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Ab s t r ac t  Of  The sis

RAPID DETECTION OF VIABLE ESCHERICHIA COT/0157:H7 BY 

ANTIMICROBIAL INCORPORATED MULTI-ANGLE LIGHT SCATTERING

SPECTROSCOPY

Escherichia coli 0157:H7 continues to cause outbreaks of produce-associated foodborne 

illness. Contaminated water has been shown to be a vehicle for transfer of E. coli 

0157:H7 to leafy greens during irrigation. Timely detection of this pathogen in irrigation 

water can prevent contamination of the final product. Current detection methods which 

are culture-based can be labor intensive and require several days to produce results. There 

is a need for development of rapid detection methods, which can detect E. coli 0157:H7 

in irrigation water. These methods have to be sensitive, robust and ideally should be able 

to differentiate between viable and non-viable microorganisms. Multi-angle light 

scattering spectroscopy (MAES) is a powerful technique that has been applied to 

qualitatively and quantitatively distinguish internal structural changes in cells upon 

perturbation by chemical/biological agents. We hypothesized that combining 

bacteriophage (phage) infection, which occurs only in viable bacterial cells, with MAES 

would allow for detection of the target bacteria and distinguish between viable and non-

viable bacterial cells.

The objective o f this study was to use E. co//-specific bacteriophages in conjunction with 

immunomagnetic separation and MAES to develop an assay for rapid detection of viable 

E. coli 0157:H7 in irrigation water. We have termed this new method Antimicrobial
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Incorporated Multi-angle Light Scattering (ANIMALS) to highlight the combination of a 

specific antimicrobial agent (phages) with the multi-angle light scattering technique to 

form a sensitive, rapid and specific assay for detection of E. coli 0157;H7.

E. coli 0157:H7 and Salmonella Typhimurium strains were diluted in lambda buffer to 

form concentrations of 10*̂  to lO"̂  CFU/ml and 10*, respectively. The samples were 

subjected to immunomagnetic separation (IMS) using E. coli 0157-specific IMS beads. 

Following IMS, the beads (and attached bacteria) were resuspended in 1 ml of tryptic soy 

broth (TSB) and one half (500 pi) of each sample was added to 10 mis of TSB that 

contained 1 ml of phage ARl (lO'** PFU/ml). The other half o f the samples were added to 

TSB that did not contain phage ARl, but contained 1 ml of lambda buffer (to maintain 

constant volume), and these samples served as a reference. The samples were incubated 

at 37° C, with shaking, for 15 hours. Following incubation, 100 pi aliquots were removed 

from each sample, and separately assayed using a SpectraPoint light scattering 

spectrometer (Spectra Digital Corp., Toronto, Ontario, Canada).

E. coli 0157:H7 was detected in 100% of pure culture samples in TSB containing various 

concentration (10*̂  to 10 )̂ of the bacterium within 15 hours. An algorithm was developed 

to evaluate the area under the curve of each spectra. When compared to the light 

scattering spectra of the non-phage treated reference, the spectra o f phage infected E. coli 

0157:H7 cells differed markedly. In contrast, the spectra of samples that contained 

Salmonella Typhimurium and the negative controls (containing no cells) were almost 

identical, because phage ARl does not infect Salmonella Typhimurim and there was no
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growth in the negative control samples, respectively. Using this method, E. coli 0157:H7 

could be detected following 15 hours of incubation in samples spiked at an initial 

concentration of 10** CFU/ml.

The sensitivity and specificity of the ANIMALS assay was determined using 

environmental water samples. River water samples were artificially contaminated with a 

3-strain cocktail of E. coli 0157:H7, followed by IMS and incubation in TSB 

supplemented with 20 mg/ml novobiocin at 42° C. MALS measurements were taken at 4, 

6, 8 and 10 hours. The means and standard deviations o f the ratios o f the differences 

between the test and reference spectra for the four concentrations (10‘̂ to 10̂  CFU/ml) o f  

E. coli 0157;H7 were analyzed as well as for negative controls (samples o f river water 

that were not inoculated with E. coli 0157:H7). One concentration (10  ̂CFU/ml) o f E. 

coli 0157:H7 was detected consistently after only 6 hours of enrichment. E. coli 

0157:1-17 was consistently detected at concentrations from 10‘ to 10̂  CFU/ml in spiked 

river water within 8 hours. All concentrations (10° to 10̂  CFU/ml) were detected after 10 

hours of enrichment. The presence of the pathogen in positive river water samples was 

confirmed by using lateral flow devices specific for E. coli 0157:H7. The negative 

controls resulted in negative readings.

Additionally, reservoir water samples were prepared similarly to river water samples and 

MALS measurements were taken at 4, 6, 8 and 10 hours. The test and reference spectra 

for the four concentrations (10° to 10̂  CFU/ml) of E. coli 0157:H7 were analyzed as well 

as for negative controls (samples o f reservoir water that were not inoculated with E. coli



0157:H7). Similar results to experiments on river water were obtained with 10̂  

concentrations of E. coli 0157:H7 detected consistently at 6 hours. This demonstrated 

that the ANIMALS assay worked consistently across water samples with different 

physical and chemical characteristics. Regardless, E. coli 0157:H7 was consistently 

detected in 100% of concentrations (10 to 10 CFU/ml) within 8 hours even against 

background levels of bacteria as high as 10̂  CFU/ml. Lateral flow devices specific for E. 

coli 0157:H7 confirmed the presence of the pathogen in positive reservoir water samples. 

The negative controls resulted in negative readings.

These results demonstrate the ability of ANIMALS to rapidly and sensitively detect the 

presence and viability of E. coli 0157:H7 following phage infection. This method has the 

potential to allow for rapid detection o f viable E. coli 0157:H7 in irrigation water against 

a high background o f non-target microorganisms if coupled with selective enrichment.

Juan Carlos Leon 
Department of Food Science and Human Nutrition

Colorado State University 
Fort Collins, CO 80523 

Spring 2010
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Obj e c t iv e  Of  Thesis

Collectively, studies show that detection methods based on light scattering may be used 

to detect bacteria in liquid suspension or on solid media. However, the limitations of 

these methods include the inability to reliably distinguish a particular bacterial species in 

liquid media, and the need for databases to identify target bacteria on solid media. Also, 

the methods as currently developed are time consuming (requiring up to several days in 

the case o f conventional cultural methods for a result) making such methods impractical 

for rapidly detecting foodborne pathogens. Also, the need for extensive sample 

manipulation (plating the samples on selective solid media, followed by incubation) 

makes these methods unsuitable for field use. Finally, even after three decades of 

research on microbial morphology and identification using light scattering spectroscopy, 

there are no reports that the technique is able to definitively distinguish between bacterial 

strains of closely related bacteria (Rajwa et al., 2008).

The objectives of this study were to:

1. Develop a multi-angle light scattering (MATS) technique to rapidly detect 

Escherichia coli 0157:H7 within 6-10 hours.

2. To demonstrate the rapid, repeatable, and sensitive detection of E. coli 0 1 57:H7 

in pure culture using the newly developed MATS method.
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3. To demonstrate the ability o f the MATS method to detect E. coli 0157:H7 in 

artificially contaminated environmental water samples, including river water and 

reservoir water.
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CHAPTER ONE 

Review of Literature

1.1. Introduction

The microbiological safety of food is a primary concern of the food industry. Traditional 

methods employed to detect foodbome pathogens include time consuming cultural 

methods, labor intensive immunoassays, complex molecular-based methods, or 

combinations of these methods (Goodridge and Griffiths 2002). The application of 

routine microbiological analysis to food products, and the increasing demand for greater 

sensitivity, speed and ease of use has driven the creation of new methods and procedures 

for the rapid and sensitive detection of foodborne pathogens that are no longer reliant on 

traditional microbiological culture on solid media (Goodridge and Griffiths 2004). This 

shift in detection technology is underscored by the number and variety of new detection 

systems that are constantly being developed (Acharya et al., 2006).

One of the more recent approaches to detect foodborne pathogens is based on the concept 

of the biosensor. Biosensors have been referred to as the offspring of the cross between 

biology and electronics (DeYoung, 1983). More recently, the International Union of Pure 

and Applied Chemistry (lUPAC) has defined a biosensor as a self-contained integrated 

device capable o f specific quantitative or semi-quantitative analytical information using a 

biological recognition element which is retained in spatial contact with a transduction
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element (Renneberg et al., 2008). Three main classes of biological recognition elements 

are most commonly used in biosensor applications including enzymes, antibodies and 

nucleic acids. However, enzymes are mostly used as labels rather than actual recognition 

elements (Lazcka et al., 2007). The development of one such enzyme-based biosensor 

dates back to the early 1960s, when Updike and Hicks (1967) described a glucose meter 

which employed a gel-entrapped enzyme (Renneberg et al., 2008). Since then, the 

development of biosensor technology has been dominated by the importance of 

measuring glucose for the management of diabetes (Renneberg et al., 2008), which has 

been the most successful application of biosensor technology thus far (Louie et al., 1998).

In addition to their biological-specificity conferring mechanism, biosensors may also be 

defined according to their mode of signal transduction, which could be physical or 

chemical in nature (Thevenot, et al., 2001). Generally, biosensors are divided into three 

broad categories, including electrochemical, optical and acoustic-based biosensors. They 

each have strengths and weaknesses which will be discussed in the following sections.

The potential of biosensors to meet the demands for speed, sensitivity, specificity, high 

throughput analysis and versatile real-time microbiological detection methods (Ruan et 

al., 2002; Louie et al., 1998), has led to their development and evaluation of their use to 

rapidly detect food and waterborne pathogens (Palchetti and Mascini, 2008; Banada et 

al., 2009; Acharya et al., 2006; Louie et al., 1998). In order to become more attractive, 

biosensors must be able to obtain detection levels comparable to more acceptable 

methods, with a high level of reproducibility. Additionally, in the food safety arena, there



is still a lack of portable, integrated biosensor systems (Palchetti and Mascini, 2008). 

These issues highlight the need for more research before biosensors can become a viable 

alternative to current detection methods.

1.2. Biosensors

Electrochemical Biosensors

Electrochemical biosensors are those that produce a signal through the use of an 

electrochemical transducer (Thevenot, et ah, 2001). These biosensors could be further 

classified based on the type of signal measurement (potentiometric, amperometric, 

impedimetric and ion-charged) (Thevenot, et ah, 2001). Regardless of differences in 

signal measurement, all electrochemical biosensors operate on the same principle: that 

the presence of the analyte will create a quantifiable change in the electrical conductivity 

of the media between the sensor and the sample matrix interface (Lazcka et ah, 2007). 

Biological receptors (to capture the target analyte) are combined into electrochemical 

biosensors and may include antibodies, aptamers (oligonucleic acid or peptide molecules 

that bind to a specific target molecule), carbohydrate-based receptors and whole-cells, 

among others (Olsen et at., 2003; Ruan et ah, 2002; Thevenot, et ah, 2001).

An example of an electrochemical biosensor for the label-free detection of Escherichia 

coli using nonfaradaic electrochemical impedance spectroscopy (EIS) was described by 

Maalouf et ah (2007). Nonfaradaic refers to measuring the impedance without the use of 

a redox (oxidation-reduction) probe, which is normally used to amplify the net current 

flow through the biomolecular layers of a sensor (Kassanos et ah, 2007). In this study.



Maalouf and colleagues linked a biotinylated polyclonal anii-E. coli antibody to a mixed, 

self-assembled monolayer (SAM) of biotin thiol and spaeer aleohol thiol on a gold 

electrode via a biotin-neutravidin interaetion. The authors exposed the gold eleetrode 

with self-assembled monolayers to various coneentrations of E. coli, and determined the 

response by eleetrochemieal impedance speetroscopy. The minimum detection limit of 

whole E. coli cells (in pure eulture) was 10 CFU/ml. When whole-cell lysates were 

tested, the deteetion limit was 10̂  CFU/ml. The EIS method was then compared to E. coli 

detection by surface plasmon resonance (SPR), an optieal biosensor. A surfaee plasmon 

is a spreading electromagnetic wave along the surfaee of a metal which can be optically 

excited with the use of a beam of light (Volpe and Pallesehi, 2003). Surfaee plasmon 

resonance is obtained at a certain resonant angle of incidence of the light beam, which 

will change with the attaehment of molecules to biological receptors, sueh as antibodies, 

immobilized on the metal surface (Volpe and Pallesehi, 2003). The sensitivity o f SPR 

detection of E. coli was determined by running an assay of different concentrations of 

bacteria ranging from 10 to 10* CFU/ml. The SPR response was determined by the 

difference between the signal at the injection of the sample and the signal at the end o f 

washing. The detection limit of SPR was 10̂  CFU/ml of E. coli. Therefore, the EIS 

method was 6 orders o f magnitude more sensitive. Several problems with the EIS method 

are noted. For example, a weakness o f this system is that it tends to become saturated at 

concentrations above 10"* CFU/ml. Also, because o f the use of polyclonal antibodies, the 

assay could only detect E. coli among small numbers o f Gram-positive bacteria, 

indicating that non-specific binding is a problem with the technique, and it is likely that 

more closely related bacteria (such as those belonging to the Enterobacteriaceae) would



produce a response. As such, the EIS method would seem to be impractical for use in 

most food matrix applications.

