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 ii  
Abstract 
 
 
This dissertation discusses the results of a study to develop a free standing, 
magnetoelastic (ME) biosensor for the detection of S. typhimurium and B. anthracis 
spores.  This affinity-based biosensor is composed of ME resonator platforms 
immobilized with filamentous phage as the bio-recognition element.  Two different 
phages, E2 phage, genetically engineered to bind with S. typhimurium, and JRB7 phage, 
genetically engineered to bind with B. anthracis spores, were used to form the biosensors.  
A time-varying magnetic field is used to oscillate the magnetoelastic resonator at its 
characteristic resonance frequency.  Upon contact with a target pathogen, the specific 
phage binds the pathogen to the biosensor, increasing the mass of the sensor.  This mass 
change causes a corresponding decrease in the resonance frequency. 
The effect of annealing and sputtering a gold layer onto the surface was studied, 
and annealing between 200-250 ?C found to greatly improve both the corrosion resistance 
and the Q factor of the signal spectrum.  The effect of different salt and phage 
concentrations on the binding affinity of ME biosensors was also investigated and 420 
mM NaCl at a phage concentration of 5 ? 1011 vir/ml found to produce the optimal 
distribution of coated phages onto the sensor surface, consequently promoting better 
binding of spores to the biosensor?s surface.  When sensors immobilized with JRB7 
 iii  
phage under this optimum condition were exposed to B. anthracis spores in different 
concentrations (5 ? 101 - 5 ? 108 cfu/ml) in a flowing system, the binding sensitivity of 
the ME biosensor was 226 Hz/decade.  The multi-sensors detection system was exposed 
to different conditions of analyte including: S. typhimurium / B. anthracis spores (5 ? 
101-5 ? 108 cfu/ml) in water, S. typhimurium (5 ? 101-5 ? 108 cfu/ml) in a mixture of E. 
coli O157:H7 (5 ? 107 cfu/ml) and B. anthracis spores (5 ? 101-5 ?108 cfu/ml) in a 
mixture of B. cereus (5 ? 107 cfu/ml), separately.  The sensitivity of both measurement 
biosensors (length ? 2 mm) was about 170-280 Hz/decade, with an average binding 
valence of about 3 and a dissociation constant Kd of about 250 cfu/ml under different 
testing analytes.
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CHAPTER 1                                                     
Iglyph1197TRODUCTIOglyph1197 
 
1.  The need 
 
Every year, over 76 million Americans suffer from food-borne illnesses, resulting 
in an estimated 325,000 hospitalizations and 5,000 deaths [1] costing $9.3 to 12.9 billion 
in direct medical expenses [2].  Food-borne illness is primarily caused by four types of 
pathogens: bacteria, fungi, parasites and viruses, all of which are commonly found in the 
natural environment.  Bacterial pathogens alone account for more than 50% of 
food-borne illnesses. 
The large number of food-borne illnesses can be attributed to changing human 
demographics, lifestyle choices, food consumption trends, mass transportation of foods 
and microbial adaptation [3, 4].  The nation's aging population also contributes to this 
problem: as human beings grow older their immune system weakens and hence a further 
increase in food-borne illness is anticipated.  Another factor is the new interest in 
international cuisines, which has resulted in the import of exotic foods from many 
countries.  These foods are grown, harvested and often processed in foreign countries 
and must be shipped longer distances to reach the final consumer.  Since the health 
standards of foreign countries are often significantly different from those in the United 
 2 
States, food importation becomes an additional possible contamination source.  Greater 
transportation distances and the storage of food for longer periods of time also allow 
small amounts of bacteria and other pathogens to multiply and potentially reach an 
infective dose.  The Food and Drug Administration (FDA) and Centers for Disease 
Control (CDC) have concluded that food-borne illness is one of the most serious, yet 
avoidable, health problems facing our nation.   
In recent years bioterrorism has become another serious concern and is now 
classed as a serious threat to the United States' population.  In 1984, the largest 
deliberate food poisoning incident in the United States to date was perpetrated in Oregon 
[5].  Two members of the Rajneesh religious cult grew Salmonella typhimurium and 
spread this bacterial pathogen over the food in local restaurant salad bars.  This attack 
resulted in 751 people becoming sickened by the Salmonella contaminated food, 
achieving the cult's objective of reducing the number of voters and thus enabling them to 
influence the outcome of a local election in their favor.   
Most of the pathogens that are considered bioterrorism agents may be obtained 
naturally from the environment, including serious threats such as Salmonella 
typhimurium and Bacillus anthracis, or anthrax spores.  However, their ability to cause 
illness and death can be greatly increased when they are genetically modified.  Of these 
agents, Anthrax has a particularly high potential for adverse public health impact since it 
is difficult to detect/cure and can be disseminated on a large scale relatively easily.  
Salmonella has also been identified as a bioterrorism agent.  It is a common bacterial 
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pathogen that can be easily cultured, stored and distributed amongst an unsuspecting 
public.  Both these agents can be deadly; for instance once contracted, thirty percent of 
those infected with B. anthracis (anthrax) will die.  The incubation time associated with 
exposure to S. typhimurium bacteria and B. anthracis spores may range from hours to 
weeks, depending upon the pathogen and the conditions of exposure.  During this 
incubation time, the infected individual functions normally and may travel large distances 
from the source of exposure.  A single infected individual may spread the infection 
amongst many.  This both increases the impact of this terror tactic and makes it difficult 
to pinpoint the initial source and point of exposure.     
 
