. The

standard curve spanned six orders of magnitude ranging from 2.8×10 to 2.8×106

genome copies per reaction and showed linearity over the entire quantification range

with the slope equal to -3.49 and the R2 value equal to 0.99. The efficiency of

the real-time PCR assay was 93.43% with the limit of detection of 28 genome

copies/PCR reaction. Figure 8.1 shows the dynamic range and sensitivity of C.

jejuni purified DNA real-time PCR assay.

Figure 8.1: Dynamic range and sensitivity of C. jejuni real-time PCR assay. Stan-
dard curve for 10-fold dilution series of C. jejuni purified genomic DNA from 2.8×101

to 2.8×106 genome copies per PCR reaction. Each dot represents the results of trip-
licate amplification of each dilution. The slope of the regression curve is -3.66 and
the coefficient of determination is R2 = 0.99 [189].
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8.3.2 DNA Extraction from Bacteria Captured on RBP-Derivarized

Magnetic Beads

Initially, we attempted to extract DNA of C. jejuni captured on RBP-derivatized

magnetic beads using QIAamp DNA Mini Kit, Qiagen. To that end, we applied the

bacteria-bead samples after magnetic separation to the QIAamp extraction and pu-

rification procedure. We quantified the extracted DNA copy number using Realtime

PCR. However, comparing the efficiency of the extraction protocol for bead-bacteria

samples with the clean samples of bacteria suspended in buffer with similar quanti-

ties indicated the failure of this method for bead-bacteria clusters.Results show that

the DNA copy number is around zero regardless of the number of cells per sample

for bead-bacteria samples. We believe this is due to the fact that beads clog the

filter on the purification column and thus prevents DNA from binding to the filter

membrane resulting in the failure of the entire procedure.

8.3.3 Capture Efficiency and Recovery Rate of RBP-Derivatized

Beads

A series of experiments were carried out to study the effect of various parameters on

capture efficiency and recovery rate of C. jejuni cells using RBP-coated magnetic

beads. Skimmed milk was chosen as the food matrix in all characterization exper-

iments. The results showed that the oriented immobilization based on GSH SAM

improved the capture efficiency compared to the direct un-oriented immobilization

for both types of magnetic beads (i.e. Epoxy and Tosylactivated beads) (Figure

8.2a). Both type of beads captured and recovered C. jejuni cells with the same level

of efficiency when immobilized with receptor binding proteins in oriented fashion.

RBP-functionalized beads were able to separate and pre-concentrate more than

85% of C. jejuni cells from samples spiked with 102 cfu/ml. A gradual decrease in

capture efficiency was observed by increasing the cell concentrations due to limiting

bead binding surface capacity (Figure 8.2b). A similar trend was observed for other

food samples such as milk with 2% fat and chicken broth. Table 8.5 compares

the recovery rate of RBP-based magnetic separation method for isolation of C.

jejuni cells from various food samples at different cell concentrations using 108 RBP-
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immobilized beads in all experiments.

Figure 8.2c shows that increasing the number of beads improves the binding

surface area and thus increases the recovery rate at higher cell concentrations. It is

noteworthy that the high recovery rate is particularly important at low cell concen-

tration to improve upon the minimum detectable level of cells by PCR. As will be

discussed later, the relatively higher capture efficiency at lower cell concentrations

does result in a net improvement of detection threshold of the overall assay for the

matrix studied here.

Table 8.5: Efficiency of RBP magnetic separation method for the recovery of C.
jejuni from different food samples. All experiments were performed with 108 RBP-
derivatized Tosylactivated beads [189].

Recovery Rate %

Cell Number [cfu/ml] Skim Milk Milk with 2% fat Chicken Broth

100000 15.08 ± 1.05 10.20 ± 1.2 19.42 ± 2.3
10000 36.21 ± 4.45 14.45 ± 2.21 36.53 ± 4.32
1000 54.73 ± 3.22 30.21 ± 4.53 67.81 ± 8.3
100 85.31 ± 5.1 49.9 ± 3.4 89.21 ± 6.2

8.3.4 Analysis of Artificially Spiked Food Samples Using RBP-

based Pre-enrichment Method and qPCR

We integrated RBP magnetic separation with TaqMan PCR to reduce PCR inhibi-

tion of food compounds and to obtain a highly sensitive and specific semi-real-time

assay for direct analysis of food samples. To that end, RBP-functionalized beads

were used to isolate C. jejuni cells from different artificially contaminated food sam-

ples including skimmed milk, 2% partially skimmed milk, and chicken broth. The

total genomic DNA was extracted from C. jejuni cells captured on beads by boil-

ing without the need for more extensive DNA extractions and used as template for

real-time PCR. The standard curve was created as described earlier to correlate the

Ct value to the cell number. The standard curve showed a linear relationship (y =

-4.65x+37.92, R2 = 0.99) with dynamic range of six orders of magnitude (Figure

8.3). The reaction efficiency was comparable to previous reports when boiling was

used to extract DNA from whole cells [160]. Boiling, employed as a DNA extraction
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method for the sake of simplicity, was considered suitable, as the sensitivity was not

compromised.