Ruan et al. (2002) described the development of an electrochemical biosensor which 

consisted of an amperometric biosensor combined with immunomagnetic separation 

(IMS) for the rapid and specific detection of E. coli 0157:H7 in food samples. Samples 

of ground beef, fresh cut broccoli, and chicken carcass wash water were inoculated with 

E. coli 0157;H7 and simultaneously mixed with IMS beads coated with anX\-E. coli 

antibodies and alkaline phosphatase labeled anti-£. coli (APLAE) antibodies to form 

IMS beads-£. coli 0157:H7-APLAE conjugates. The conjugates were separated by a 

magnetic field, followed by incubation with phenyl phosphate to produce phenol. An 

amperometric tyrosinase-horseradish peroxidase biosensor in a flow injection system 

was used to detect the phenol concentration, which was proportional to the E. coli 

0157:H7 concentration. The results indicated that the biosensor detected as few as 6 x 

10 CFU/ml of heat-killed E. coli 0157:H7 under optimized conditions in approximately 

two hours. While the test was also used to detect live bacterial cells, the signals between 

the control and the samples were not significantly different at concentrations below 6.0 x 

10̂  CFU/ml. Additionally, the response of the system began to decline at concentrations 

greater than 6.0 x 10̂  CFU/ml. This was due to competition between the AP-labeled 

antibodies and the IMS beads in binding to the bacteria at higher concentrations. Finally, 

this technique also suffers from non-specific binding o f other bacteria to the 

immunomagnetic beads which may result in false positive results (Ruan et al., 2002).



Chang and colleagues (2002) combined a conductance-based electrochemical biosensor 

with a bacteriophage for the identification of E. coli 0157:H7. Conductance-based 

biosensors measure the conductivity of a medium to electricity, however, because the 

sensitivity of the sensor is hindered by the parallel conductance of the sample solution, 

typically measurements are performed in pairs between a sensor with an enzyme and an 

identieal sensor without enzyme (Thevenot, et a l, 2001). In this assay, the authors used 

bacteriophage ARl to inhibit the growth of E. coli 0157:H7 strains, stopping a change in 

the conductance of the sample media. They also utilized the inability of E. coli 0157:H7 

bacteria to ferment sorbitol as a probe for the bacteria. Hence, any E. coli strain that 

could not utilize sorbitol and caused no change in the eonductance within an incubation 

period of 24 hours was considered a positive reaction (i.e. E. coli 0157:H7).

The authors claimed a sensitivity of 100% in 41 out of 41 E. coli 0157:H7 samples and 

of 99.4% in 154 of 155 non-0157:H7 samples. However, during testing, 14 o f the 155 E. 

coli 0157:H7 samples tested did not eause a change in conductance. The authors explain 

this by stating that 13 out of those 14 were sorbitol fermenters, and thus, only one non-

fermenter caused a false positive reaction (Chang et al., 2002). Furthermore, the authors 

also stated that with the right inoculation levels (a bacterial inoculum of 10̂  CFU/ml and 

a cell/phage ratio of 1/10), negative results could be obtained in 4 hours. The main 

drawback of the technique appears to be that because phage ARl exhibits eross-reactivity 

with Shigella, strains must be pre-determined to be E. coli before assessment by this 

method, which makes this method more of a serotyping method than a detection method.



The authors also obtained conflicting results between the plaque assays and the 

conductance measurements. For example, no changes in conductance were observed in 

certain strains of E. coli indicating that they should have been lysed by the phage, 

however, no lysis or very slight lysis was observed by plaque assay. Conversely, some 

strains showed very significant lysis, but the changes in conductance were not affected at 

all or were only delayed slightly compared to the controls. However, the authors did not 

try to investigate the reasons for the contradiction and only stated that the assays work by 

two very different mechanisms. Finally, no attempts were made to use a combination of 

phages which could theoretically enhance the lysis of E. coli 0157:H7 strains not 

susceptible to ART

Additional biosensor applications continue to be investigated using combinations of 

biological recognition elements and electrochemical means of transduction for the 

detection of food and waterborne pathogens. These include: nucleic acids in conjunction 

with electrochemical biochips (Pohlmann et al., 2009), and a portable impedance-based 

biosensor with disposable analyte-specific sensor modules for the detection of E. coli 

0157:H7 and Salmonella. The latter, could be used in both enzyme and affinity-based 

(i.e, receptor-based or antibody-based) biosensors (Louie et al., 1998).

In the latter, the authors used a proprietary immobilization and stabilization technology 

that allowed the assay to retain its bioactivity and preserve its stability for long periods 

(Louie et al., 1998). Additionally, the assay used an inter-digitated differential binding 

module (dubbed the ADL biosensor) that allowed for simultaneous measurements o f the



test and reference samples. Finally, an electronic module quantitatively measured the 

analyte binding to the disposable module.

The ADL biosensor module was reusable after washing and was demonstrated to last up 

to 9 months at room temperature. As mentioned above, the sensor was designed to work 

with both an enzyme (e.g. ATP for the testing of cardiac glycosides) and with affinity- 

based biological recognition elements (examples: a nicotinic acetylcholine receptor for 

the detection of cholinergics, and antibodies against E. coli 0157:H7 and Salmonella). 

Biosensor modules were prepared in pairs one with (test) and one without (reference) the 

specific biomolecule to be tested and were allowed to cure overnight. Then, the modules 

were prepared for used by hydration in aqueous buffer for 10-20 minutes and once 

hydrated they could be used directly. Between samples, the biosensor modules could be 

regenerated by washing with water or buffer solution. In the case of foodborne 

pathogens, the detection limit of E. coli 0157:H7 for this assay was of 10“̂ organisms and 

its detection limit for Salmonella is yet to be determined. Therefore, while the potential of 

the modules seems promising, it failed to deliver a practical detection method for food 

and waterborne pathogens; especially for E. coli 0157:H7, whose infectious dose is 2 to 

3 orders of magnitude below (Paton and Paton, 1998) the detectable level of the 

technique. However, the authors found an incremental dose response, indicating that the 

signal strength is directly proportional to the concentration of the analyte. As a result, the 

promise of portability, versatility of biological recognition element use and the disposable 

nature of the sensor modules make this idea attractive.



The collective scientific literature indicates that, although there are numerous 

electrochemical systems described for the detection o f food and waterborne pathogens, 

only a few of them have been validated or applied to the determination of these 

microorganisms with sufficient sensitivity and/or specificity in real samples (Pedrero et 

al., 2009). For that reason, more research is required in the area of electrochemical 

biosensors before they can become a viable and reliable method for detection of 

foodborne pathogens. In general, electrochemical biosensors have the advantages o f good 

sensitivity, speed, low cost and good suitability to micro-fabrication (Pedrero et al.,

2009). However, electrochemical methods are slightly less selective and sensitive than 

optical biosensors (Lazcka et al., 2007).

Optical Biosensors

Optical biosensors utilize the properties o f light (e.g. absorption, reflection and 

refraction) to facilitate detection of a target analyte. Due to their excellent selectivity and 

sensitivity, optical biosensors are currently attracting much interest in food analysis 

including the detection of foodborne pathogens (Lazcka et al., 2007; Bokken et al., 2003). 

Additionally, while other techniques require extensive sample preparation, samples for 

analysis by optical methods are easily prepared following incubation with low risk of 

contamination and the original samples are still preserved for subsequent analysis by 

other techniques (Bokken et al., 2003).

Optical biosensor classification is neither simple nor unanimous. In some cases, optical 

biosensors are classified by the types of optical measurement (i.e. luminescence.



absorption, surface plasmon resonance, etc.) (Vo-Dinh and Cullum, 2000), while 

piezoelectric and cantilever biosensors are placed within their own category of mass- 

sensitive measurements. Others define optical biosensors as including fluorescence 

detection, SPR and piezoelectric biosensors (Lazcka et ah, 2007), ignoring the mass- 

sensitive category all together, and placing such methods (e.g. cantilever biosensors) 

within electronic, optical or other categories (Goodridge and Griffiths, 2002). Further 

complicating the issue is the fact that piezoelectric biosensors are also categorized as 

acoustic biosensors (Volpe and Palleschi, 2003; Olsen et ah, 2003). In this review, optical 

biosensors are defined as including fluorescence detection, SPR, and fiber optic 

biosensors, while piezoelectric, quartz crystal microbalance and cantilevers biosensors 

are classified as acoustic sensors. Finally, light scattering biosensors, while optical in 

nature, will be discussed in their own section.

The application of optical biosensors for the detection of food and waterborne pathogens 

is well represented in the literature. For example, Ye et ah (2002) established the 

usefulness of a chemiluminescence fiber optic biosensor used in conjunction with 

immunomagnetic separation for the detection of E. coli 0157:hf7. Chemiluminescence is 

the emission of light as a result of a chemical reaction (Ye et ah, 2002). For Ye and 

colleagues, the purpose of the fiber optic light guide was to transmit the light generated 

by a horseradish peroxidase-catalyzed chemiluminescence reaction from a reaction cell (a 

light-tight black box) to an ultra-sensitive photo detector. The sensitivity o f the 

instrument was such that as few as 1.8 x 10̂  CFU/ml could be detected within 1 '/2  hours, 

even in the presence of three other pathogenic bacteria {Salmonella Typhimurium,
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Campylobacter jejuni and Listeria monocytogenes). However, since the infectious dose 

of E. coli 0157:H7 is as few as 1-10 ingested cells (Paton and Paton, 1998), this method, 

while sensitive will still need to be coupled with an enrichment or concentration step. 

Nevertheless, the sensitivity of this method compares favorably with the electrochemical 

biosensor described above.

Another fiber optic biosensor utilizing the principle of fluorescence resonance energy 

transfer (FRET) was developed by Ko and Grant (2006). FRET is a phenomenon that 

involves the transfer of non-radiative energy from a donating fluorophore (a fluorescent 

donor molecule) to an accepting fluorophore, but only when the donor and acceptor 

fluorophore are in close proximity (e.g. when the analyte is present) (Lazcka et al., 2007). 

The transfer results in a change in fluorescence, which can be measured with a 

fluorometer (Ko and Grant, 2006). For the development of this assay, optical fiber probes 

containing antibodies and protein G were labeled with donor and aeceptor fluorophores, 

respectively. In the absence of the analyte, the 3D structure o f an antibody is such that the 

donor and acceptor fluorophores are not in close proximity (Ko and Grant, 2006). As a 

result, there is no exchange of energy and the fluorescence will be at the emission 

wavelength of the donor, with little or no fluorescence from the acceptor fluorophore. In 

contrast, as the antibody binds with the target analyte, a change in its 3D structure occurs. 

This leads to a decrease in distance between the two fluorophores and a transfer o f energy 

from the excited donor fluorophores to the acceptor fluorophores and consequently the 

fluorescence will be at emission wavelength of the acceptor (Ko and Grant, 2006). To 

increase the sensitivity of the assay, the detectors were connected to signal amplifiers.
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When the fiber optic probe was placed in a phosphate buffered solution containing 

Salmonella Typhimurium, the biosensor demonstrated a limit of detection o f 10̂  cells/ml 

with an 8.2% change in fluorescence. Furthermore, when the probes were placed directly 

into homogenized pork samples inoculated with Salmonella Typhimurium, the limit of 

detection was 10̂  CFU/g within 5 minutes, with a 6.67% change in fluorescence. The 

latter result demonstrated a loss of sensitivity due to a complex food matrix, and 

highlights the challenges faced when using biosensors to detect low levels of bacterial 

pathogens in food samples.