1.1.  Identification of the problem 
 
1.1.1.  Salmonella outbreaks 
 
Bacteria are responsible for over 90% of the confirmed food-borne human illness 
cases and deaths reported to the Centers for Disease Control and Prevention (CDC).  Of 
the food-borne bacterial pathogens, Salmonella causes the most illnesses worldwide [6].   
In 1985, a large U.S. outbreak of salmonellosis that occurred in Chicago was 
attributed to S. typhimurium in pasteurized milk from a single dairy plant [7].  In 2008 
several Salmonella outbreaks occurred in the U.S.  The most serious of these occurred in 
mid-April, when the Salmonella St. Paul outbreak involving contaminated tomatoes 
became one of the largest Salmonella outbreaks in recent history, sickening at least 869 
people and resulting in the hospitalization of 257 individuals.  Based on the CDC's 
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estimated ratio of non-reported salmonellosis cases to reported cases (38.6:1), around 
52,826 illnesses resulted from the Salmonella St. Paul outbreak.  For the nation's entire 
population, the CDC estimates that there are 173 cases of Salmonella illness per million 
people each year [8].  In the United States, human illness due to Salmonella infection is 
most commonly caused by the S. typhimurium, S. enteritidis, or S. heidelberg serotypes 
[9].   
Salmonella and other food-borne pathogens can be spread easily throughout the 
food chain.  Oat cereal [3, 10], tomatoes [11], eggs [12], milk [13], vegetables and fruits 
(e.g. raw tomatoes), water [12], green onions, jalape?o peppers, red plum, peanut butter 
[14] and cilantro [15], all foods that are eaten daily, have recently been found to be 
contaminated with Salmonella.  Although it appears that more outbreaks are being 
linked to vegetable and fruit products, this has not been proven because of the difficulty 
that scientists and inspectors often experience in locating the source of the pathogen 
contamination.  Food-borne contamination is difficult to monitor because produce may 
be cleaned at the harvesting site, transported to a warehouse and then repackaged several 
times before it reaches retail outlets, leaving a lengthy trail that covers many states and 
often more than one country.  In order to reduce the incidence of food-borne illness 
there is therefore an urgent need to develop a device capable of the rapid, in-field 
detection of bacterial pathogens.  This device needs to be both inexpensive and easy to 
use so that it can readily be adopted by every link in the food chain, up to and including 
the final home consumer. 
 5 
1.1.2.  Bacillus anthracis (anthrax) attacks 
 
Research on anthrax as a biological weapon began more than 80 years ago [16].  
In the early 1970s, most countries agreed to sign the Biological Weapons Convention 
(BWC) and terminate their offensive bioweapons programs.  However, a few countries 
continued their biological weapons research and development, including Iraq, which 
admitted producing and weaponizing B. anthracis to the United Nations Special 
Commission in 1995 [17], and the former Soviet Union, which is also known for its 
offensive bioweapons program, including the production of B. anthracis [18].   
Every year, there are about 2000 cutaneous anthrax cases (the most common 
naturally occurring form) reported worldwide [19].  The largest outbreak in recent years 
occurred in Zimbabwe, where more than 10,000 people were infected in an epidemic 
between 1979 and 1985 [20].  In 1979, in the Soviet city of Sverdlovsk, inhalational 
anthrax occurred because of an unintentional release of B. anthracis spores from a 
biological weapons factory.  During the 20th century, 18 occupational exposure cases to 
B. anthracis happened in the United States.  However, in a terrorism incident in 2001 
several media offices and two U.S. senators received letters containing anthrax spores 
[21], resulting in 22 cases, including 11 inhalational cases and 11 cutaneous cases.  
These exposure led to 5 deaths and widespread national panic.  Since a bioterrorist 
attack is especially difficult to predict, detect, and prevent, it is one of the most feared 
terrorism scenarios [22].  The possibility of biological warfare attacks has thus been the 
source of increasing concern in the U.S. [23].   
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Anthrax may be spread in many ways, but aerosol-delivery is the most common 
method of release for large-scale dissemination.  B. anthracis released this way is 
usually both invisible and odorless, and is capable of traveling many kilometers before 
dissipating [24, 25].  Based on data from the World Health Organization, distributing 50 
kg of B. anthracis over a population of 5 million people is predicted to result in over 
250,000 illnesses and 100,000 deaths [24].   
 