The RBP-based magnetic separation method coupled with real-time PCR is

able to specifically detect C. jejuni within 3 h at levels of 102 cfu/ml in all kinds

of samples. This is two folds increase in detection sensitivity as a similar real-time

PCR assay without any RBP magnetic separation failed to reliably quantify the

number of cells for samples with less than 104 cfu/ml due to inhibitory effects of

milk components. Figure 6a shows the Ct value versus different cell concentrations

for various samples including clean sample (i.e. cells spiked in PBS buffer), milk with

2% fat, skim milk, and chicken broth. The Ct value increased for all kind of food

samples compared to the clean samples suggesting the inhibition of PCR by matrix-

related refractory factors. Milk with 2% fat and skim milk inhibited PCR more

drastically, and caused complete failure of PCR at cell concentrations lower than

104 cfu/ml, which can be seen with the absence of data points at these concentrations

(i.e. ≤104 cfu/ml) on Figure 8.4a. Figure 8.4b, 8.4c and 8.4d compare the Ct values

vs. cell concentrations for different spiked samples without any treatment and after

isolation and pre-enrichment of cells with RBP-derivatized magnetic beads.

The presence of data points at all concentration of spiked cells after pre-enrichment

suggests that the RBP-based magnetic separation reduces the matrix-related in-

hibitory effects and allows the amplification of small number of cells, which was

otherwise inhibited. It is noteworthy that this pre-enrichment method does signif-

icantly improve the Ct values at higher cell concentrations given the relatively low

recovery rate accomplished at these higher concentrations (righthand data points of

Fig 8.4c). This being said, overall capture efficiency improves at low cell concentra-

tion, resulting in an improvement of overall detection threshold. Indeed, as indicated

by the lefthand data points of Fig 8.4c), no amplification was observed whatsoever

at 103 cfu/ml and below without inclusion of this RCP-mediated pre-enrichment

step. Therefore, the ability of this short pre-enrichment technique to selectively iso-

late and purify C. jejuni cells from food suspensions and improve limit of detection

of qPCR assay in this specific matrix represents a proof-of-concept of the potential

of phage
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8.4 Conclusion

Real time PCR is a rapid, sensitive and specific method for quantitative analysis.

However, reliability and sensitivity of this technology for food analysis is compro-

mised due to the presence of inhibitory factors in food components. We demon-

strated the potential of using an RBP-derivatized magnetic separation method as

an upstream sample preparation step for real-time PCR detection of C. jejuni cells

in skim milk, milk with 2% fat, and chicken broth. The RBP-based magnetic separa-

tion method was able to recover more than 80% of C. jejuni cells and in combination

with real-time PCR was able to detect C. jejuni cells at levels of 102 cfu/ml in less

than 3h. Use of Salmonella Typhimurium as a negative control confirmed that GST-

Gp48 derivatized beads did not capture any non-specific bacteria. This method can

be generalized to other food samples as well as other pathogens by using the target

specific phage proteins.
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Figure 8.2: Capture efficiency of GST-Gp48 magnetic beads. (A) GSH SAM based
oriented immobilization versus direct unoriented immobilization (with 104 cells, 108

beads) (B) different cell concentrations (with 108 Tosylactivated beads) (C) differ-
ent concentrations of RBP-derivatized Tosylactivated beads per 1 ml assay volume
containing 104 cells [189].
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Figure 8.3: Standard curve of C. jejuni PCR assay. (A) Detection of 10-fold serial
dilution of C. jejuni in PBS by the real-time TaqMan assay performed in duplicates
from 101 to 105 cfu per PCR reaction. The fluorescent signal (Delta Rn) is plotted
versus the cycle numbers. (B) Standard curve produced from correlation of the
threshold cycle values (Ct) with the log10 of the concentration of C. jejuni cells in
each dilution (Log C0) [189].
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Figure 8.4: PCR on artificially contaminated food samples with/without RBP mag-
netic enrichment. (A) Threshold cycle value (Ct) versus C. jejuni cell concentration
spiked in buffer, milk with 2% fat, skim milk, and chicken broth. Milk inhibits
PCR resulting in higher Ct values compared to reference samples (i.e. cells spiked
in buffer) at concentrations higher than 104 cfu/ml, and causes complete failure of
PCR amplification at lower concentrations. Chicken broth also inhibits PCR, but
has less refractory effects compared to milk. (B, C) Isolation and enrichment of C.
jejuni cells from milk with RBP-based magnetic separation improves PCR efficiency.
(D) Chicken broth has less inhibitory effect on PCR. Less significant improvement
was observed after RBP-based magnetic separation [189].
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Chapter 9

Thermal Management of a PCR

Lab-on-a-Chip Device

9.1 Introduction

Lab-on-a-chip (LOC) devices, capable of integrating several laboratory functions

in a single chip, have been the centre of attention from research community in re-

cent years. Microfluidic devices were initially used in the development of inkjet

printheads, but now they are central components of multiplex systems for various

applications ranging from chemical analysis to genetic analysis and point-of-care di-

agnosis . We are interested in microfluidic devices capable of performing polymerase

chain reaction (PCR) with the ultimate goal to integrate PCR with our TSP-based

magnetic separation method onto a single chip. Polymerase chain reaction (PCR) is

a powerful technique in molecular biology which amplifies small quantities of DNA

to detectable levels. Typically, PCR process consists of 30-40 cycles, with each cy-