Another optical phenomenon, which has also been successfully applied to the detection 

of pathogenic bacteria is surface plasmon resonance (SPR) (Lazcka et al., 2007). An SPR 

biosensor works by detecting changes in the total internal reflection of light (total 

refractive index) caused by structural alterations in the vicinity o f a thin film metal 

surface (usually gold) coated with antibodies to a target analyte (Zordan et al., 2009). In a 

SPR biosensor, the evanescent wave, a component o f the incident light momentum, 

interacts with surface plasmons (free oscillating electrons) in the thin metal film surface. 

As a result, energy from the incident light is lost to the metal film, resulting in a decrease 

in light intensity (Lan et al., 2008). The SPR phenomenon occurs only at a specific angle 

of incidence, which is dependent on the refractive index of the medium adjacent to the 

metal surface. In the presence of the target analyte the refractive index changes in direct 

proportion to the mass change (i.e. the amount of antibody-antigen complexes formed) 

and the composition of the medium present. By using antibodies specific to pathogens of 

interest, it is possible to measure this phenomenon to determine the presence and amount
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of the analyte in a sample by simply measuring the ehange in refractive index (Lan et ah, 

2008). The main drawbacks o f this type o f biosensor are its complexity, cost, and the size 

of the equipment, which limits its portability (Lazcka et ah, 2007).

SPR was used to develop an assay for detection of Salmonella spp. belonging to groups 

B, D and E (Bokken et ah, 2003). Overnight cultures of Salmonella were prepared for 

testing by collecting 1 ml of the respective bacterial suspension in an Eppendorf vial 

followed by centrifugation and re-suspension of the pellet in 1 ml o f HEPES-buffered 

saline, pH 7.4 (for complete description see: Bokken et ah, 2003). The closed vial was 

heated to 95-100°C for 30 min, and was cooled down to ambient temperature before 

analysis on the SPR biosensor. To test each Salmonella isolate, 10 pi o f each sample 

were injected into the biosensor, followed by a pulse with soluble anti-Salmonella 

immunoglobulins to intensify the signal. The authors obtained 100% specificity detecting 

Salmonella from complex mixtures such as those expected in cultures from feces, feed or 

food. The pure culture tests conducted using lO’ CFU/ml of the bacteria showed strong 

positive responses for Salmonella groups B and D, however the response was less 

sensitive for group E. When experiments were conducted in the presence o f non-target 

bacteria (10* CFU/ml each of E. coli, Citrobacter freundii and Enterobacter), the sensor 

detected as few as 6 x 10̂  CFU/ml of Salmonella in all samples tested. In mixed 

suspensions containing several background bacteria, the detection limit o f Salmonella 

was 1.7 X 10̂  CFU/ml. Nevertheless, non-specific binding was observed in the assay 

when an anti-chloramphenicol antibody was employed as a negative control. 

Consequently, the authors concluded that the success of the technique will greatly depend
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on the availability o f antibodies with the necessary characteristics, such as high binding, 

low dissociation and high specificity for the complete Salmonella genus.

Surface plasmon resonance was also employed by Lan and colleagues (2008) for the 

detection of Salmonella Typhimurium in chicken carcasses. The assay employed an 

avidin-biotin wXi-Salmonella antibody complex on a gold surface. The refractive index of 

test samples was measured approximately every 4.8 seconds for 3 minutes and compared 

to a baseline reference signal. The detection limit of the biosensor was 10̂  CFU/ml of 

Salmonella Typhmurium in pure culture, which is similar to results obtained by other 

researchers using SPR to detect bacterial pathogens (Seo et ah, 1999; Meeusen et ah, 

2005).

Zordan et ah (2009) designed a hybrid microfluidic biochip to perform multiplexed 

detection of E. coll 0157:H7 using a combination of SPR and fluorescence imaging. The 

biochip consisted of an array of gold spots, each functionalized with a capture 

biomolecule targeting a specific pathogen. The sample to be analyzed was imaged by 

SPR on the bottom of the biochip and epi-fluorescence on the top. Overnight cultures of 

E. coll 0157:H7 were subjected to immunomagnetic separation (IMS) to concentrate the 

cells followed by fluorescent staining with the 5acLight Bacterial Viability Kit. Two 

strains of E. coll, E. coll 0157:H7 and E. coll DH5-a (a negative control), were then 

selectively introduced to the array by pipetting 1 pi of each bacterial suspension onto a 

separate spot. The authors quantified the binding o f E. coll 0157:H7 to antibody coated 

gold spots by measuring the percentage of the gold spot area upon which the bacteria
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bound, and used this value to determine that the detection limit for foodborne pathogens 

was as little as 10̂  cells. The results also showed that the bound bacteria retained their 

viability. The combination of SPR and fluorescent molecular imaging conferred several 

advantages to the detection of bacteria that neither method could achieve individually 

(Zordan et al., 2009). For example, the use of the fluorescent imaging allowed for a 

determination of cellular viability, and with the use o f different fluorescent probes, the 

method could be expanded to derive information about specific metabolic activities o f the 

target bacterial population. The technique required concentration of the sample prior to 

analysis, which could be facilitated through the use of magnetic separation via 

immobilized recognition elements that are specific for the target bacteria (Zordan et al., 

2009).

While some issues such as sample concentration are being worked out, other more 

important issues continue to make optical biosensors unattractive to end-users. Issues 

such as cost and complexity need to be overcome prior to wide acceptance of the 

technology (Lazcka et al., 2007). However, since these biosensors offer better sensitivity 

and selectivity than electrochemical biosensors, it may be only a matter o f time until 

these disadvantages are overcome (Lazcka et al., 2007). In contrast, acoustic wave 

biosensors offer a middle ground of reliability and cost, and as such, have been available 

for many years (Volpe and Palleschi, 2003).
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Acoustic Wave Biosensors

Acoustic wave biosensors are mass sensitive sensors which operate by utilizing 

mechanical acoustic waves (of an oscillating piezoelectric quartz crystal that resonates at 

a fundamental frequency) as their transduction mechanism (Rocha-Gaso et ah, 2009). 

Quartz crystal microbalance (QCM) and cantilevers are two types of biosensors described 

in the literature which use piezoelectricity to generate resonance changes during detection 

of foodborne pathogens (Maraldo and Mutharasan, 2007; Campbell and Mutharasan, 

2005a,b; Pathirana et ah, 2000; Vaughn et ah, 2003; Vaughn et ah, 2001). Coating the 

piezoelectric crystals with recognition elements and biological materials (antibodies, 

enzymes, etc.) that have a high specificity for a target molecule will cause binding o f the 

target moleeule to the crystal, causing a change in the mass, which is proportional to the 

amount of material bound. This, in turn, will cause a change in the frequency of the 

waves resonating from the crystal. This change can then be measured to determine the 

presence and amount of bound analyte (Babacan et ah, 2000).

Piezoelectric instrumentation (including simplified piezoelectric sensors) has been 

available for many years. However, while not excessively expensive, the instrumentation 

is still considerably more costly than electrochemical transducers (Volpe and Palleschi, 

2003).

Piezoelectric biosensors have great potential for the direct detection of foodborne 

pathogens, such as Salmonella Typhimurium (Babacan et ah, 2000) as well as other food 

and waterborne pathogens. Nevertheless, one of the limitations that hinders the use of 

these systems is that the coating of the crystal by the biological material needs to be
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uniform and as thin as possible, and its immobilization needs to be rigid and secure 

(Babacan et al., 2000). Problems with any of these parameters could result in a loss in the 

relation between the mass change and the frequency shift resulting in inaccurate readings 

(Volpe and Palleschi, 2003).

An example of a rapid, label free QCM sensor for the specific detection of Bacillus 

cereus was developed by Vaughn and colleagues (2003). The authors used a self- 

assembled monolayer of thiosalicylic acid to covalently immobilize antibodies to the 

quartz crystal surface. The analysis was performed in real time and assays were carried 

out directly in solution. Changes in vibrational frequency of the quartz crystal were 

measured and frequency changes proportional to mass of the bound material were 

observed and constituted a positive response. The authors were able to obtain a limit of 

detection of about 10"̂  CFU/ml using this biosensor.

Another QCM biosensor was described by Su and Li (2005) for the detection of 

Salmonella Typhimurium. In this case, the biosensor was fabricated using protein A for 

the antibody immobilization; which is thought to produce a better orientation o f the 

antibodies (Volpe and Palleschi, 2003). During direct detection of Salmonella 

Typhimurium in chicken meat samples, changes in resonance and motional resistance 

were proportional to the cell concentration. The immunomagnetic separation (IMS) 

lowered the detection limit to 10̂  cells/ml. No interference was observed from E. coU 

K12 or the sample matrix.
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In an earlier study, Su and Li (2005) developed a self-assembled monolayer-based 

piezoelectric biosensor for rapid detection of E. coli 0157:H7 (Su and Li, 2005). The 

assay involved the immobilization of antibodies specific to the target bacteria to a quartz 

crystal using protein A. The biosensor could detect E. coli 0157:H7 in a range o f 10^-10^ 

CFU/ml within 30-50 min.

Another type of biosensor based on the principles of piezoelectricity is the cantilever 

biosensor. Cantilever biosensors work on the principle that any physical, chemical or 

biological attachment at the micromechanical transducers can result in a measurable 

change which can be detected by electronic, optical or other methods (Sarid 1991). These 

sensors have been used extensively for the detection of food and waterborne pathogens 

(Campbell and Mutharasan, 2007; Campbell et ah, 2007a, 2007b; Campbell and 

Mutharasan 2006; Campbell and Mutharasan 2005a, 2005b; Olsen et ah, 2003). For 

example, Campbell and colleagues (2007a) used a piezoelectric-excited millimeter-sized 

cantilever (PEMC) biosensor for the detection of E. coli 0157;H7 in meat samples. As in 

many other piezoelectric biosensors, this assay involved the use o f affinity purified 

polyclonal antibodies immobilized to the surface of a glass layer. The authors were able 

to show that the PEMC sensor could detect the pathogen in beef samples under flow 

conditions in real time. The method did not require any sample preparation, and was able 

to sense about 50-100 CFU/ml of E. coli 0157:H7 in meat particle containing broths.

The authors also stated that the sensor was highly selective, and its response was reliable 

even when 10̂  non-£. coli CFU/ml were present in the broth.
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Later, Campbell and Mutharasan (2007b), refined their cantilever-based instruments, for 

further use in the detection of food and waterborne pathogens. Here, a piezoelectric- 

excited cantilever with antibodies specific for E. coli 0157:H7 immobilized to the 

cantilever’s glass tip, was employed to detect as few as 1 CFU/ml in alL water sample, 

suggesting that a very low concentration of the pathogen could be detected in large 

volumes of water in a short period of time without filtration or enrichment. However, 

these experiments were conducted using pure cultures, meaning that such an ambitious 

detection limit may not be achievable if conducted in a more complex food matrix. 

Earlier work by this group (Campbell and Mutharasan 2005a, 2006) demonstrated that 

the PEMC biosensor technology could detect as few as 700 CFU/ml of E. coli 0157:H7 

and 300 spores/ml of Bacillus anthraxis in pure cultures prepared in PBS solution (pH 

7.4). However, the work showed that the sensors could not be used more than once, due 

to the requirement to regenerate the sensor prior to reuse, which resulted in higher 

resonance frequency changes following each regeneration, and could lead to false 

positive test results.

Other research groups have also focused their efforts on developing piezoelectric 

biosensors. Olsen et al. (2003) demonstrated the ability of a piezoelectric crystal 

biosensor to selectively detect Salmonella Typhimurium in liquid samples. Piezoelectric 

biosensor readings are based on changes in the resonance frequency o f a quartz crystal 

microbalance (QCM) after mass changes on the transducer surface (Lazcka et al., 2007). 

When a monolayer of antibodies against Salmonella Typhimurium was deposited on a 

piezoelectric crystal, the sensor was able to selectively detect Salmonella Typhimurium
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even when the number of E. coli cells exceeded the number o f Salmonella by 3 orders of 

magnitude. Still, one disadvantage to immunoassay based biosensors is the inability to 

distinguish between viable and non-viable cells.

As a result of the great sensitivity to mass changes exhibited by acoustic biosensors, and 

the fact that the typical bacterial cell is 1 million times heavier than a typical (ISOkD) 

antibody molecule (Olsen et al., 2003), these biosensors are potentially more suited for 

the detection of microbial pathogens than for protein detection (i.e. detection of 

foodborne toxins) (Skottrup et al., 2008).