1.2.  Current methods of detecting outbreaks  
 
The surveillance system traditionally used to collect food-borne disease outbreak 
data has been overwhelmed by the emergence of mega-farms, distribution centers, and 
transporters.  To address these issues, an automated bioterrorism surveillance system, 
Real-time Outbreak Disease Surveillance (RODS), was implemented by the University of 
Pittsburgh in 1999.  RODS collects data from multiple sources (e.g. clinics, laboratories, 
and drug sales) and uses this data to identify a bioterrorism event.  Within a year, this 
system had been modified by RODS lab member Michael Wagner and his coworkers to 
collect data from 20,000 national retail locations, and was being supported by a $300 
million grant to equip all 50 states with biosurveillance systems [26].  
In addition to surveillance systems that monitor for information indicating that an 
outbreak has occurred, the prevention of food-borne illness and bioterrorism depends on 
the availability of rapid, simple, effective, and portable detection devices capable of 
identifying and distinguishing various pathogens and biological agents that may be 
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present in our daily food, clinical medicine, or natural environment.  Today, intensive 
research is being conducted to develop new techniques for the early detection of the 
causes of food-borne illness.  Traditional methods of identifying the pathogens 
responsible for food-borne illness are very time-consuming and typically require the 
services of highly trained personnel in laboratories equipped with expensive equipment, 
taking several days to yield results [27].  There is, therefore, a real need for the 
development of portable, rapid, specific, sensitive biosensors to enable the real-time, 
on-site detection of food-borne pathogens.  
 
2.  The biosensor solution   
 
The deliberate contamination of our food supply has become a serious concern, 
with B. anthracis and S. typhimurium being two of the pathogens of particular interest.  
There is an increasing need to develop rapid and cost-effective methods to monitor these 
pathogens.  Consequently, this dissertation project focused on the construction of a 
novel biosensor composed of a magnetoelastic sensor platform and a bio-recognition 
element of a landscape phage.   
 
2.1.  Bio-recognition element 
 
The bio-recognition element is responsible for the specificity, sensitivity, 
selectivity and thermal stability of a biosensor.  The use of a landscape phage as the 
bio-recognition element is promising for biosensor applications because it is both 
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environmentally robust and specific to target analytes.  In this dissertation, two 
genetically engineered landscape phages were used as the bio-recognition elements for 
the detection of S. typhimurium and B. anthracis spores, respectively.  Extensive studies 
[28-32] have successfully developed landscape phages by modifying filamentous 
bacteriophages.  A filamentous bacteriophage is a type of phage that has a thread-like 
appearance.  The inside of the filamentous phage contains ss-DNA as its genetic 
material, while the outside surface is covered by peptides.  The construction of a 
landscape phage involves the use of recombinant DNA techniques to insert a small 
section of foreign randomized DNA into a filamentous phage.  The engineered 
landscape phage therefore displayed 4000 copies of the inserted peptides on its surface 
and can then be selected through phage display techniques against its target.  A detailed 
discussion of landscape phages is provided in Chapter 2.   
 
2.2.  Sensor platform 
 
The sensor platform is an integral part of any biosensor.  It is responsible for 
transforming information about the specific interaction between the analyte and the 
recognition element into a measurable signal that can then be interpreted by the 
associated software.   
In this dissertation, a magnetoelastic material is used as the sensor platform 
because it can be operated wirelessly and remotely and is low cost and easy to fabricate.  
Magnetoelastic materials are amorphous ferromagnetic alloys that change dimensions in 
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the presence of a magnetic field and can be made to oscillate at their characteristic 
resonance frequency when an AC magnetic field is applied.  The landscape phages are 
immobilized on the sensor platform surface to form a magnetoelastic biosensor.  As the 
target bacterium/spores are captured by the specific landscape phages immobilized on the 
sensor platform?s surface, the additional attached mass decreases the resonance frequency 
of the sensor.  Based on this change of frequency, the number of bacterial cells/spores 
that have attached to the sensor can be calculated and hence their binding affinity to 
phage estimated.  The detailed working principle of the magnetoelastic sensor platform 
is discussed and reviewed in Chapters 2 and 3. 
 
2.3.  Advantages offered by magnetoelastic biosensors 
 
Magnetoelastic biosensors have the potential to help us in many ways, including: 
1) maintaining the safety of our food chain by providing a low cost way to monitor food 
quality as it progresses from the farm through industrial processing and the distribution 
system to the final consumer; 2) avoiding food-borne illness by providing a simple and 
portable system for on-site monitoring; and 3) making possible the early and rapid 
detection of potential bio-terrorism agents. 
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3.  The objectives of this research 
 