cle consisting of three temperature steps: denaturation (92◦C - 96◦C), annealing

(45◦C - 65◦C), and extension (68◦C - 74◦C). Thermal management is critical in

adapting polymerase chain reaction into nano-scale and micro-scale lab-on-a-chip

devices. The DNA amplification process throughout PCR requires precise and lo-

calized temperature control to achieve an efficient amplification. The comprehensive

studies emphasize on the importance of more than ±1◦C temperature precision and

1All work in this chapter was performed by S. Poshtiban except for Microfluidic chip system
model presented in Sec. 9.2.2. The system model was developed by R. Banaei Khosroushahi
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rapid transition time for optimal amplification efficiency. Rapid thermal cycling of

the reaction chamber in DNA amplification not only improves the required ampli-

fication time by an order of magnitude, but it is also important to ensure stability

of biological reagents during amplification and specificity of the amplified product.

Large overshoots and undershoots during transitions are undesired as they may de-

teriorate the replicating enzyme activity resulting in less than optimal magnitude

of amplification or amplification of unspecific products. Therefore, there is a need

for design and implementation of a temperature controller which provides rapid but

smooth transitions between different temperature stages during PCR.

Accurate temperature control requires the measurement of the temperature in-

side the miniaturized reaction chamber, which is usually in the order if a few micro

litres. The fundamental challenge however is the temperature measurement without

perturbation. Any sensing device in direct contact with such a small volume will

change the dynamics of system affecting the DNA cycling. Moreover, implanting a

sensor inside the reaction chamber increases the risk of contamination which can be

detrimental to the success of DNA amplification. Therefore, it is highly desirable to

estimate the temperature inside the reaction chamber based on an outside measure-

ment in close proximity of chamber. The dynamics of the system between sensor

and reaction chamber must be considered when designing temperature controller.

The PCR microfluidic chip used in this study is composed of three layers, glass-

PDMS-glass; the PCR reaction chamber is etched in the top glass layer, and a thin

film resistor element is patterned in the bottom layer which acts as both heater and

sensor providing the only temperature measurement for the entire system. There-

fore, the chamber temperature is estimated based on the heater temperature, and

the heater temperature is used for thermal management of PCR subsystem. We

designed a robust observer based state feedback controller using heater temperature

as a feedback signal. Since the reaction chamber system does not respond to the

temperature transients as fast as heater system due to the physical distance between

heater and chamber system, we optimized the feedforward trajectory for heater tem-

perature so that the chamber temperature follows the thermal profile as desired for

a PCR reaction. We used thermochromic liquid crystal to qualitatively verify the

accuracy of temperature in PCR reaction chamber.
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9.2 PCR Microchip

9.2.1 Microfluidic Chip Structure

The PCR microfluidic chip used in this study was developed by researchers in the

Applied Miniaturization Lab (AML) at the University of Alberta. Figure 9.1 shows

the picture of the PCR microchip. The microchip is designed into a three layer

glass/PDMS/glass structure as shown in Figure 9.2, in which the top and bottom

glass layers are called flow layer and control layer, respectively. The fluidic channel

and PCR reaction chamber are etched on the top glass later, and the round thin

film resistive element is patterned on the bottom glass layer. The square metal

plates are the contact pads. The thin film resistive element acts simultaneously as

a temperature actuator and a sensor, and it provides the only information about

temperature.

Figure 9.1: PCR microfluidic chip [21].

This design of heater simplifies fabrication and makes integration feasible by

eliminating the need for the second resistive element and its accompanying elec-

tronic and instrumentation. Nevertheless, this design creates a distance between

temperature sensor and PCR reaction chamber which implies two main challenges

for the design of temperature controller. First, the reaction chamber temperature is

predicted based on the measurements of heater temperature due to the lack of direct

measurements on the chamber temperature. In addition, the chamber temperature

follows the dynamics of temperature transitions with slower rate compared to the
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Figure 9.2: PCR microchip architecture [96].

heater temperature.

9.2.2 Microfluidic Chip System Model

The thermal cycler on this LOC device, consisting of a reaction chamber and heater

element, can be modelled with a serial configuration of two subsystems, heater and

chamber subsystems as shown on Figure 9.3. The heater temperature is controlled

based on the input current and the chamber temperature is predicted based on

heater temperature. The static and dynamic behaviour of the heater and chamber

subsystem are identified by FEM analysis using Comsol Multiphysics [20].

Figure 9.3: System level model of PCR lab-on-a-chip device.

Heater Subsystem Model

Figure 9.4 shows the block diagram of the heater subsystem. The heater subsystem

is composed of a nonlinear stationary part and a minimum phase second order

dynamic linear part with a stable zero as given by Equation 9.1.

Th(s) = Gh(s).L[f(Ih(t), Ths(t))] (9.1)
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where

Gh(s) =
2.3235(s+ 0.2352)

(s+ 4.2655)(s+ 0.1281)
(9.2)

and

f(Ih, Ths) =34.1326sinh(22.3182Ih − 0.7540)

+ 0.0215sinh(5.6896Ih + 0.4.1996)(Ths − 22)

+ 22.4371

(9.3)

where Th is the heater temperature, Ih is the heater current and Ths is the

heatsink temperature.

Figure 9.4: Heater subsystem, consisting of a static nonlinear subsystem followed
by a linear dynamic part.