Cell-Based Biosensors

Cell-based biosensors (CBBs) represent what is likely the most elegant marriage of 

biology to electrical components. These biosensors use the naturally evolved sensitivity 

of living cells to their environment in order to detect a broad range of biochemical agents 

as a cellular response (DeBusschere, 2002). This cellular response is detected by a 

transducer which converts the response into an electronic signal which can be analyzed. 

As a result of this capability, CBBs allow for almost instantaneous and sensitive detection 

of bacterial pathogens. However, in certain applications, CBB detection of target analytes 

may be impractical due to the fragility and growth requirements of living cells (Zhao et 

al., 2006). Furthermore, applications of CBBs are limited by their cost, the need for 

specialized personnel, the short shelf-life o f the test components, and size constraints due 

to media volume needs (i.e. the continuous need for “re-feeding” the cells to retain their 

viability may become cost-prohibitive) (DeBusschere, 2002).
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The term cell-based biosensor has been used to describe detection systems based on 

prokaryotic cells, as well as systems that employ higher eukaryotic or mammalian cells 

(Banerjee and Bhunia, 2009). These biosensors employ single cells, cell layers, cellular 

networks, tissue, or even whole animals or plants (Ziegler et al., 2000). Three main 

approaches have been applied to whole-cell-based biosensors. The first approach 

involves the measurement of the mechanical contact between cells and between cells and 

substrates via alternate current (a.c.) conductivity measurements in which the cells act as 

resistors impeding the free flow of electricity. In the second approach, metabolic products 

delivered from cultured cells to the growth medium are measured using biochemical 

sensors. In the third approach, electrogenic cells such as neural cells, heart muscle cells 

or pancreas beta cells (or neural cell networks) are used to measure the direct electrical 

response to a target stimulus.

One example of a commercially available CBB is an electric cell-substrate-based 

impedance sensing (ECIS) system which measures the changes in impedance o f a cell- 

culture. This particular system is recognized as one of the initial breakthroughs that 

brought the concept o f mammalian or higher eukaryotic whole-cell-based biosensing to 

commercial and research diagnostics (Banerjee and Bhunia, 2009). In this approach, cells 

are grown such that they attach to a platform in a uniform monolayer. The system accepts 

numerous diverse cell cultures which can be tailored depending on the analyte to be 

detected. Endothelial cells, murine macrophages and epithelial cells are a few examples 

of the animal cell cultures that may be attached to the electrodes after these have been 

coated with an absorbed pure protein layer. The cells act as insulators and impede the free
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flow of electricity (Giaever and Keese, 1993). Microelectrodes beneath the cells measure 

the conduction (Banerjee and Bhunia, 2009). When analytes either rupture the cell 

monolayer or cause disturbances upon it, a drop in resistance occurs, and a measurable 

increase in the flow of electricity occurs (Banerjee and Bhunia, 2009). This indicates the 

presence of potentially toxic substances.

Rider and colleagues (2003) developed a B-lymphocyte-based assay, termed CANARY 

(cellular analysis and notification of antigen risks and yields) and have demonstrated the 

sensitive detection of various microorganisms. The researchers chose the B lymphocyte 

as the basis for their biosensor for several reasons. First, B cells are a component o f the 

immune system, and they display antibodies on their surface as pathogen receptors. An 

immense diversity of antibodies with various specificities can be selected and expressed 

in these cells with the use of recombinant methods. In addition, B lymphocytes link the 

surface immunoglobulin-receptor complex to a rapid-response system. The cross-linking 

of surface antibodies by cognate polyvalent antigen initiates a cascade o f events that 

leads to the mobilization of intracellular calcium stores within seconds and, ultimately, to 

activation and proliferation of the cells. To develop the biosensor. Rider et al. (2003) 

engineered the B lymphocytes to express aequorin, a protein found in jellyfish that emits 

light in response to calcium flux, and they also modified these same cells so that they 

expressed surface antibodies with specificity for bacterial or viral agents of interest.

When the target analyte is present, the immunoglobulins initiate a signal transduction 

cascade that results in the increase of intracellular calcium, which in turn, causes the
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emission of light, measurable with a luminometer in less than five minutes, including the 

time needed to prepare the sample.

CANARY was shown to be capable of sensitive detection o f foodborne pathogens in 

food matrices. B cells specific for E. coli 0157:H7 detected as little as 500 CFU/g in 

lettuce in less than 5 min, which included the initial sample preparation time. 

Nevertheless, while the CANARY exhibits rapid and sensitive detection of 

microorganisms, the fact that it is based on affinity (antibody) recognition of the target 

agent means that this assay is subject to the same cross-reactivity problems observed with 

other antibody-based assays. Another issue to consider is the stability (i.e. storage and 

maintenance) of the assay, which is a problem observed in other cell-based sensor 

systems (Lim et ah, 2005).

A third, commercially available, CBB is the bioelectric recognition assay (BERA) which 

utilizes mammalian cell membranes (Banerjee and Bhunia, 2009). These biosensors have 

been modified to carry antibodies or other molecules, which are inserted into the 

membrane by a method called electroinsertion which involves the attachment of enzymes 

or antibodies to the cell membrane by electroporation, improving the specificity of the 

sensor (Banerjee and Bhunia, 2009). When the antibodies bind to analytes such as virus 

particles, a change in the membrane potential of the cell is triggered, which can be 

measured by microelectrodes.
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Cell-based biosensors have been employed to detect the presence of toxins produced by 

foodbome bacterial pathogens, as opposed to the actual bacterial cell. Such is the case in 

a study conducted by Zhao et al. (2006) where the authors used liposome-doped 

nanocomposites as artificial-cell-based biosensors for the detection of listeriolysin O. 

Listeriolysin O (LLO) is a pore-forming hemolysin produced by Listeria monocytogenes. 

The bacteriolysin is secreted by the bacterium and is needed for escape from the 

phagocytic vacuole (Coconnier et al., 2000). As such, the presence of this toxin is 

indicative of the presence o f L. monocytogenes. The authors used fluorescent dye-filled 

liposomes either free or immobilized within porous silica, and these served as surrogates 

for membrane insertion and pore-formation by LLO. Pore-formation as a result o f the 

presence of LLO caused dye leakage from the liposomes, which in turn, caused a 

fluorescent response of dose dependent intensity. The fluorescence intensities were 

measured with a fluorometer over time. Response times ranged from several minutes to 

15 minutes for free liposomes and 30-100 minutes for the immobilized liposomes. The 

importance of this method is that liposomes can be used in situations where biological 

functionality is required but the use o f living cells is problematic (Zhao et al., 2006). The 

free liposomes could be kept at room temperature for approximately one week, which is 

essential for producing a practical biosensor for the food industry. As an emerging 

technology, cell-based biosensors will continue to improve and likely reach superior 

analytical capabilities, which should revolutionize functional biosensing of pathogens and 

toxins in the future (Banerjee and Bhunia, 2009).
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1.3. Multi-angle Light Scattering Spectroscopy

Similar to other optical biosensors, light scattering-based biosensors rely on the 

properties o f light (in this case refraction and reflection) for their detection capabilities. 

Light scattering is a fundamental optical process by which electromagnetic waves deviate 

from a straight path as a result of non-uniformities in the medium which they traverse 

(Banada et ah, 2009). When light strikes biological particles (eukaryotic cells, bacteria, 

viruses, among others) it scatters in all directions (Rajwa et ah, 2008) depending on the 

wavelength of the light, the size of the object, the number of particles and the optical 

inhomogeneities (refractive index) of the particles (Bhunia et ah, 2007; Jones et ah,

1998). The measurement of this deviation as a function of angular intensity can provide 

information related to morphological changes in cells (Wyatt and Phillips, 1972). In 

addition to being extremely sensitive, due to its non-invasive nature, light scattering is 

also recognized as being non-destructive (Deshpande and Hall, 1994; Latimer, 1982).

Three types o f light scattering measurements may be employed to detect the presence o f  

microorganisms: forward-scattering, back-scattering and turbidimetric (McClatchey, 

2002). Forward light scattering refers to measurements at angles > 0° to angles < 90°, 

while back-scattering refers to measurements at angles > 90° to angles < 180°. 

Turbidimetric light scattering is confined to measurements at 0° and 180° angles 

(McClatchey, 2002). Turbidimetric measurements are sensitive to the volume as well as 

the number of particles, and as a result, they are often used to detect the presence o f 

particles in a media (McClatchey, 2002; Sung, 1976). Additionally, since there is a direct
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relationship between microbial growth, dry weight and turbidity, turbidity is commonly 

used as a measurement o f microbial growth (Flowers, 1977; Sung, 1976).

However, because factors such as cell size, aggregate size, the color o f the culture as well 

as the amount of cell debris affect turbidity, it is necessary to generate a standard growth 

curve for a given organism and growth condition, relating turbidity to cell counts prior to 

using this method (Sung, 1976). Once this is established, a bacterial count o f a specific 

organism can be calculated from its turbidity measurements and its growth curve. 

However, since most organisms have a specific growth rate, using a growth curve of a 

specific bacterial strain to calculate the number of cells o f a different organism will 

undoubtedly result in incorrect growth calculations (Trinci, 1972). Consequently, caution 

should be employed if turbidity is used to quantitate growth; however, turbidity can 

adequately describe the presence or absence of particles.

Light scattering measurements can be obtained at a single angle (discrete angle light 

scattering) using a photodiode, or at multiple angles (multi-angle light scattering) using a 

complementary metal-oxide-semiconductor (CMOS) detector such as those found in 

digital cameras. CMOS detectors contain miniaturized arrays o f discrete photodetectors 

and offer the ability to measure light scattering at multiple angles (Ma et al., 2002). Each 

individual photodetector in a CMOS array is referred to as a pixel (Ma et al., 2002). The 

intensity o f light scattered by a particle is measured at each pixel as a function of the 

angle of scattering. The measurements at the pixel are independent and saturation at one 

pixel does not influence neighboring pixels (Ma et al., 2002). Based on this principle.
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multi-angle light scattering (MALS) has been applied to qualitatively and quantitatively 

distinguish morphological changes of cells, which may include changes in their internal 

structure, changes in the cell membrane as well as reaction kinetics taking place in cells 

upon perturbation by chemical/biological agents (Deshpande and Hall, 1995). Since 

MALS provides a greater amount o f information when compared to discrete angle light 

scattering, it appears to also provide a more accurate and more informative analysis o f  

scattering spectra (Jones et ah, 1998).

Light scattering has been used in microbiological applications since the 1960's when 

Wyatt (1969) used a laser and a photodetector to compare the scattering spectra of 

different bacteria in suspension. The author showed that the scattering spectra of 

Staphylococcus lactis (a Gram-positive cocci) and Serratia marcescens (a Gram-negative 

rod) differ and suggested that light scattering characteristics could serve as a method for 

microbial identification. However, he also recognized that normal variations in 

morphology and growth history o f microorganisms may cause differences in the light 

scattering patterns which will render the method useless. Referring to this, Latimer 

(1982) explained that there are two major barriers for the use o f predictive models for 

judging the morphology of microorganisms using light scattering. First, the simplicity o f 

biological models used for theoretical purposes falls dramatically short o f the complexity 

of biological cells as revealed by microscopy; and second (as Wyatt recognized), natural 

variations within ordinary cell populations would obscure differences in light scattering 

information. As a result, morphologically similar organisms (Gram-negative rods of 

similar sizes, for example) may appear identical under light scattering (Latimer, 1982).
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This further implies that identification o f closely related, but serologically distinct 

organisms (e.g. E. coli 0157:H7 and E. coli K-12), would be almost impossible to 

achieve using light scattering.

Wyatt and Phillip (1972) continued studies on bioparticle morphology using light 

scattering by looking at the structure of a single bacteria. The authors reported their 

ability to deduce features o f bacterial cell structure not seen with a microscope (Wyatt 

and Phillips, 1972). The radius, cell wall thickness, and approximate refractive index of 

the cell wall and the cytoplasm were inferred by analyzing the light scattering 

measurements. Later, Wyatt and Jackson (1989) were the first to use a three dimensional, 

underwater MATS spectrometer to look at the structure o f a single phytoplankton. The 

setup allowed a single phytoplankton to enter a chamber and a scattering signal detected 

at a selected angle triggered repeated electronic scans of the particle. Data was collected 

at up to 16 distinct angles and was collected 100 times during a period of a few hundred 

milliseconds. The authors discovered twelve different spectral signatures among 1,265 

individual measurements, hypothesizing that these represented 12 different species of 

phytoplankton, each with a distinct scattering pattern (Wyatt and Jackson, 1989). 