The main objective of this research is to investigate whether it is possible to 
simultaneously detect two different biological pathogens, one a bacteria and the other a 
spore, using the same type of magnetoelastic sensor platform.  The usefulness of 
multiple magnetoelastic biosensors will be proven by the determination of sensitivity, 
pathogen-specificity and detection limits in aqueous environments.   
This research can be broadly divided into five parts:   
1)  Design and fabricate the magnetoelastic (ME) biosensors.  Improve their 
performance (surface environmental stability and the Q-factor of their frequency 
spectrum) through optimization of the ME platform surface conditions via Au layer 
coating and annealing. 
2)  Improve the binding sensitivity of the magnetoelastic biosensors by optimizing the 
bio-recognition element (bacteriophage).  
3)  Investigate the use of multiple biosensors for the simultaneous detection of B. 
anthracis and S. typhimurium. 
4)  Characterize the performance of the multiple sensor detection system in a flowing 
liquid environment by quantifying its sensitivity, specificity, detection limit and dynamic 
range. 
5)  Apply the magnetoelastic biosensor to the detection of bacterium/spores in real 
food-products (in this case, apple juice). 
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CHAPTER 2                                                             
LITERATURE REVIEW 
 
1.  Current Detection Methods 
 
1.1.  Enzyme-linked Immunosorbent Assay (ELISA) 
 
ELISA (Enzyme-Linked Immunosorbent Assay), which may also be referred to as 
EIA (Enzyme Immunoassay), is a biochemical technique that is primarily used to 
quantify the presence of an antibody, hormone or an antigen in a sample [1].  ELISA has 
many applications.  In the medical and plant pathology fields, for example, it is used to 
determine the concentrations of serum antibody (e.g. in tests for HIV [2] or West Nile 
Virus [3]) and the toxicity of certain classes of drugs [4].  In the food industry it is used 
as a rapid quality control test to identify the presence of food allergens such as milk, 
peanuts, walnuts, almonds, and eggs [5].   
ELISA is based on the reaction between a substrate-specific enzyme and an 
appropriate antibody (specific to that antigen) to produce a visible signal.  Older 
ELISAs utilized a chromogenic or color generation substrate to produce a visible signal, 
but newer ELISA assays employ a fluorogenic substrate, where the amount of 
fluorescence can be accurately quantified by a spectrophotometer, hence providing much 
higher sensitivity. 
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There are three types of ELISA: 1) ?direct? or sandwich ELISA, which uses an 
immobilized antibody to detect the presence of a particular antigen in a sample; 2) 
indirect ELISA, which uses an antigen to look for a specific antibody in a sample; and 3) 
competitive ELISA, where the competitive binding abilities of two antibodies are 
determined by comparing the binding signals to their immobilized antigen.   
Generally, indirect ELISA is used for determining the serum antibody 
concentrations.  This method, shown in Figure 2-1, involves five-steps: 1) Antigen 
immobilization - a sample solution of a known antigen is added to a plate well and 
incubated for 1hour; 2) Blocking ? the plate is washed with a buffer solution (PBS/tween) 
to remove any unbound antigens and a blocking buffer (e.g. Bovine Serum 
Albumin/casein) is added to the well.  After incubation for another hour, the plate is 
again washed with a buffer (PBS/tween).  This step blocks the non-specific absorption 
of other proteins onto the plate; 3) Primary antibody immobilization - primary antibodies 
specific to the antigens are added to the well and incubated for 1 hour, followed by 
washing to remove all unbound antibodies; 4) Secondary antibody immobilization - 
secondary antibodies that will bind with the primary antibody are added to the well and 
incubated for 1 hour.  These antibodies are then conjugated to the enzyme to form an 
antibody-enzyme complex, which is then removed by washing with buffer solution 
(PBS/tween); 5) Substrate reaction - the specific substrate is reacted with the 
antibody-enzyme complex and incubated for color development.  This final signal can 
be viewed/quantified using a spectrophotometer or spectrofluorometer.   
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Figure 2- 1.  Schematic of ELISA procedure for indirect ELISA. 
 
In most cases, this final signal is quantified by measuring the optical density (OD) 
with a microplate reader.  A standard curve is plotted as the concentration of standard 
antigen versus the corresponding mean OD value, and the sample concentration can then 
be interpolated from the standard curve.  However, indirect ELISA suffers from two 
major disadvantages: 1) since the antigen immobilization on the well is non-specific, any 
protein in the sample will bind to the plate and produce a noisy signal; and 2) during the 
antigen immobilization, the analyte in the serum must compete with other serum proteins, 
thus decreasing the antigen protein binding levels.   
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In order to overcome these problems, the sandwich or direct ELISA was 
developed and used to detect sample antigens of biological warfare agents [6].  The 
procedure is shown in Figure 2-2 and is generally similar to that used for the indirect 
ELISA.  The following steps are used in the sandwich ELISA method: 1) coat a known 
quantity of antibody to the plate well; 2) wash the plate with buffer solution (PBS/tween) 
and immobilize the blocking agent to block any non-specific binding sites on the well; 3) 
add the antigen solution to the plate to bind with the antibody, followed by washing with 
the buffer solution.  After washing, the non-antibody binding antigens are washed free 
of the plate; 4) add primary antibodies to bind specifically to the antigen; 5) add the 
enzyme-linked secondary antibody (conjugate) to bind with the primary antibody.  
Wash the well again to remove the unbound antibody-enzyme conjugates; 6) add a 
chemical that will react with the enzyme on the secondary antibody to convert the 
enzyme into a fluorescent, electrochemical or color signal.  The antigen can be 
quantified by measuring the absorbance, fluorescence or electrochemical signal (i.e. 
current).  Compared to other ELISA methods, the sandwich ELISA has higher binding 
affinity because even for impure samples the antibodies still bind selectively with any 
antigens that may be present.  Moreover, by using the primary antibody, the chance that 
any other proteins in the sample will adsorb non-specifically to the plate well decreases 
when the quantity of immobilized antigens increases.  Generally, using a polyclonal 
antibody for ELISA will increase the number of possible detection objects, while a 
monoclonal antibody will improve specificity and lower background noise.  
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Figure 2- 2.  Schematic of ELISA procedure for sandwich ELISA. 
 