The dynamic part of the heater subsystem can be easily converted to a state-

space model as shown in Figure 9.5:

Ah =

0.1281 0.3273

0 −4.2655

 Bh =

0
2



Ch =
[
0.3802 1.1618

]
Dh = 0

It is noteworthy that this state-space model does not represent the linearized

heater system. The linearization of the nonlinear input function will change the

value of input matrix Bh.

Chamber Subsystem Model

The model of chamber subsystem is identified with a static part and a dynamic

part as shown in Figure 9.6 and given by Equation 9.4, in which the static part is
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Figure 9.5: State-space representation of heater subsystem.

inherently linear.

Tc(s) = Ghc(s).L[g(Th(t), Ths(t))] (9.4)

where

Ghc(s) =
−0.0902(s− 3.0314)

(s+ 0.2024)(s+ 1.3514)
(9.5)

and

g(Th, Ths) = 0.4704Th + 0.5294Ths − 0.0249 (9.6)

Figure 9.6: Model of chamber subsystem.

9.2.3 Model Linearization

The first step towards linearization of the nonlinear heater model is to find an appro-

priate operating point. Given that chamber temperature varies roughy from 55◦C

to 95 ◦C during PCR, the middle point of the operating range (i.e. 75◦C) is chosen
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Table 9.1: System parameters at the operating point

Parameter Value Unit

Ths0 22 ◦C
Tc0 75 ◦C
Th0 134.5412 ◦C
Ih0 0.1191 A

X0

[
161.1614
63.0834

]
N/A

as an operating point. This chamber temperature approximately corresponds to

134.5412◦C at heater. We assume the heatsink temperature is equal to the ambient

temperature at 22◦C. We solve Equation 9.3 to find Ih by substituting the oper-

ating point values. The state values at the operating point is calculated using the

following equation:

X0 = −A−1
h BhTh0 =

161.1614
63.0834

 (9.7)

where Ah and Bh are the state and input matrixes of the dynamic part of heater

subsystems. Table 9.1 lists the values for system parameters at the operating point:

Using these parameters, we linearize the function f(Ih, Ths) of the heater sub-

system using the Taylor series expansion of first order:

f(Ih, Ths) = f(Ih0, Ths0)+
∂f

∂Ih
|(Ih0,Ths0)(Ih−Ih0)+

∂f

∂Ths
|(Ih0,Ths0)(Ths−Ths0)+H.O.T.

(9.8)

Neglecting the H.O.T. (Higher Order Terms), we use the linear approximation

instead of the nonlinear function in our controller design. Given that the DC-gain of

dynamic part is equal to unity, we conclude that f(Ihs, Ths) ≈ Th0. So, the Equation

9.8 can be re-written as:

f(Ih, Ths) ≈ Th0 +Bh1(Ih − Ih0) +Bh2(Ths − Ths0) (9.9)

Figure 9.7 shows the block diagram of the linearized model for the heater sub-

system. It is noteworthy that the input matrix for heater current input is BhsBh.

It is worth to note that the input signal, reference signal and output signal needs

to be shifted properly before implementation of the liner controller on nonlinear
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Figure 9.7: Linearized model of heater subsystem.

system. To shift the linearized model from operating point to the zero equilibrium

point, we define the new input, output, and state vector as follows:

X̃ = X −X0 (9.10)

Ĩh = Ih − Ih0 (9.11)

T̃hs = Ths − Ths0 (9.12)

T̃h = Th − Th0 (9.13)

and we re-write the system equation as follows:

˙̃X = AhX̃ +Bh1Bh(Ĩh − Ih0) +Bh2Bh(T̃hs − Ths0) (9.14)

T̃h = ChX̃ − Th0 (9.15)

9.3 Thermal Calibration of PCR Microfluidic Chip

The major challenge for thermal management of microfluidic chip is the lack of

direct measurements of the reaction chamber temperature. Thermochromic liquid

crystals are used to verify the temperature accuracy in the reaction chamber. Ther-

mochromic liquid crystals (TLC) are compact and effective materials for monitoring

temperature at the microscale by displaying different colors at different tempera-

tures. The TLC suspension has milky white color at room temperature. The color

of TLC changes successively into red, green and blue as heated. The color of TLC
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returns to milky white when the temperature rises above the color change range.

The spectra of TLC color are analyzed to study the chamber temperature. There are

several parameters that may influence thermochromic liquid crystal measurements,

including: light disturbances, illumination intensity, and film thickness. Therefore, it

is necessary to provide a consistent surface preparation techniques and experimental

setup to ensure repeatable performance and reliable results of TLCs.