However, the differences in scattering measurements were almost exclusively based on 

the different sizes between phytoplankton species. This is supportive of the principle that 

forward light scattering at small angles depends primarily on particle size (Latimer,

1982). Thus, in the absence o f size and shape differences the scattering patterns may 

become indiscernible.
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In addition to evaluating the structure of microorganisms, light scattering has also been 

used to determine bacterial size. For example, Katz et al. (2003) studied three different 

bacteria o f varying sizes and shapes including Pseudomonas aureginosa (a Gram-

negative rod). Staphylococcus aureus (a Gram-positive cocci that can form pairs, chains 

or grape-like clusters), and Bacillus subtilis (a Gram-positive, spore forming rod that 

often grows in long chains) to determine their size differences based on their scattering 

patterns. Pure samples of each bacterium were diluted such that single scattering was 

occurring (i.e. a beam of light would only strike a single cell and was only scattered once 

before reaching the receptor). This prevented an increase in the angular spread of the 

scattered light (Katz et al., 2003). Transmission (forward-scattering) measurements at 

seven detector angles were used to generate spectra using the ratio of scattered light 

intensity to incidence intensity. The results were consistent with those of previous 

researchers, showing that the scattering spectra of bacteria o f different genera were 

distinctive based on size (Wyatt, 1969). Light scattering was also proven an effective tool 

for measuring the size and shape of bacterial cells in situ (Katz et al., 2003). The authors 

concluded that the results demonstrated that light scattering could be used to identify 

microbial contamination in the environment (Katz et al., 2003).

Rajwa and colleagues (2008) observed similar results while trying to classify bacteria 

using MATS. Their method combined a flow cytometer and a prototypical enhanced 

scatter detection system to collect measurements at five pre-selected discrete angles 

followed by analysis by a vector machine classifier. Four different, unlabeled species of 

bacteria (of varying size and shape) were used for the experiments including:

29



E. coli K-12 (a Gram-negative rod). Listeria innocua (a Gram-postive rod), Bacillus 

subtilis (a Gram-positive spore forming rod) and Enterococcus faecalis (a Gram-positive 

cocci). Measuring at discrete angles meant that pre-selecting the scatter angles that 

allowed the ability to distinguish scatter angles for the target bioparticle was required.

The authors presented the requirement of pre-selecting scattering angles based on the 

particle of interest as a strength as well as a weakness of the technique, since obtaining 

highly distinguishable scattering at the preselected angles demonstrated the predictive 

power of the technique, but as the system could only be optimized for a known 

bioparticle, purely exploratory cytometry for analysis of an unknown particle was not 

possible (Rajwa et a., 2008). Using this methodology, the bacteria were recognized with a 

68-99% success rate. However, there was a noticeable misclassification o f a large group 

of E. faecalis bacteria as B. subtilis. The authors attribute this to the fact that the intra-

population variance in size and refractive indices had not been taken into account by the 

simple scatter model, a fact they found encouraging as it may be fixed in future work. 

Finally, the authors believed that overcoming the obstacles of the complexity of design 

and the lack of easy-to-use data analysis tools will ultimately allow for label-free 

detection of microbial particles (Rajwa et al., 2008).

Recognizing the limitations of light scattering for the identification of single bacteria or 

bacteria in suspension, other researchers have attempted to find specific spectral 

signatures of bacterial colonies in solid media, such as agar, with reasonable success 

(Banada et al., 2009). Like single particle light scattering, the scattering pattern of a
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colony depends on its size, shape and refractive index, but additionally it also depends on 

the chemieal composition of the colony and the composition of the growth media 

(Banada et ah, 2007),

Banada and colleagues (2007) used this prineiple to ereate a scatterometer, and also 

generated algorithms to interpret the scattering spectra of colonies (non-invasively) after 

eonventional incubation. The scatterometer eonsisted o f a laser and a Petri-plate holder 

which held the plate at a perpendicular angle to the light path. The light path was directed 

to the center o f a pure bacterial colony, which allowed the use of a forward light 

scattering configuration (Banada et al., 2007). Forward light scattering has been proven 

to be more effective in differentiating among different genera and species than back or 

turbidimetric scattering (Bae et al., 2007). Upon interacting with a colony, the light was 

scattered onto a detection plane (an 8 ineh x 10 inch white board) and the resulting 

scattering patterns were captured using a digital camera. After overnight incubation in 

brain heart infusion agar, or other selective media, the authors subjected six Listeria 

species to the scatterometer and showed that distinct scattering patterns were generated 

allowing identifieation of even closely related Listeria species with an accuracy o f 91-

100% in 4 to 5 minutes. However, the authors did not include the overnight ineubation as 

part of their assay whieh would add at least 18 to 24 hours to the identification. 

Additionally, because a complete library of scattering patterns will have to be developed 

to eompare scattering patterns of tested bacteria to a referenee (Banada et al., 2007), the 

deteetion of an unknown organism for which there has been no reference spectra gathered 

may prove difficult.
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Later, Banada and colleagues (2009) expanded the scope of the whole-colony detection 

technique by testing bacteria of different genera including: Escherichia, Vibrio, 

Salmonella, Staphylococcus and Listeria. The bacteria were analyzed in pure culture, 

recovered from food matrices and from experimentally infected animals. The setup was 

very similar to the previous study, except that the detection plane was replaced by a 

camera that recorded the scattering pattern and sent it directly to a classifier for analysis. 

The authors claimed that the technique could detect the pathogens tested at 

concentrations of 1 CFU/25g of sample even in the presence of background bacteria with 

a specificity of 90-99% in less than 24 hours (Banada et al., 2009). The researchers also 

tested the robustness of the scattering patterns of the same bacteria when these had 

undergone various stresses including acid, osmotic and heat stress, and demonstrated that 

the scattering patterns did not differ from non-stressed colonies. However, the same 

limitations previously described have not been addressed, meaning that the technique still 

required the development of a scattering pattern library and required overnight, or 

sometimes longer, incubation of the samples prior to analysis.

Bae and colleagues (2007) used a similar setup to compare three different species of 

Listeria {Listeria innocua, Listeria ivanovii and Listeria monocytogenes) based on 

forward light scattering signatures. The results were analogous to those of Banada et al. 

(2007) showing that even closely related bacteria created distinctive scattering patterns. 

However, the technique suffered from the same issues previously described.
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In addition to using light scattering for the study o f single bioparticle morphology and 

identification, and the study of whole colonies in solid media, a third use of light 

scattering is its use for microbiological quantification. For example, Jones and colleagues 

(1998) studied the quantification o f yeast cells using MALS. The authors investigated the 

relationship between cell counts and light scattering across a wide range of cell 

concentrations of yeast in suspension. Once standardized by the use of three serial 

dilution experiments, a supervised learning model was used to predict cell counts using 

MALS. While the results showed that the model provided an adequate method for 

predicting cells counts based on light scattering measurements, the authors described the 

prediction as cumbersome (Jones et ah, 1998).

Regardless of the type, biosensor applications are gaining popularity and are regarded as 

the future of pathogen detection technologies. Traditional pathogen detection 

technologies, while sensitive enough, are presently too slow, costly or complicated to 

fulfill all the needs of the food industry (Lazcka et ah, 2007). In recent years, biosensors 

(especially optical sensors, given their potential for excellent sensitivity and specificity) 

have become of great interest to the scientific community (Lazcka et ah, 2007). While 

more research is needed to overcome issues such as the complexity of the systems, their 

cost and need for sample concentration and enrichment, the potential for label-free, rapid, 

simple and inexpensive detection of pathogens make them an exciting and important new 

technology which could become a true weapon in the near future for use by the food 

industry against foodborne disease (Acharya et ah, 2006).
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CHAPTER TW O

Antimicrobial Incorporated Multi-angle Light Scattering (ANIMALS) for 

the Detection of Escherichia coli 0157 :H 7  in Water Samples

2.1. Introduction

Foodborne illnesses associated with the consumption of contaminated food and water are 

a public health and social concern. Outbreaks of foodborne illness account for 76 million 

illnesses, 325,000 hospitalizations, and 5,000 deaths in the United States annually (Mead 

et ah, 1999). Escherichia coli 0157:H7 is a facultative anaerobic Gram-negative rod that 

causes an estimated 62,500 cases of foodborne illness and 1,800 hospitalizations each 

year (Mead et ah, 1999). Symptoms related to an E. coli 0157;H7 infection can range 

from mild, watery diarrhea to life-threatening conditions such as hemolytic uremic 

syndrome (HUS) and thrombotic thrombocytopenic purpura. Furthermore, as few as 10-

100 cells are required for E. coli 0157:H7 to cause disease (Meeusen et ah, 2005; Ochoa 

and Harrington, 2005).

Foods typically associated with E. coli 0157:H7 illness include contaminated milk, beef 

and fresh produce (Ochoa and Harrington, 2005; Tu et ah, 2003; Ruan et ah, 2002; 

Wachtel et ah, 2002). Irrigation water has been shown to be an important vehicle for the
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transmission of E. coli 0157:H7 to fresh produce (Wachtel et al., 2002). An example o f a 

produce-borne E. coli 0157:H7 outbreak occurred in 2006 and affected 26 states and 

Canada (Wendel et al., 2009). In this outbreak, 204 cases of E. coli 0157:H7 infection 

were reported with a total of 31 cases of HUS resulting in 3 deaths. The source of the 

outbreak was traced to contaminated bagged spinach (Manning et al., 2008). The 

outbreak strain of E. coli 0157.H7 was identified in samples of river water, cattle feces, 

and wild pig feces from a nearby ranch (Wendel et al., 2009). Additionally, ingestion o f 

contaminated drinking water was the vehicle of a large E. coli 0157;H7 outbreak in 

Walkerton, Ontario, Canada (Matsell and White, 2009). In this outbreak, 1,436 cases 

were reported with a total of 27 cases of HUS and 6 deaths attributed to contaminated 

ground water. The outbreak was attributed to an unchlorinated municipal water source.

Numerous techniques for detecting E. coli 0157:H7 and other foodborne pathogens have 

been described, including cultural methods, immunoassays, molecular-based assays and 

biosensors (Volpe and Palleschi, 2003; Rider 2003; Ye et al., 2002; Chang et al., 2002; 

Goodridge et al., 1999a). The continuous demand for better detection methods is 

underscored by the number and variety of new detection systems that are constantly 

being developed (Acharya et al., 2006). Issues with sensitivity, specificity, speed, cross-

reactivity, cost, and ease of use, among others, affect all of the current detection methods 

(Banada et al., 2007; Bae et al., 2007; Tu et al., 2003). For example, cultural methods are 

still considered the “gold standard” for microbiological analysis, but require long 

incubation times. Immunoassays and molecular-based methods are more sensitive and
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specific, but these assays require costly specialized equipment, laboratory expertise 

conditions and extensive sample handling (Banada et al, 2007; Volpe and Palleschi,

2003).

There is an acute need to develop faster, more robust and sensitive methods to detect E. 

coli 0157:H7 in water which should be cost-effective and able to detect viable 

organisms. Optical detection based on light scattering techniques may be able to provide 

an effective alternative. Light scattering is a fundamental optical process by which 

electromagnetic waves deviate from a straight path as a result o f non-uniformities in the 

medium which they traverse (Banada et al., 2009). When light strikes biological particles 

(eukaryotic cells, bacteria, viruses, among others) it scatters in all directions (Rajwa et al., 

2008) depending on the wavelength of the light, the size o f the object, the number of 

particles and the optical inhomogeneities (refractive index) o f the particles (Bhunia et al., 

2007; Jones et al., 1998). The measurement of this deviation as a function of angular 

intensity can provide information related to the morphological changes in cells. Multi-

angle light scattering (MALS), the measurement of light scattered at multiple angles, is a 

powerful technique that has been applied, based on this principle, to qualitatively and 

quantitatively distinguish morphological changes that may include changes in the internal 

structure of cells, changes in the cell membrane as well as reaction kinetics taking place 

in cells upon perturbation by chemical/biological agents (Rajwa et al., 2008; Jones et al., 

1998; Deshpande and Hall, 1995).
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Light scattering measurements ean be obtained at a single (discrete) angle using a 

photodiode, or at multiple angles using a complementary metal-oxide-semiconductor 

(CMOS) detector such as those found in digital cameras. CMOS deteetors contain 

miniaturized arrays of diserete photodeteetors and offer the ability to measure light 

seattering at multiple angles (Ma et al., 2002). Each individual photodetector in a CMOS 

array is referred to as a pixel (Ma et al., 2002). The intensity of light scattered by a 

particle is measured at each pixel as a function of the angle of scattering. The 

measurements at the pixel are independent and saturation at one pixel does not influence 

neighboring pixels (Ma et al., 2002).