A third type of ELISA uses competitive binding and is therefore referred to as 
?competitive? ELISA.  This method is somewhat different from the previous two.  
First, the unlabeled antibody is incubated in its antigen to form an antibody-antigen 
complex that is added to an antigen coated well and the unbound antibody washed away.  
The secondary antibody (specific to the primary antibody) which has been conjugated 
with the enzyme is then applied to the well, and a substrate added to react with the 
remaining enzymes to convert the bound antibody to a detectable signal (i.e. a 
chromogenic or fluorescent signal).  This approach was dubbed ?competitive? because 
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when the complexes are formed, the more antigens there are in the sample, the fewer 
antibodies will be able to bind to the antigen in the well, so the higher the original antigen 
concentration, the weaker the final signal.   
Generally, an ELISA test uses at least one antibody.  Sometimes only a single 
antibody is needed because it can directly conjugate with the enzyme to produce a 
detectable color change.  However, if this antibody is not capable of direct conjugation, 
a secondary antibody is required that will both react with the primary antibody and 
conjugate with the enzyme.  In most cases, even if the primary antibody can conjugate, a 
secondary antibody may still be used because it avoids the expensive process of creating 
specific enzyme-linked antibodies for every antigen of interest, making ELISA both less 
expensive and more convenient to use and thus greatly broadening the range of potential 
applications.  ELISA is a serological test and is now one of the most commonly used 
immunological assays for detecting a particular antigen or antibody.  It is also the first 
screening test and the most commonly used way of diagnosing HIV. 
Unfortunately, there are some major disadvantages that make ELISA less than 
ideal for field applications.  In Germany, indirect ELISAs have been used to detect S. 
typhimurium in blood serum and meat juice [7-10].  The results showed that the 
Salmonella ELISAs often lacked specificity, although they did have high sensitivity.  
ELISA is less economical and requires the use of sophisticated equipment and high 
maintenance fees.  It is also very labor intensive and requires highly trained staff and 
special software to evaluate the results.  As well as S. typhimurium detection, ELISA is 
 21 
capable of detecting the germination of B. anthracis spores by looking at the 
antibody-spore complex [11, 12].  However, the procedures required for spore ELISA 
are complex, lengthy and need trained personnel to perform the test.   
 