9.4 Controller Design

9.4.1 Observability and Controllability

The controllability of system has been verified by checking the rank of the control-

lability matrix. Although the input matrix for the heater current is Bh1Bh, the

controllability matrix is calculated for [Ah, Bh]. Since introducing a new gain does

not change the controllability of a system, we calculated the controllability matrix

as follows:

C =
[
Bh Ah.Bh

]
(9.16)

ρ(C) = ρ(

 0 1711.8139

5230.724 −22311.6534

) = 2. (9.17)

The observability of the system has also been confirmed by calculating the ob-

servability matrix as follows:

O =

 Ch

C.Ah

 (9.18)

ρ(O) = ρ(

 0.3802 1.1618

−0.0487 −4.831

) = 2. (9.19)
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9.4.2 Eigenvalue Selection

The desired closed loop system eigenvalues have been selected based on performance

criteria. The maximum overshoot and the settling times were chosen to be less than

10%, and less than 2 seconds, respectively. The eigenvalues were select by calculating

Equation 9.20

Mp = exp(
−ζπ√
1− ζ2

) (9.20)

and Equation 9.21

ts =
4

ωnζ
. (9.21)

The values of ζ and ωn are calculated by considering the aforementioned per-

formance criteria. The poles are given by −σ ± jωd, where σ = ζωn and ωd =

ωn

√
1− ζ2. In our system, the desired eigenvalues are located at λ1 = −2+2.6667j

and λ2 = −2 − 2.6667j. The observer eigenvalues are chosen to be 6 times faster

than the eignevalues of the closed loop system.

9.4.3 State Feedback Controller on Linearized Model

The pole placement method was used to design the state feedback controller by plac-

ing the closed loop eigenvalues in the pre-determined place in s-plane. Considering

the state space model of the linearized model as:

ẋ = Ahx+Bu (9.22)

y = Chx (9.23)

where B = Bh1Bh, the state feedback controller was designed such that the closed

loop system has the following state space model:

ẋ = (Ah −Bk)x+Bu (9.24)

y = Chx (9.25)
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where k = [K1&K2].

Figure 9.8: Block diagram of controller design on linearized model.

A dynamic compensator and an output feedback was employed based on the

internal model principle to reject any disturbances. To that end, an integrator with

the gain −Ki was inserted as a compensator to perfectly track the step signal with

zero tracking error at steady state. The block diagram of the robust trajectory

tracking controller designed for linearized model is shown in Figure 9.8. In this

system, the main source of disturbance is the variations in heatsink temperature.

Denoting any disturbance to the system with w, the state feedback equation can be

modified as:

ẋ = (Ah −Bk)x+Bu+Bw (9.26)

y = Chx (9.27)

Now, lets denote the output of integrator with xi. Then, the system has aug-

mented state vector [x&Xi]
′. The input to the system is:

R = Tr − Th0 (9.28)

and the output of the system is :
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Y = Th − Th0 (9.29)

Therefore,

Ẋi = R− Y = R− Chx (9.30)

u =
[
K Ki

]X

Xi

 (9.31)

Substituting this in Equation 9.26, it will yield into:

Ẋ

Ẋi

 =

A+BK BKi

−C 0

X

Xi

0
1

R+

B
0

w (9.32)

Y =
[
C 0

]X

Xi

 (9.33)

Since (Ah, Bh) is controllable and the Hh(s) = Ch(SI − Ah)
−1B has no zero

at s = 0, the eigenvalues of the new matrix A in Equation 9.32 can be arbitrarily

assigned by selecting the feedback gain [KKi]. We designed the feedback gain by

using the eigenvalues at λ1 = −2 + 2.6667j, λ2 = 2 + 2.6667j, and λ3 = −8, and

calculated the gain of closed loop system as:

Kf =
(
−0.1965 0.0015 −0.0622

)
(9.34)

We also designed a state observer so that the output of system generated an

estimate of the internal states. The eigenvalues of the observer are chosen 6 times

faster than the eigenvalues of the closed loop system. The observer equation is given

as:

˙̃X = (Ah − LCh)
ˆ̃X +Bh1BhĨh + LT̃h (9.35)

and the estimation error is calculated as the error between the actual state and

the estimated state using the following equation:

e(t) = X(t)− ˆ̃
X(t). (9.36)
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9.4.4 Feedforward Compensator

The heater subsystem has a zero at s = −0.2352, therefore, a feedforward com-

pensator was designed to cancel the effect of zero. The compensator is designed as

a first order system with a pole at s = −0.2352 and a unit DC gain. The block

diagram of the controller with compensator is shown in Figure 9.9.

Figure 9.9: Block Diagram of controller design with feedforward compensator on
linearized model.

9.4.5 Inverse Nonlinear Function for Nonlinear System

The state feedback controller described earlier was designed for linearized model of

microchip device. Although this controller would provide the desired performance

at the linearized operating points, it is expected to observe undesired performance

at set points oner than the linearized operating point. To overcome the effect of

nonlinearity on the performance of the controller, the inverse of nonlinear function

is applied in the forward path. The nonlinear function, given in Equation 9.3, has

two inputs, heater current Ih and heatsink temperature Ths. Given that variations in

heatsink temperature is small and the coefficient of this term is also small compared

to the other terms in nonlinear heater function, the dominant source of nonlinearity

is the heater current. Therefore, for the sake of simplicity, the heatsink temperature

is assumed constant, and the reverse function is calculated as :
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f(Th) = sinh−1(Th/34.1326 + 0.7540)/22.3182 (9.37)

The block diagram of the controller after including the nonlinear inverse function

is shown in Figure 9.10.

Figure 9.10: Block Diagram of controller design with nonlinear inverse function.

9.4.6 Feedforward Trajectory Optimization

The reaction chamber system does not respond to the temperature transients as

fast as heater system due to the inherent delay between heater and chamber system.