The use of MATS for detection of bacteria in situ has been described based on size (the 

difference between prokaryotic and eukaryotic cells) and shape (the differenee between 

rods, cocci, spirochetes) and has been suggested as a possible method to monitor 

environmental microbial contamination (Katz et al., 2003). However, to date, no claims 

have been made on the ability of the technique to differentiate between morphologieally 

similar bacteria (e.g. distinguishing between non-pathogenie and pathogenic isolates o f  

the same species or elosely related species).

The objective of this study was to develop a MATS assay that specifieally detects E. coli 

0157:H7. The developed method utilizes baeteriophages (phages) to specifically lyse E. 

coli 0157:H7 cells in a test sample. When the test sample is eompared to another sample 

that does not eontain phages (the reference sample), the resulting light scattering spectra 

can be used to determine the presence or absence o f the E. coli 0157:H7 cells. We have
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termed this new method Antimicrobial Incorporated Multi-angle Light Scattering 

(ANIMALS) to highlight the combination of a specific antimicrobial agent (phages) with 

the multi-angle light scattering technique to form a sensitive, rapid and specific assay for 

detection of E. coli 0157:H7.

2.2. Materials and Methods

Bacterial Strains

A total of 21 strains o f bacteria (Table 2.1) were used for host range, sensitivity and 

specificity studies. Two additional bacterial strains {E. coli B and E. coli C) were used for 

phage propagation. The bacteria studied comprised 10 strains of E. coli 0157:H7, and 11 

strains of non-0157:H7 bacteria. All strains were from our culture collection, housed in 

the Department of Animal Sciences at Colorado State University. Stock cultures were 

maintained in 20% glycerol and were frozen at -80°C. Fresh bacterial host cultures for 

use in experiments were produced by inoculating frozen stock cultures onto Tryptic Soy 

Agar (TSA) plates (Teknova, Hollister, CA) and incubating the plates overnight at 37°C. 

For ANIMALS experiments, the inocula consisted of stationary-phase cells that were 

obtained by inoculating Tryptic Soy Broth (TSB) (DIFCO, Sparks, MD) with cells from 

an overnight TSA plate and incubating the preparations overnight with shaking at 37°C.

Bacteriophage Propagation

Thirty seven phages (Table 2.2) from our phage collection were used in this study. Each 

phage was individually amplified on its bacterial host {E. coli 0157:H7 920333, E. coli 

B, or E. coli C). To amplify the phages, a modified procedure of the traditional double-

layer plaque technique (Adams, 1959) was employed. The top agar layer consisted o f 1%
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(wt/vol) tryptone (DIFCO, Sparks, MD), 0.8% (wt/vol) sodium chloride (Fisher 

Scientific, Pittsburgh, PA), and 0.5% Bacto-agar (DIFCO, Sparks, MD).

For each phage to be amplified, 5 mis of top agar were steamed for approximately 10 min 

and allowed to eool to 47°C. One hundred microliters of an overnight culture of the host 

bacterium were added to the top layer, and the mixture was vortexed and poured onto the 

bottom layer (TSA). The top agar was allowed to solidify at room temperature, and 50 pi 

of a bacteriophage suspension (from frozen stock) was pipetted onto the top agar layer. 

The plates were incubated at 37°C overnight. Following ineubation, the top agar was 

removed from the plate and placed in 10 mis of lambda buffer (LB) (5.8 grams sodium 

chloride, 2.0 grams magnesium sulfate heptahydrate, 50 milliliters o f 1 molar tris 

hydrochloride buffered to pH 7.5 and 0.1 grams of gelatin). Two milliliters of chloroform 

were added to the tube to release any progeny phage which may still have been in the 

host cells, and the suspension was incubated with shaking at 37°C for an additional 15 

min. The suspension was centrifuged at 5,250 x g for 25 minutes, and the supernatant 

was withdrawn and filtered through 0.2-pm-membrane syringe filters (AcroCap Filter 

Unit, Pall Corp., Ann Arbor, MI) to remove the bacterial debris. The phage were titered 

and stored in the dark at 4°C. A single phage, ARl, was used in the pure culture 

experiments, while a cocktail containing all 37 phages was used in the environmental 

water experiments. The concentrations of each phage were individually adjusted to 10* 

PFU/ml and equal volumes of each phage were combined to produce the cocktail.
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Host Range Determination

The host range of the eocktail was determined by testing against 21 baeterial strains 

(Table 2.1). Phage lysis assays were condueted in 10-cm-diameter petri plates (Fisher 

Seientific, Pittsburg, PA). The top agar layer consisted of 1% (wt/vol) tryptone (DIFCO, 

Sparks, MD), 0.8% (wt/vol) sodium chloride (Fisher Scientific, Pittsburgh, PA), and 

0.5% Bacto-agar (DIFCO, Sparks, MD). For each strain tested, 3 ml of top agar was 

steamed for approximately 10 min and allowed to cool to 47°C. One hundred microliters 

of an overnight culture of the bacterium to be tested was added to the top layer, and the 

mixture was vortexed and poured onto the bottom layer (TSA). The top agar was allowed 

to solidify at room temperature, and 20 pi of the phage cocktail (10^ PFU/ml) was 

pipetted onto the top agar layer. The plates were incubated upright, at 37°C overnight, 

and then examined for the presence of clear zones o f lysis. The host range of phage ARl 

was determined in a similar manner.

Development o f  the ANIMALS Assay

The Antimicrobial Incorporated Multi-angle Light Scattering Assay is an integrated 

method that combines immunomagnetic separation with phage-based MALS. The 

ANIMALS assay was developed using pure cultures of bacteria, and the method was also 

evaluated using environmental water samples.
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Sample Preparation 

Pure Culture Studies

The ability of the ANIMALS assay to detect E. co// 0 1 57:H7 in broth culture was 

evaluated. An overnight culture of E. coli 0157:H7 (strain EC920333) was diluted by 

preparing a series of 1:10 dilutions in lambda buffer until the final dilution was 10'̂ . The 

concentration of the E. coli 0157:H7 was determined by plate count on TSA. Ten ml 

dilutions that contained 10°, lO', 10^10^ and lO^CFU/ml of E. coli 0157:H7 were 

evaluated by ANIMALS as described below. Samples inoculated with Salmonella 

Typhimurium (strain SPM0000437) and samples that did not contain cells were also 

included as negative controls. An overnight culture of Salmonella Typhimurium was 

diluted 1/10 and subjected to ANIMALS. A total of three technical replicates were 

conducted across 10 independent replications.

Environmental Water Studies

Environmental water samples were obtained from two different sources to approximate 

the types o f water used in vegetable irrigation. The water samples included reservoir 

water obtained from a farm in Larimer County, Colorado, and river water from the 

Poudre River, obtained in Greely, Colorado. Water samples were collected from each site 

on the same day (once per experiment, 3 experiments in total). The temperature o f the 

water was measured immediately prior to collection. Water was collected in sterile 1 liter 

glass bottles (Fisher Scientific, Pittsburgh, PA), and transported back to the Laboratory 

on ice. Water samples were stored at 4°C until use. No more than 3 days passed between 

water collection and use in experiments. Upon arrival at the laboratory, each water
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sample was assayed for microbial counts by filtering 100 ml of the water through a 

MicroCheck II Beverage Monitor (Pall Corporation, Ann Arbor, MI). The filters from the 

monitor device were removed and placed onto a TSA plate, followed by incubation for 

up to 48 hours at SÔ C. Where necessary, 10-fold dilutions were performed on the water 

samples to obtain microbial colonies in the countable range. Additionally, aliquots of 

each water sample were sent to the Soil, Water and Plant Testing Laboratory at Colorado 

State University for physical and chemical analysis (Table 2.3) using the routine package 

of tests as described at

http://www.extsoilcrop.colostate.edu/SoilLab/documents/waterpricelist2009.pdf

For experiments, 50 mis of each water sample were spiked with a 3-strain cocktail of E. 

coli 0157:H7 to obtain final concentrations of 10**, lO', 10̂  and 10̂  CFU/ml. The 

cocktail was prepared by growing overnight cultures and adjusting their individual

o

concentrations to 10 CFU/ml as determined by plate counts. Additionally, un-spiked 

water samples were also included as negative controls. The water samples were then 

subjected to IMS followed by ANIMALS at 4, 6, 8 and 10 hours o f incubation. All 

experiments were conducted in triplicate.

Immunomagnetic Separation

Pure cultures and spiked environmental water samples were subjected to 

immunomagnetic separation (IMS) in order to concentrate E. coli 0157:H7 cells. For 

pure culture studies, 10 ml portions of stationary-phase cultures (diluted as described 

above) were added to 15 ml Falcon tubes containing 40 pi of E. coli 0157-specific
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immunomagnetic beads (Invitrogen, Carlsbad, CA), and allowed to incubate at 37° C 

with shaking at 250 rpm for 15 minutes. After incubation, the samples were placed in a 

magnetic rack so that the magnetic beads could be separated from the sample. The beads 

were washed three times with 1 ml of wash buffer (1 x OmniPwr phosphate buffered 

saline (Gibbstown, NJ) with 0.1% Tween 20 (Cayman Chemical Co., Ann Arbor, MI)), 

applying a magnet in between washes to retain the beads. Once separated and washed, the 

beads and attached cells were re-suspended in 1 ml of TSB for pure culture experiments, 

500 pi of the resuspended samples were added to a test tube containing 10 mis o f TSB 

and 1 ml of phage ARI (lO'*̂  PFU/ml); this constituted the test sample. The remaining 

500 pi o f sample were added to another test tube (reference sample) that contained 10 

mis of TSB and 1 ml of lambda buffer. The samples were allowed to incubate for 15 

hours at 37°C with shaking. A complete schematic o f the sample preparation process is 

shown in Figure 2.1.

For environmental water studies, 50 ml portions o f river or reservoir water (spiked with 

different concentrations of a 3-strain E. coli 0157:H7 cocktail as described above) were 

added to 50 ml Falcon tubes containing 40 pi of E. coli 0157-specific immunomagnetic 

beads (Invitrogen, Carlsbad, CA), and allowed to incubate for 2 hours at room 

temperature while rotating at 20 rpm in a mixing device (Invitrogen, Carlsbad, CA). After 

incubation, the samples were transferred to sterile wash tubes (Matrix Microscience, 

Golden, CO) and placed in a magnetic rack so that the magnetic beads could be separated 

from the water sample. The beads were washed three times as described above. Once 

separated and washed, the beads and attached cells were re-suspended using 1 ml o f TSB.

43



Five hundred microliters of the resuspended sample were added to a test tube (test) 

containing 10 mis of TSB supplemented with 20mg/ml of novobiocin (Sigma-Aldrich, St. 

Louis MO) and 1 ml of a 37 phage cocktail (10* PFU/ml). The remaining 500 pi of 

sample were added to another test tube (reference) that contained 10 mis o f TSB 

supplemented with 20 mg/ml of novobiocin and 1 ml of lambda buffer. The samples were 

allowed to incubate for 4, 6, 8 and 10 hours at 42°C with shaking.

2.3. Multi-angle Light Scattering Measurements

For MALS measurements, 100 pi of each sample to be tested were removed at each time 

point and placed into a disposable cuvette (UVette®, Eppendorf North America, Inc., 

Westbury, NY) with a 2mm path length. A SpectraPoint light scattering spectrometer 

(SpectraDigital Corp., Guelph, Ontario, Canada) (Figure 2.2) was used to collect 100 

measurements per pixel of scattered light at low forward light scattering angles < 4°. An 

algorithm was used to compare the scattering intensity of the test (phage-treated) sample 

to that of the reference sample and a ratio of the scattering intensity difference between 

the two samples was generated. Triplicate measurements of the scattering intensity ratio 

of the difference between the test and reference samples were averaged to determine the 

mean intensity ratio for each beginning bacterial concentration (10° to 10'̂ ) per 

experiment. The means for each experiment were then used to calculate means and 

standard deviations for each concentration. The same procedure was used to determine 

means and standard deviations for the negative controls. A positive test result was 

defined as a ratio between the test and reference sample that was greater than 3 x the 

standard deviation of the ratio of the control (test and reference) samples.