1.2.  Polymerase chain reaction (PCR) 
 
1.2.1.  PCR principles and procedures 
 
Polymerase chain reaction (PCR) is a vital tool that is used to amplify specific 
regions of a DNA strand (i.e. a single gene, a part of a gene, or a non-coding sequence).  
It derives its name from its core component, DNA polymerase, which is used to amplify a 
piece of DNA by enzymatic replication.  Generally PCR methods consist of 20-40 
cycles of replication.  For example, the DNA polymerase enzyme first duplicates the 
original piece of DNA target and this is then split into two pieces.  After separating, 
each piece will in turn replicating, resulting in four pieces of the original DNA target.  
This is the second replication cycle.  This is repeated in a third cycle, and so on.  This 
replication is exponentially amplified and is therefore called a ?chain reaction?.   
After each replication cycle, a high temperature (>90?C) is required to separate 
the two DNA strands in the DNA double helix.  Consequently, the DNA polymerase 
must also be capable of withstanding high temperatures (>90?C).  The discovery of Tag 
polymerase [13, 14] fulfilled this requirement, making the PCR reaction both easier and 
more rapid.   
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In order to set up a PCR process, several components and reagents are required 
[15].  These include: 1) a DNA template that contains the specific regions of DNA to be 
amplified.  Although RNA could also be used as a target, DNA is more stable and easier 
to isolate; 2) a DNA polymerase (i.e. tag polymerase or another DNA polymerase with an 
optimum temperature of 70?C) that can duplicate the DNA target by enzymatic 
replication; 3) a buffer solution that provides the DNA polymerase with an optimum 
chemical environment to maintain good stability and activity; 4) two primers to 
complement the DNA strands at the 5' and 3' ends of the DNA target region; 5) 
Deoxymucleoside triphosphates (dNTPs) to block the DNA polymerases from 
synthesizing a new DNA strand; and 6) divalent cations (i.e. Mg2+ or Mn2+) and a 
monovalent cation (i.e. K+). 
In PCR, a small amount of the DNA target is added in the test tube to the six 
components listed above.  Each replication cycle of this mixture is composed of three 
steps (shown in Figure 2-3) that are mainly controlled by the temperature: 1) 
Denaturation - heat the reaction to a temperature of 94-96?C and hold for 1-9 minutes.  
This inactivates the DNase molecules in the target and causes the DNA template to 
denature into two single DNA strands.  If the denaturation is not complete, the 
utilization of the template in the first replication cycle will be inefficient, resulting in a 
poor PCR product; 2) Annealing - lower the temperature to 50-65?C (3-5?C lower than 
the melting temperature of the primers) and incubate for 20-40 seconds, allowing the two 
primers to anneal their complementary DNA sequences. Only when both sequences of 
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primer and DNA match can the DNA-DNA hydrogen bonds be formed; and 3) Extension 
? raise the temperature to 72?C for one to several minutes, which allows the Tag 
polymerase to attach to each priming site (where the annealed primers are) and synthesize 
a new DNA strand.  Since the temperature for this step is related to the optimum activity 
temperature required for the DNA polymerase, it will vary depending on the type of DNA 
polymerase used.  The strands (including the synthesized and original strand) in this first 
amplification cycle will provide the template strands for the second cycle.  Each cycle 
includes denaturation, annealing and extension steps.  The amount of DNA target will 
double after the extension step in each cycle, resulting in exponential amplification of the 
DNA target.  Since each cycle requires only a few minutes, more than a billion 
molecules of DNA can be produced in one hour.  After the last PCR cycle, the 
temperature is kept at 70-74?C for 5-15 minutes to ensure that all the single strand DNA 
present is fully extended.  Finally, the temperature is decreased and maintained at 
4-15?C for short-term storage of the reaction products.  Following amplification, the 
final PCR products are analyzed to confirm that the DNA fragment has the original 
defined length.  Agarose gel electrophoresis is used to determine the length of the DNA 
fragments through comparison with a DNA ladder, which is made up of molecular weight 
markers containing DNA fragments of known size.   
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Figure 2- 3.  Schematic diagram of PCR first replication cycle. 
 
1.2.2.  PCR applications 
 
PCR has become one of the most common techniques and is widely used in such 
fields as molecular biology, clinical microbiology, forensic science, food safety, and 
many other applications [16].  In molecular biology, for example, the PCR technique 
can be used to selectively amplify a specific region of DNA and isolate the desired DNA 
fragments from genomic DNA.  A large amount of specific DNA can be replicated 
without the need for large quantities of starting genomic DNA, making PCR particularly 
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useful for DNA cloning procedures and Southern blotting [16].  Additionally, PCR 
allows rapid screening of bacterial colonies for correct DNA vector constructs [17].  In 
clinical microbiology, PCR is used to diagnose microbial infections in epidemiological 
research.  In forensic science, PCR is invaluable because even tiny amounts of DNA 
obtained from a droplet of blood or a single hair are now enough for amplification and 
analysis.  PCR can also be used for genetic fingerprinting to identify a person or 
organism.  In food safety, PCR is used to detect bacterial pathogens in water [18], milk, 
chicken fecal samples [19], and ground beef [20] and has been used to detect B. anthracis 
[21-23] in a variety of mediums.     
Overall, PCR offers advantages such as high sensitivity, low detection limit and 
rapid replication.  It is also very robust, and is capable of amplifying specific sequences 
from a few DNA molecules.  However, several disadvantages do limit its use: 1) a 
number of techniques and procedures are required to optimize the PCR conditions and 
even a minor contamination of sample DNA can yield spurious results; 2) the selection of 
a suitable primer is also a challenge due to the need for some prior knowledge of the 
target DNA sequence; and 3) trained personnel, along with extremely clean and 
controlled environments, are required. 
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2.  Biosensor Methods 
 
The use of biosensors has increased dramatically in recent years.  As defined in the 
Oxford English Dictionary, a sensor is a device that detects or measures a physical 
property and records, indicates or otherwise responds to it and a biosensor does this by 
applying biological agents in the detection process.  There are two main parts to a 
biosensor: its transducer and its bio-receptor.  Figure 2-4 shows a schematic 
representation of a biosensor that uses a bio-sensing element as its bio-receptor, along 
with a transducer system and the associated electronics or signal processors that display 
the results in a user-friendly way [24].    
 