Therefore, it is necessary to control the heater temperature faster and with larger

overshoots and undershoots. However, there are several hardware constraints that

limits the performance of the controller. First of all, the maximum heater temper-

ature is limited to the burning point of PDMS (i.e. About 200 C). In addition,

the maximum and minimum amount of heater current is limited to the linear re-

gion of DAC. To overcome these limitations, we chose an alternative method which

optimizes the target temperature profile such that the heater temperature has in-

tentional overshoots/undershoots. In this method, the heater temperature is set for

higher temperature than target temperature for sufficient amount of time so that the

chamber temperature ramps faster. The heater temperature needs to return back to

the target temperature before the chamber temperature shows the overshoot. The
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timing for the bandwidth of overshoots/undershoots are optimized considering the

time constant of chamber subsystem.

9.5 Results and Discussion

9.5.1 Performance of Controller

The performance criteria for PCR microchip governs that the steady state heater

temperature is regulated at 34◦C, and the heater current does not exceed 500 mA.

Figure 9.11a and Figure 9.11b show the tracking output of the closed loop system

and the heater current for the linearized model after implementation of the con-

troller without feedforward compensator, respectively. As seen on these graphs, the

overshoot in heater temperature is more than 4 times and the transient current ex-

ceed the maximum overshoot limit reaching 800 mA. Another interesting outcome of

this simulation is the large undershoot when the controller tries to track a temper-

ature lower than its initial temperature. To be able to see this effect on the results,

we deliberately dismissed the absolute function on the heater model. Therefore

the negative currents can produce negative temperatures in this simulation. This

performance is definitely not desirable.

So far, all the simulations were performed on the linearized model of the PCR

microchip. Next, we applied the designed controller with feedforward compensator

on the actual model of the microchip with includes the nonlinear part of the heater

subsystem. The reference signal was set as a step function with two set points con-

sisting of 20 s at lower than operating point at 70◦C followed by 30s at the operating

point (i.e. 134◦C). Results show that the controller can track the trajectory as de-

sired for the linearization operating point (i.e. 134◦C). However, the undershoot

increases at lower set point (Figure 9.12a, Figure 9.12b) and the observer error also

increases significantly (Figure 9.12c).

The undesired overshoot is due to the presence of a zero at s = - 0.2352 in

real heater subsystem. However, we assumed the system is a second order system

consisting of two poles without any zero. A feedforward compensator was designed to

cancel the effect of zero. Figure 9.13a and Figure 9.13b show the tracking output of

system and the heater current after implementation of the feedforward compensator.
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Figure 9.11: Controller performance on linearized model, (A)reference tracking re-
sults, (B) heater current.

These results show that the overshoot in the tracking output is within the acceptable

range and the maximum heater current is controlled below 160 mA. Figure 9.13 C

shows that the observer error is near zero suggesting that the observer can estimate

the states accurately. In this simulation the ambient temperature is considered 0◦C

resulting in a positive current in tracking 22◦C.

To overcome the effect of nonlinearity on the performance of the controller, the

inverse of nonlinear function is applied in the forward path. As a result, the closed

loop system can track the trajectory successfully with overshoot and undershoots

within 10% of the setpoints at any temperatures shown in Figure 9.14a. Figure

9.14b shows that the maximum heater current is also limited to 140 mA which is
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significantly lower than the maximum allowed range (500 mA). The observer can

also estimate the states accurately for any set point with the maximum error of 0.05

(Figure 9.14c).

9.5.2 Discretization and Implementation

The temperature control system is a sampled-data system, thus the designed con-

troller was discretized by ZOH with the sampling rate of 10 ms before implemen-

tation. When the sampled-data system is simulated in Matlab, a slight decrease in

robustness was observed due to the sampling. Therefore, the performance criteria

are modified slightly for slower response to reduce the stress on the controller. In

addition, an antiwindup algorithm is obtained for the implementation on the real

system to ensure that the control parameters do not exceed the given threshold. The

implementation results with and without trajectory optimization module is shown in

Figure 9.15. The chamber temperature profile is simulated with FEM analysis using

the heater temperature profile which is recorded during the experimental thermal

cycling. Using this controller, the total transition time is less than 40s and PCR

amplification with 30 cycles can be performed in less than 20 min.
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Figure 9.12: Performance of controller with feedforward compensator on heater
model with the nonlinearity, (A)reference tracking, (B) heater current, (C) observer
error.
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Figure 9.13: Performance of controller with feedforward compensator on the lin-
earized model, (A) reference tracking, (B) heater current, (C) observer error.
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Figure 9.14: Performance of controller with nonlinear inverse function and feedfor-
ward compensator on heater model with the nonlinearity, (A)reference tracking, (B)
heater current, (C) observer error.
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Figure 9.15: Performance of controller, (A) without trajectory optimization, (B)
with trajectory optimization.
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Chapter 10

Summary and Conclusions

10.1 Thesis Contribution

The work presented in this dissertation describes new phage RBP-derivatized tech-

nologies for detection of foodborne pathogenic bacteria. Despite many preventive

strategies, foodborne outbreaks are still major health, financial and social concern.