44



2.4. Statistical Analysis

Statistical analysis o f the means and standard deviations of the ratio of the scattering 

intensity differences was condueted using a general linear model (GLM) in one-way 

ANOVA followed by least significant difference (LSD) to compare the means with an a 

= 0.05 using the SAS software (SAS Institute Inc., Cary, NC).

2.5. Results

Host Range Determination

Phage ARl, individually, and the 37-phage cocktail were characterized according to host 

range. The phages were tested against 21 bacterial isolates which included 10 E. coli 

0157 strains and 11 non-0157 strains (Table 2.1). Phage ARl lysed 9 out o f 10 £. coli 

0157 strains and 0 out of 10 non-0157 strains. The 37-phage cocktail resulted in lysis of 

10 out of 10 0157 strains and 4 out of 11 non-0157 strains.

Development o f ANIMALS Using Pure Cultures

The sensitivity and specificity of the ANIMALS assay was determined in pure culture. E. 

coli 0157:H7 (strain EC920333) cultures were diluted to give final concentrations of 10** 

to 10"* CFU/ml in 10 milliliters of lambda buffer. Each individual sample was subjected 

to IMS followed by addition of phage ARl to the test samples and measurement using 

ANIMALS after a 15-hour incubation (Figure 2.3). A total o f three technical replicates 

were conducted across 10 independent replications. Differences in scattering intensity 

that were 3x the standard deviations of the ratio o f the no-cells controls were eonsidered
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positive. E. coli 0157:H7 was consistently detected in all samples after 15-hour 

enrichment. Negative controls resulted in negative readings, even when concentrations as 

high as 10̂  CFU/ml o i Salmonella Typhimurium were used. Statistical analysis revealed 

significant differences between samples containing E. coli 0157:H7 and those containing 

E. coli 0157:H7 and ARl (p < 0.0001), but not between the Salmonella Typhimurium or 

no-cell controls (p = 0.699). Figure 2.4 shows a boxplot graph of means and variance for 

the difference in scattering intensity ratios between test and reference samples o f pure 

culture studies.

Environmental Water Studies

The sensitivity and specificity o f the ANIMALS assay was tested using environmental 

water samples. River water samples were artificially contaminated with a 3-strain 

cocktail o f E. coli 0157:H7 and MATS measurements were taken at 4, 6, 8 and 10 hours. 

Figure 2.5 shows the means and standard deviations of the ratios o f the differences 

between the test and reference spectra for the four concentrations (10*̂  to 10̂  CFU/ml) of 

E. coli 0157:H7 analyzed as well as for negative controls (samples of river water that 

were not inoculated with E. coli 0157:H7). Two technical replicates across the three 

independent experiments were conducted and measured using ANIMALS. Differences in 

the scattering intensity ratios in excess o f 3x the standard deviations of the ratios o f the 

controls were considered positive. One concentration of E. coli 0157:H7 (10  ̂CFU/ml) 

was detected at 6 hours, helped by the good congruency between the negative control 

samples which resulted in very small standard deviations for the controls. Average 

aerobic plate counts for river water samples were 3.4 x 10̂  ± 1.6 x 10 .̂ E. coli 0157:H7
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was consistently detected at all concentrations (10** to 10̂  CFU/ml) within 8 hours. 

Lateral flow devices (Neogen Corporation, Lansing, MI) specific for E. coli 0157:H7 

confirmed the presence o f the pathogen in positive river water samples. The negative 

controls resulted in negative readings. Figure 2.6 shows a boxplot graph of means and 

variance for the difference in scattering intensity ratios between test and reference 

samples of environmental sample studies.

Reservoir water samples were prepared similarly to river water samples and MALS 

measurements were taken at 4, 6, 8 and 10 hours. Figure 2.7 shows the means and 

standard deviations of the ratios of the differences between the test and reference spectra 

for the four concentrations (10® to 10̂  CFU/ml) of E. coli 0157:H7 analyzed as well as 

for negative controls (samples of reservoir water that were not inoculated with E. coli 

0157:H7). Similar results to experiments on river water were obtained with 10̂  

concentrations oiE. coli 0157;H7 detected consistently at 6 hours. This demonstrated 

that the ANIMALS assay worked consistently across water samples with different 

physical and chemical characteristics. Average aerobic plate counts for river water 

samples were 1.0 x 10̂  ± 5.7 x 10̂ . Regardless, E. coli 0157;H7 was consistently 

detected in 100% of concentrations (10® to 10̂  CFU/ml) within 8 hours even against 

background levels of bacteria as high as 10̂  CFU/ml. Lateral flow devices (Neogen 

Corporation, Lansing, MI) confirmed the presence of the pathogen in positive reservoir 

water samples. The negative controls resulted in negative readings. Figure 2.8 shows a 

boxplot graph of means and variance for the difference in scattering intensity ratios 

between test and reference samples of environmental sample studies.
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2.6. Discussion

The objective of this work was the development of a bacterial detection method, based on 

multi-angle light scattering for rapid detection of the foodborne bacterial pathogen E. coli 

0157:H7. The method combines immunomagnetic separation, phage-based inhibition of 

the target cells, and MATS to form an integrated method capable o f detecting viable E. 

coli 0157:H7 cells within 8-10 hours. IMS was used to specifically isolate and 

concentrate the target E. coli 0157:H7 cells from the sample. The addition of phages 

(either individually or in a cocktail) specifically inhibited the growth of the E. coli 

0 1 57:H7 cells in the test sample, allowing for a comparison between the test and 

reference spectra to determine the presence or absence of the bacterial cells. During 

MATS, low forward scattering angles were collected because they provided data about 

large structures (such as the bacterial cell as a whole), and thus, are most consistent with 

the mechanism of actions of phages which lyse bacterial cells causing scattering intensity 

changes at the low scattering angles which indicate a loss of structure. The measurements 

were averaged to produce an average scattering intensity per pixel. These averages could 

be plotted to produce the characteristic spectra shown in Figure 2.9. When plotted 

together, a visual comparison of the spectra of the test and reference samples provided a 

quick answer as to whether a sample was positive or negative. Spectra which 

approximated each other (Figure 2.9. Panels B and C) were consistent with negative 

samples, (i.e. no difference in scattering was noticeable), while spectra that differed were 

indicative of a positive sample (Figure 2.9. Panel A).
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In the pure eulture experiments, the addition of a single phage (ARl) was sufficient to 

inhibit the growth of the E. coli 0157:H7 cells. Phage ARl is a lytic myophage 

belonging to the T4-like phage family which has been shown to specifically infect E. coli 

(Goodridge et al., 2003; Yu et al., 2000). However, a single E. coli 0157:H7 strain was 

used in these experiments, and subsequent experiments indicated that during long periods 

of incubation, large initial concentrations of E. coli 0157:H7 could produce resistant 

mutants to phage ARl, which could proliferate and produce a false negative result in the 

assay. Other studies have shown that phage resistance in E coli 0157:H7 can readily 

develop when incubated with a single phage (Tanji et al., 2004; Mizoguchi et al., 2003)). 

These studies also showed that when the E. coli 0157:H7 cells were incubated with two 

phages which used different bacterial receptors for infection, resistance was delayed for 

many hours (Tanji et al., 2004). Therefore, a cocktail consisting of 37 phages was 

developed and used in subsequent development of the ANIMALS assay. The rationale 

for using such a large number of phages in the cocktail was twofold. First, the chances o f 

resistance developing to the cocktail was minute (due to the presence o f such a large 

number of phages, many of which employed different cellular receptors for adsorption 

(data not shown)), and the use o f so many phages alleviated concerns about the ability of 

the cocktail to inhibit the growth of many different isolates o f E. coli 0157:H7. The 

cocktail was previously screened on 58 E. coli 0157:H7 isolates and results showed that 

all isolates were effectively lysed (data not shown). In this study, when the cocktail was 

employed against a 3-strain mixture of E. coli 0157:H7 that were spiked into 

environmental water samples, the results showed that the phage cocktail effectively 

limited the growth of the E. coli 0157:H7 cells in the test samples, at all eoneentrations
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tested. Host range analysis showed that the eocktail lyses several non 0157;H7 E. coli 

isolates, and this could cause false positive results. Future work will center around 

modifying the cocktail to make it more specific for E. coli 0157:H7.

The ANIMALS assay was capable of detecting as few as 10** CFU/ml o f E. coli 0157:H7 

in water within 8-10 hours, in the presence of a high concentration o f background 

micro flora (10  ̂CFU/ml), and in water samples with high concentrations o f minerals and 

total suspended solids (Table 2.3). These results compare favorably with other phage- 

based detection methods. Goodridge et al. (1999a) developed an assay that combined 

IMS and a fluorescently stained phage for detection of E. coli 0157:H7 in broth. When it 

was combined with flow cytometry, the fluorescent-bacteriophage assay (FBA) was 

capable of detecting 10'* cells/ml. A modified direct epifluorescent-filter technique 

(DEFT) was employed in an attempt to estimate bacterial concentrations. Using 

regression analysis, it was calculated that the lower detection limit was between 10̂  and 

10̂  cells/ml. Further studies indicated that the FBA was able to deteet 2.2 CFU/g of 

artificially contaminated ground beef following a 6-hour enrichment, and between lO' 

and 10 CFU/ml of artificially contaminated raw milk after a 10-hour enrichment step. 

Reporter phage assays have been developed to detect several species of foodborne 

bacteria including E. coli, Salmonella spp., and Listeria monocytogenes (Willford and 

Goodridge, 2008; Chen and Griffiths, 1996; Loessner et ah, 1996; Pearson et al., 1996; 

Turpin et al., 1993; Kodikara et al., 1991; Ulitzur and Kuhn, 1987). In general, these 

assays allowed detection of between 1 and 10 eells of the target bacteria after an 

enrichment period of between 4 and 16 hours. Chang and colleagues (2002) combined a
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conductance-based electroehemical biosensor with phage ARl to develop a serotyping 

method for E. coli 0157:H7. Any E. coli strain that could not utilize sorbitol and caused 

no change in the conduetance of the media within an incubation period of 24 hours was 

considered to be E. coli 0157;H7.

Shabani et al. (2008) used phages as recognition receptors, and covalently immobilized 

them onto funetionalized sereen-printed earbon eleetrode (SPE) mieroarrays. The SPE 

networks were functionalized through electrochemieal oxidation in aeidic media o f 1- 

ethyl-3-(3-dimethylaminopropyl) earbodiimide (EDC) by applying a potential o f +2.2 V 

to the working electrode. Immobilization o f phage T4 onto the SPEs was achieved via 

EDC by formation of amide bonds between the protein coating o f the phage and the 

electrochemically generated carboxylic groups at the carbon surface. The immobilized T4 

phages were then used to specifically detect E. coli. The presence of surface-bound 

bacteria was verified by scanning electron and fluorescence mieroscopy. Impedance 

measurements showed shifts on the order of 10'̂  due to the binding of E. coli bacteria 

to the T4 phages. No signifleant ehange in impedance was observed for control 

experiments using immobilized T4 phage in the presence o f Salmonella. Impedance 

variations as a function of incubation time showed a maximum shift after 20 min, 

indicating the onset o f bacterial lysis, as also confirmed by fluorescence mieroseopy. 

Concentration-response curves were used to determine the detection limit of this method, 

which was observed to be 10'* CFU/ml.
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This study describes the creation and evaluation of a method that combines the principles 

of IMS, phage-based bacterial lysis and MATS into an easy to perform assay that can 

detect low levels of E. coli 0157:H7 in environmental water within as few as 6 hours. 

When coupled with a pre-concentration step that can concentrate large volumes of water, 

the ANIMALS assay should be able to detect extremely low concentrations of E. coli 

0157:H7 in shorter time periods. The use o f unmodified phages in the assay allows for 

the creation of ANIMALS assays for other bacterial pathogens without the need to 

conduct time consuming genetic modification or labeling steps. This should dramatically 

decrease the time needed to develop additional assays. Future work will be focused on 

further refining the assay to improve sensitivity and specificity, especially through 

tailoring the phage cocktail to a more narrow range of E. coli 0157. H7 bacteria. 

Additionally, work on developing ANIMALS methods for other foodborne pathogens 

(e.g. Salmonella spp.. Listeria monocytogenes, Campylobacter spp.) will be conducted. 

Finally, future work will include coupling the ANIMALS method with sample 

concentration methods (such as continuous centrifugation, filtration) to allow for 

detection of foodborne pathogens in larger volumes (10 L and up) o f water.