Figure 2- 4.  Schematic configuration of a biosensor. 
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When a specific biological reaction occurs between the bio-sensing element and 
the interested target antigens it causes a physical and/or chemical change on the 
bio-interface.   The transducer is responsible for converting this change into a 
measurable signal.  This signal will then be sent to the output system to be amplified, 
processed and displayed [25].   
Sensors can be divided into three types, namely physical, chemical, and biological.  
As their name suggests, physical sensors measure physical quantities such as length, 
weight, temperature, and pressure, while chemical sensors respond quantitatively to a 
particulate analyte in a selective way through a chemical reaction.  Biosensors 
incorporate a biological sensing element, which is connected to the transducer.   
Biosensors are now being used in many fields, for example industrial process 
monitoring, environmental monitoring, food-borne pathogens detection and medical care.  
The most popular medical application of biosensors is to monitor glucose levels in 
diabetic patients.  One particularly desirable goal for medical biosensors is to create a 
type of implantable biosensor capable of continuously monitoring a metabolite; an 
implantable glucose biosensor would allow patients to continuously measure their 
glucose level in real time and adjust their medication accordingly.  Biosensors also offer 
many advantages in detecting chemicals and food-borne pathogens compared to the 
conventional methods mentioned previously (Chapter 2 Sections 1.1. & 1.2.).  They are 
not only highly target specific and sensitive, but also respond rapidly, making them ideal 
for real-time detection.  Some are even reusable and portable for on-the-spot analysis.   
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2.1.  Bio-recognition Elements 
 
Bio-recognition elements, generally referred to as bio-receptors, include enzymes, 
tissues, antibodies and phages.  Among these, antibodies and bacteriophages are the 
most commonly used biological components.   
 
2.1.1.  Antibodies 
 
Antibodies, or immunoglobulins (Ig) [26], are produced by B cells, a type of 
white blood cell.  These immune - system related proteins are present in the blood or 
other bodily fluids of vertebrates [26].  Since antibodies are capable of identifying and 
neutralizing foreign objects, they have become widely used diagnostic tools to detect 
bacteria and viruses.   
Two large ?heavy? chains and two small ?light? chains form a basic antibody 
structural unit, which takes the ?Y? shaped structure shown in Fig. 2-5.  Disulfide bonds 
connect these two chains [27].  Each ?heavy? chain consists of a constant region and a 
variable region.  Based upon the types of ?heavy? chain, antibodies can be classified 
into several different isotypes.  In mammals, there are five different antibody isotypes 
(IgA, IgD, IgE, IgG and IgM) which are responsible for directing the appropriate immune 
response to the corresponding foreign objects they encounter [28].  For each antibody, 
only one type of ?light? chain will be present, which also consists of constant and 
variable domains.  At the tip of each antibody there is a small region, known as the 
hyper-variable region, that makes the tip structures of antibodies slightly different from 
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each other, enabling a huge diversity of antibodies capable of binding with an equally 
diverse range of targets, known as antigens [29].  The antigen has a unique part called 
an epitope that binds with an antibody, therefore the binding between antigen and 
antibody is highly specific.  The tip of the antibody ?Y? structure (Figure 2-5) is 
referred to as the ?Fab? region and contains one constant and variable domain from both 
the ?heavy? and ?light? chains [30].  The base of the ?Y? is called the ?Fc? region, 
which contains two or three constant domains from two ?heavy? chains [29].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2- 5.  The structure of an antibody. 
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In the immune system, antibodies can bind to pathogens to protect cells from 
being damaged.  Polyclonal and monoclonal antibodies (mAb or moAb) are two kinds 
of antibodies widely generated for different research applications.  Polyclonal antibodies 
are derived from many different B cell lines within the blood.  They are a mixture of Ig 
molecules specific to an antigen, each recognizing a different epitope.  They are 
produced by injecting the antigen into a mammal (i.e. goat, horse, rabbit or mouse), after 
which the antibodies are isolated from the blood/serum.  Monoclonal antibodies are 
derived from a single cell line and are identical and secreted against a specific antigen.  
This characteristic allows them to inherit the original antibody?s excellent performance.  
To produce monoclonal antibodies, antibody-secreting lymphocytes are fused with a 
cancer cell line after isolating from animals, and then grown in a culture.   
Both polyclonal and monoclonal antibodies need to be purified by protein A/G or 
antigen-affinity chromatography [31].  Compared with polyclonal antibodies, 
monoclonal antibodies provide higher purity with less background.  They also give 
higher homogeneity for more reproducible experimental results and higher specificity for 
efficient binding with the antigen.   
Antibodies can be produced against almost any component, from small drug 
molecules to intact cells, and have become a key affinity ligand for both medical and 
research applications [32].  Medically, antibodies are used for disease diagnosis [33, 34], 
including determining the cause of liver damage in patients [35].  They are also used for 
disease therapy and prenatal therapy.  For example, monoclonal antibodies offer useful 
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treatments for diseases such as multiple sclerosis [36], psoriasis [37] and many forms of 
cancer (i.e. non-Hodgkin?s lymphoma [38], head and neck cancer and breast cancer [39]).  
In research, antibodies are used in a purified form to identify and locate proteins.  For 
example, antibodies are used in flow cytometry to distinguish cell types based on the 
proteins they express [40] and also in immunoprecipitation to separate proteins from 
other molecules by binding to them [41].  In microscopy and electrophoresis, antibodies 
are used to examine protein expression and locate them for western blot analyses and 
immunohistochemistry [42, 43].  ELISA techniques [44, 45] make possible the 
quantification of proteins using antibodies.  Since antibodies can bind with foreign 
substances, they are also required for many immunological assays, including 
immunochromatographic lateral flow assays [46], time-resolved fluorescence (TRF) 
assays [47], and immunomagnetic separation-electrochemiluminescence (IMS-ECL) 
assays [48, 49].   
Currently, antibodies are being applied as a bio-recognition layer on sensors for 
the specific capture of analytes [32].  Antibody-based sensors offer several advantages: 
there is no need for extensive sample clean-up and they require only limited hands-on 
time, while at the same time offering high-throughput screening, real-time analysis, 
label-free detection and the possibility of quantification [32].  There are several different 
types of antibody-based biosensors in use, namely surface plasmon resonance (SPR) 
sensors, quartz crystal microbalances (QCR) and cantilevers.  They have become 
well-established techniques for the detection of the pathogens E. coli [50], Salmonella 
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cells [51, 52], B. cereus and L. monocytogenes [53, 54].  Overall, antibody-based 
sensors are quite effective, adaptable for many applications and hold great promise in the 
field of research.   
However, antibodies are generally quite fragile.  When exposed to unfavorable 
environments, they tend to lose sensitivity and their other binding characteristics 
deteriorate.  The quality of antibodies can also vary depending on the animal used to 
produce them and other production variables.  Polyclonal antibodies are cheap but lack 
specificity, purity and are limited in the amount of serum that can be obtained from each 
immunized animal.  While monoclonal antibodies have single epitope specificity (i.e. 
are highly selective) and can thus potentially provide unlimited amounts of identical 
antibodies, they are relatively expensive to produce, inherently unstable, and are very 
sensitive to harsh environments.  In most biosensor applications, in order to use 
antibodies affinity purification and stabilization are required, which dramatically 
increases their cost.  All of these limitations have limited the application of antibodies.   
 