And the ability to directly analyze bacterial contaminations in food samples in in-

dustrial firms in realtime is the key to prevent such outbreaks. The nature of this

project needed a collaborative effort to identify target specific phage, isolate and

purify the appropriate phage tail spike protein, develop phage RBP immobiliza-

tion protocols for functionalziation of gold surfaces and magnetic particles, develop

RBP-based microresonator arrays, and develop RBP-based magnetic pre-enrichment

method. Hence, The key collaborator’s name base been mentioned alongside each

contribution (listed below), where applicable.

Contributions:

• Assessed various detection technologies to identify barriers (such as cost, stabil-

ity, sensitivity, and specificity) that limit their applicability for direct analysis

of food samples. The core theme of this thesis is that the sensitive diagnosis

tools such as PCR exists, however, their widespread application is limited due

to the matrix-related refractory factors. On the other hand, biosensors are pro-

posed as newer detection platforms with potential advantages such as compact

layout, high sensitivity and amenity for integration with other functionalities

136



for high throughput analysis. However, they generally lack the specificity of

recognition. Although antibodies are suggested as target-specific bioreceptors,

they have very short shelf time due to instabilities as a result of variations in

environmental factors. We aimed to develop a microresonator-based biosen-

sor. We propose phage RBPs as biorecognition elements to obtain specificity

for detection of target bacteria. In addition, we use phage RBPs to develop a

magnetic pre-enrichment method as an upstream sample preparation to over-

come the limitations of PCR for detection of bacterial contaminations in food

produces. We have also looked into integration of the proposed RBP-based

sample pre-enrichment step with PCR on a single microfluidic chip. As a work

progress, we studied the thermal management problem of microfluidic PCR

chip.

• In collaboration with Dr. Szymansiki’s group at Biology Department at the

University of Alberta, we identified phage NCTC12673 and its putative re-

ceptor binding protein, GP48, as specific element for recognition of the host

bacteria C. jejuni. Gp48 phage RBP was isolated and purified genetically to

be used for future applications.

• Developed surface functionalization methods for immobilization of phage re-

ceptor binding proteins (GP48) onto solid surfaces (i.e. magnetic particles

and gold surfaces) for specific recognition and capture of bacterial cells (C.

jejuni in this case). The capture efficiencies were assessed by microscopy tech-

niques. The specificity of recognition was confirmed using other bacteria types

as negative controls.

• In collaboration with Dr. Afzal Muhhamad Javed in Dr. Szymanski’s group,

the host binding domain in the GP48 RBPs were localized. The capability

and efficiency of various derivative of GP48 was analyzed throughly.

• Fully characterized a set of microresonator array for detection of pathogenic

bacteria through extensive finite element modelling (FEM) analysis as well as

experimental measurement. Enhanced microresonator arrays were selected for

this study which were originally designed and fabricated at Micralyne Inc. for
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other applications.

• Developed a phage RBP-derivatized microresonator array biosensors for de-

tection of pathogenic bacteria. The proposed platform have been successfully

employed for detection of C. jejuni cells.

• Developed a phage RBP-based magnetic pre-enrichment method for isolation,

purification and pre-concentration of bacteria from food samples. Artificially

contaminated food samples such as milk and chicken broth have been studied.

The RBP-based magnetic separation method was used as an upstream sample

preparation step to remove the refractory components of food samples and

enhance the sensitivity of PCR for analysis of food samples.

• We looked into integration of the phage RBP-based magnetic pre-enrichment

method with PCR on a single microfluidic chip. We studied a microfluidic chip

that was designed and realized at the Applied Miniaturization Laboratory at

the University of Alberta. This chip integrates magnetic separation module,

PCR and capillary electrophoresis, thus is ideal for our proposed application.

Precise and accurate temperature management in PCR reaction chamber is

critical for successful DNA amplification. We designed a robust observer based

state feedback controller to manage temperature in the reaction chamber.

10.2 Future Directions

The work presented in this dissertations opens the door for additional research into

the development of phage RBP-based bacterial detection technologies. In particular,

three new extensions could apply to advance the work presented in previous chapters.

We have done some preliminary assessment on feasibility of the suggested extensions.

10.2.1 Integration of RBP-based Magnetic Separation with PCR

on a Lab-on-a-Chip Device

The ultimate goal for development of advanced bacterial detection technologies is to

realize in-field testing for food samples. Initial work with PCR assays coupled with

RBP-based magnetic separation method in Chapter 8 showed the potential of this
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technology for isolation, purification and pre-concentration of cells from complex

food matrixes. The proposed method can evolve into point-of-care (POC) detection

scheme by integration of the proposed sample preparation method, PCR/real time

PCR, and DNA measurement method within a LOC device.

Developments in microfluidic technology enabled handling and control of fluid

manipulations such as transportation, separation, and mixing in micro scale. There-

fore, it paved the way for realization of lab-on-a-chip (LOC) devices that integrate

various chemical and biological assays on a single chip. Microfluidic lab-on-a-chip

devices offer many advantages in terms of rapid detection, cost-effectiveness, porta-

bility, and amenability for multiplexing and high-throughput analysis that make

them favourable for POC applications. Integrating PCR onto microfluidic devices

reduces the size of amplification reaction chamber to µL and nL and increases the

surface to volume ratio, thus yields lower thermal capacities and a higher heat trans-

fer rates leading to faster amplification ( 5-10 minutes) compared to the conventional

PCR systems (30 min - 2h). Capillary gel electrophoresis and fluorescence detec-

tion are the most common techniques for measurement of amplified DNA products

that have been integrated within microfluidic devices. Further efforts have been ex-

panded so far as to integration of sample preparation modules along with detection

methods. The common approaches for separation of cells, bacteria, viruses from

clinical samples are hydrodynamic forces [102, 206, 261, 265, 270, 271], microfilter-

ation [52, 213, 243, 256], acoustic forces [133, 262], dielectrophoretic (DEP) forces

[23, 24, 70], and magnetic separators [258, 200]. Miniaturization and integration of

sample preparation, amplification and detection reduces the required sample vol-

ume and processing time and paves the way for realization of POC instruments for

on-site analysis of food samples.