52



TABLES AND FIGURES
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Table 2.1. Bacterial strains used in bacteriophage host range and speeifieity studies.

Bacterial Strain
Sensitivity to 

Bacteriophage ARl
Sensitivity to 

Bacteriophage CocktaiL

Escherichia coli 0157:H7 +
(EC920333)'’

Escherichia coli 0157 (LG 36) + +

Escherichia coli 0157 (LG 37) + +

Escherichia coli 0157 (LG 38) + +

Escherichia coli 0157 (LG 39) + +

Escherichia coli 0157 (LG 124) - +

Escherichia coli 0157 (E.C. 1)‘̂ - +

Escherichia coli 0157 (E.C. 2^ + +

Escherichia coli 0157 (E.C. 3)̂ + +

Escherichia coli 0157 (E.C. 4) + +

Escherichia coli 0157 (E.C. 5) + +

Enterococcus faecalis (29212) - -

Enterococcus faecalis (33186) - -
Listeria monocytogenes

(FSL-Cl 115)

Listeria monocytogenes
(FSL-Cl 122)

Salmonella Typhimurium
(14028)

Salmonella Anatum
(24594) ' ' 

Salmonella Enteritidis
(PT-30)

Escherichia coli (ECOR® 39) - +

Escherichia coli (ECOR 42) - -I-

Escherichia coli (ECOR 43) - +
®Coektail of 37 bacteriophages as described in Table 2.2.
 ̂Bacterial strain used for pure culture studies.
(-) indicates no lysis, (+) indicates lysis of the eorresponding target baeteria. 
Baeterial strains used to prepare 3-strain eoektail for environmental water studies. 

® Escherichia coli Reference Colleetion.
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Table 2.2. Bacteriophage strains used to prepare the 37-phage cocktail used in 
Antimicrobial Incorporated Multi-angle Light Scattering (ANIMALS) during detection of 
Escherichia coli 0157:H7 in environmental water samples.

Bacteriophage Hosf Family Ave. Head Size (nm) Tail Length (nm)
1 A Myoviridae 79.9/±/7.3x95.2/±/10.3 110.1/±/12.5
2 A Myoviridae 73.4/±/4.5 X 85.6/±/6.6 105.2/±/7.9
3 A Myoviridae 78.7/±/5.4x97.5/±/6.3 103.7/±/10.8
5 A Myoviridae 78.4/±/5.9x95.9/±/3.1 109.2/±/2.7
6 A Myoviridae 82.5/±/2.6x 108.3/±/2.3 108.0/±/2.2
7 A Siphoviridae 53.9/±/2.7
8 A Myoviridae 62.4/±/2.2x83.6/±/L4 118.1/±/2.3
8a B Myoviridae 74.2/±/3.2x98.0/±/5.3 112.2/±/3.5
9 B Siphoviridae 51.58/±/0.70
10 A Myoviridae 73.2/±/4.2x 88.0/±/1.7 106.7/±/6.0
10a A Myoviridae 71.2/±/2.6x95.6/±/7.4 111.8/±/5.9
11 A Siphoviridae 49.2/±/L6
11a A Myoviridae 73.8/±/5.8 X 102.6/±/2.4 108.7/±/2.2
12 A Siphoviridae 49.3/±/5.0
13 A Myoviridae 72.1/±/9.2x92.5/±/4.3 120.4/±/7.5
15 A Myoviridae 77.5/±/7.8x95.8/±/1.6 117.6/±/3.2
16 A Myoviridae 76.6/±/4.6x91.9/±/4.6 118.9/±/5.8
17 A Siphoviridae 53.3/±/3.9
20 A Myoviridae 79.0/±/3.31 x98.5/±/2.6 108.7/±/5.3
21 B Myoviridae 79.1/±/7.9x90.2/±/2.7 115.2/±/8.7
22 B Myoviridae 74.2/±/7.4x 104.5/±/4.9 109.2/±/3.4
23 A Myoviridae 70.6/±/5.1 X 99.6/±/7.4 110.4/±/5.4
24 B Siphoviridae 52.4/±/3.1
25 B Siphoviridae 51.7/±/0.8
27 A Myoviridae 64.4/±/2.9x85.2/±/11.2 124.6/±/5.0
38 A Myoviridae 69.4/±/2.2 X 92.4/±/5.0 119.3/±/3.6
41 A Myoviridae 63.1/±/0.60x 74.4/±/1.2 115.7/±/3.2
50 A Myoviridae 70.1/±/3.2x94.1/±/3.0 120.5/±/1.7
52 A Myoviridae 61.2/±/2.2x79.1/±/5.1 120.7/±/4.7
53 B Myoviridae 65.9/±/2.5 X 83.4/±/4.4 119.2/±/3.1
54 A Myoviridae 69.1/±/5.4x99.3/±/6.2 117.1/±/5.1
56 A Myoviridae 68.9/±/4.9 X 92.5/±/4.1 115.5/±/4.6
57 A Myoviridae 60.9/±/3.6x 80.7/±/3.5 119.1/±/5.1
ARl'’ C Myoviridae 76.0/±/2.8 X 93.7/±/2.4 112.3/±/5.7
RB33 A Myoviridae 73.7/±/2.5 X 95.6/±/4.9 107.8/±/3.6
RB34 C Myoviridae 71.2/±/5.7x93.4/±/6.2 112.4/±/6.6
T4 A Myoviridae 68.0/±/7.9x90.7/±/4.1 112.9/±/6.8

(A) = Escherichia coli B, (B) = E. coli C 
’ Bacteriophage strain used in pure culture

and (C) = E. coli 920333 
studies.
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Table 2.3, Physical and chemical characteristics of environmental water samples 
subjected to Antimicrobial Incorporated Multi-angle Light Scattering (ANIMALS).

Parameter
River Water 

Results
Reservoir Water 

Results

Conductivity 1493 pmhos/cm 1561 pmhos/cm

pH 7.9 7.5

mg/L mg/L

Calcium 60.6 108.3

Magnesium 63.05 57.74

Sodium 68.8 224.9

Potassium 2.18 2.31

Carbonate 0 0

Chloride 21.7 12.8

Sulfate 3,720 4,311

Nitrate 15.2 32.9

Nitrate-Nitrogen 3.42 7.42

Total Alkalinity as CaCOa 161 281

Total Hardness as CaCOa 410 508

Total Dissolved Solids 3,955 4,757
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Figure 2.1. The Antimicrobial Incorporated Multi-angle Light Scattering (ANIMALS) 
Assay- A) Beginning with apure culture of Escherichia coli 0157;H7 (EC920333), 1/10 
serial dilutions were prepared in lambda buffer and selected to contain a final 
concentration of 10°, lO', 10^ 10̂  and 10"̂  CFU/ml. B) 40pl o f £. coli 0157;H7 specific 
immunomagnetic separation (IMS) beads were added to each tube and allowed to 
incubate for 15 minutes at 37°C with shaking. The magnified image shows capture of 
Escherichia coli 0157:H7 by the antibody coated IMS beads. C) Once separated and 
washed, the beads and any attached cells were re-suspended using 1 ml of Tryptic Soy 
Broth (TSB). D) The samples were split into test and reference tubes and 500pl were 
added to each pair o f tubes containing 10 mis of TSB. Test samples received 1 ml of 
bacteriophage ARl (10'°PFU/ml), while reference samples received 1 ml of lambda 
buffer. All samples were then allowed to incubate for 4, 6, 8, 10 or 15 hours at 37° C 
(pure culture) or 42° C (environmental water) with shaking. Following incubation, each 
sample was analyzed using a SpectraPoint Light Scattering Spectrometer.
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Figure 2.2. SpectraPoint light scattering spectrometer (SpectraDigital Corp., Guelph, 
Ontario, Canada). The prototype deviee included a 780nm wavelength infrared laser light 
souree, a cuvette well for use with a 2mm path length disposable euvette (UVette®, 
Eppendorf North America, Inc., Westbury, NY), and a receptor diode array. One hundred 
(100) forward light scattering measurements per pixel were collected at low light 
seattering angles (< 4°).
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Figure 2.3. Means and standard deviations for the difference in scattering intensity ratios 
between test and reference samples of pure cultures subjected to ANIMALS. Means 
higher than 3x the standard deviations of the control (represented by the dashed line) 
were considered positive. There were significant differences (p < 0.0001) between the 
means of all Escherichia coli 0157:H7 concentrations and the negative controls. 
However, no statistically significant differences (p = 0.6909) were found between the 
negative controls.

59



Test Samples

Figure 2,4. Boxplot of means and variance for the difference in scattering intensity ratios 
between test and reference samples of pure culture studies at 15 hours. Data was 
generated using the GLM procedure of the one-way ANOVA in SAS. The graph shows 
statistically significant differences (p < 0.0001) for all concentrations of Escherichia coli 
0157:H7. No statistically significant differences (p = 0.6909) were present among the 
negative controls Salmonella Typhimurium and uninoculated samples. (A) = 
Uninoculated controls, (B) = Salmonella Typhimurium, (C) = Escherichia coli 0157;H7 
lO'’, (D) = £. co//0157:H 7 10',(E) = £. co//0157:H 7 10^ (F) = £. co//0157:H 7 10^ 
(G) = E. co//0157:H7 10^
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Figure 2.5. Detection of a 3-strain cocktail oiEscherichia coli 0157:H7 in spiked river water samples using ANIMALS. The means 
and standard deviations for the difference in scattering intensity ratios between test and reference samples at 4, 6, 8 and 10 hours are 
shown. Means higher than 3x the standard deviations of the control (represented by the dashed lines) were considered positive. 
Detection of all concentrations of E. coli 0 1 57:H7 was possible after only 10 hours of enrichment. (A) = 4hrs, (B) = 6hrs, (C) = 8hrs, 
(D )=  lOhrs.
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Figure 2.6. Boxplot of means and variance for the difference in scattering intensity ratios between test and reference samples of 
spiked environmental water studies (river water). Data was generated using the GLM procedure o f the one-way ANOVA in SAS. The 
graph shows statistically significant differences (p < 0.0001) for the ten-hour readings for all concentrations of Escherichia coli 
0157:H7. No statistically significant differences were present in readings taken at 4, 6 or 8 hours. (A) = Uninoculated controls, (B) = 
E. co//0157:H7 lO**, {C) = E. co//0157:H7 \ 0 \ { D )  = E. coli 0\57:U 7  10^ (E) = £. co//0157:H7 \ 0 \
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Figure 2.7. Detection of a 3-strain cocktail of Escherichia coli 0157:H7 in spiked reservoir water samples using ANIMALS. The 
means and standard deviations for the difference in scattering intensity ratios between test and reference samples at 4, 6, 8 and 10 

hours are shown. Means higher than 3x the standard deviations of the control (represented by the dashed lines) were considered 
positive. Detection of all concentrations of E. coli 0157:H7 was possible after only 8 hours of enrichment. (A) = 4hrs, (B) = 6hrs,

(C) = 8hrs, (D) = lOhrs. 
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Figure 2.8. Boxplot of means and variance for the difference in scattering intensity ratios between test and reference samples of 
spiked environmental water studies (reservoir water). Data was generated using the GLM procedure of the one-way ANOVA in SAS. 
The graph shows statistically significant differences (p < 0.0001) for the ten-hour readings for all concentrations o f Escherichia coli 
0157;H7. No statistically significant differences were present in readings taken at 4, 6 or 8 hours. (A) = Uninoculated controls, (B) = 
E. coli 0157:H7 10^ (C) = E. coli 0157:H7 10‘, (D) = E. coli 0157:H7 10^ (E) = E. coli 0157:H7 lOl
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® 36 pixels = 1° of scattering

Figure 2.9. (Panel A) Typical spectra of a positive test sample containing Escherichia 
coli 0157:H7 subjected to ANIMALS. Lysis of E. coli 0157:H7 in the test sample to 
which phage ARl has been added, causes a difference in scattering intensity o f the test 
sample when compared to a reference in which E. coli 0157:H7 cells were allowed to 
grow unobstructed. The presence of intact cells in the reference samples increases light 
scattering at low angles and produces lower intensity values when compared to the less 
refractive test sample. In panels B and C, there is no difference in the scattering 
intensities of the test and reference samples because there is either no cell growth (Panel 
B) or there is equal cell growth oiSalmonella Typhimurium in test and reference samples 
(Panel C) as these bacteria are non-susceptible to lysis by the phage.
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