10.2.2 Automated Sample Delivery System for Microresonator Ar-

ray

The proposed microresonator array in Chapter 7 offers large surface area for capture

of bacteria and high mass sensitivity with threshold for detection of a single bacterial

cell over the entire array. Immobilization with phage RBPs provides the specificity of

recognition which is critical for development of biosensors. We have experimentally
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demonstrated their successful application as bacterial detection sensor. However, the

initial experiments so far has been performed in ”dip and dry” format, requiring large

quantity of analyte in addition to being a barrier for automated realtime analysis.

Therefore, the transportation and landing of bacteria on the surface is still a practical

challenge. We believe integration of this platform within a flow-through microfluidic

channel may circumvent this limitation by providing an automated sample delivery

setup similar to the approach proposed by [123]
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Appendix A

Protocol for Bacteria DNA

Extraction

This appendix chapter supplements the data presented in Chapter 8.

This protocol has been developed based on the instruction provided in QIAamp

DNA Mini Kit manual (Qiagen) and has been used successfully for DNA extraction

from gram-negative bacteria such as C. jejuni and Salmonella using QIAamp DNA

Mini Kit (Qiagen).

A.1 Equipments and Reagnets

The following equipments are required for this protocol:

• Microcentrifuge

• vortexer

• Water bath

• Heating block

• QIAamp mini spin columns (Qiagen)

• Collection tubes (Qiagen)

• 1.5 ml microcentrifuge tubes
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• Pipet tips with aerosol barrier

Reagents necessary for this protocols are listed below:

• Phosphate buffered saline (PBS)

• Ethanol (96-100%)

• Buffer AL (Qiagen)

• Buffer ATl (Qiagen)

• Buffer AW1 (Qiagen)

• Buffer AW2 (Qiagen)

• Buffer AE (Qiagen)

• Proteinase K (Qiagen)

• RNase A (100mg/ml) (Qiagen)

A.2 Notes and Precautions

• All samples are equilibrated to room temperature before starting.

• The heating block is warmed up to 70 ◦C.

• The water bath is heated up to 56 ◦C

• All centrifugation steps are performed at room temperature.

• The sample needs to be applied to the spin column carefully without wetting

the rim of the column.

A.3 Protocol

Figure A.1 shows the procedure involved in the DNA extraction using QIAamp DNA

Mini Kit. The technical details are provided in the following:

1. Pipet 1 ml of sample containing bacteria into 1.5 ml micro centrifuge tube, and

centrifuge for 5 min at 7500 rpm to form a pallet. Remove the supernatant.
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2. Add Buffer ATL to the pallet to the final concentration of 180 µl.

3. Add 20 µl proteinase K to the tube, vortex, and incubate at 56 ◦ for 3h to

completely lyse the cells. Cortex 2-3 times per hour during incubation.

4. Add 4 µL RNase A (100 mg/ml), vortex for 15s to mix, and incubate for 2

min at room temperature.

5. Briefly centrifuge tubes to remove drops from the lid.

6. Add 200 µl Buffer AL, vortex for 15s, and incubate at 70 ◦ for 10 min.

7. Add 200 µl ethanol (96-100% to the sample, and pulse vortex to mix. Cen-

trifuge briefly to remove drops from inside the lid.

8. Apply the sample carefully to the QIAamp Mini spin column placed on 2 ml

collection tube without wetting the rim. Centrifuge at 8,000 rpm for 1 min.

9. Place the spin column on a clean 2 ml collection tube, and discard the previous

collection tube containing the filtrate.

10. Add 500 µl Buffer AW1 to the spin column. Incubate for 5 min at room

temperature. Centrifuge at 8,000 rpm for 1 min.

11. Place the spin column on a clean 2 ml collection tube, and discard the previous

collection tube containing the filtrate.

12. Add 500 µl Buffer AW2 to the spin column. Incubate for 5 min at room

temperature. Centrifuge at full speed (14,000rpm) for 3 min.

13. Place the spin column on a clean 2 ml collection tube, and discard the previous

collection tube containing the filtrate.

14. Repeat step 12 and step 13.

15. Centrifuge at full speed (14,000rpm) for 1 min.

16. Place the spin column on a clean 1.5 ml microcentrifuge tube, and discard the

collection tube containing the filtrate.
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17. Add 50 µl Buffer AE to spin column. Incubate for 5 min. Centrifuge at 8,000

rpm for 1 min.

18. Repeat step 17.

19. Aliquote Extracted DNA to the desired amount and store them at -20 ◦C.
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Figure A.1: Spin column procedure for DNA extraction [193].
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