2.1.2.  Bacteriophages 
 
2.1.2.1.  Fundamentals of Bacteriophages  
 
Bacteriophages, or phages, are viruses that infect only bacteria but are much 
smaller in size (20-200 nm).  Modern phage research began in 1915, when Frederick 
Twort, a British bacteriologist, discovered ?a small agent that infected and killed 
bacteria.?  Later in 1917, French-Canadian microbiologist F?lix d'H?relle dubbed this 
 33 
agent a ?bacteriophage? or ?bacteria-eater.?   
Each bacteriophage contains an outer protein hull (or lipoprotein coat, or capsid) 
and an enclosed nucleic acid genome.  The enclosed genome can be ssRNA (single 
stranded RNA), dsRNA (double stranded RNA), ssDNA or dsDNA.  These RNA/DNA 
strands have a circular or linear arrangement which is 5-500 kilo base pairs long.   
Phages are absolute parasites, found ubiquitously wherever their bacterial hosts 
live, for example in soil, sewage, animals [55], deep sea vents, water and the food we 
consume [56].  Consequently, phages are estimated to be the most widely distributed 
and diverse entities (ranging from 1030-1032 in total population) on the earth [57].  Each 
phage infects a specific group of bacteria, a subset of one species [56], although in some 
cases several related species can be infected by the same phage.  Phages play a key role 
in regulating the microbial balance in every ecosystem [56].  They are highly specific 
and reproduce rapidly in appropriate hosts.  Also, phages are very robust and retain their 
ability to infect for decades, even when there are no appropriate hosts available.   
The general infection process for bacteriophages is: 1) adsorption ? the phage 
binds to a specific receptor (i.e. a surface molecule or capsule) on the surface of its target 
host; 2) penetration - the genome of the phage passes into the host cell; 3) synthesis of 
protein and nucleic acid ? once the normal synthesis of protein and nucleic acid of the 
bacteria host has been inactivated, the helper proteins that help assemble new copies of 
the phage are produced; 4) morphogenesis ? new phages are constructed with the 
assistance of the helper proteins; and 5) cell lysis - phages are released into the host cell 
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via lysis, by extrusion, or, in a few cases, by budding.   
 
2.1.2.2.  Bacteriophage classification 
 
Based on their life cycle, phages can be classified as either virulent or temperate.  
Virulent phages multiply only by the lytic cycle, where the phage first attaches to the host 
cell and injects its own genome to take over much of the host metabolism, after which 
new phages are liberated after the host cell lyses.  Temperate phages, in contrast, have 
modes of replication that do not destroy the host bacteria.   
The classification of bacteriophages is difficult but practical for phage research.  
The International Committee on Taxonomy of Viruses (ICTV) classifies bacteriophages 
based on their morphology and the type of nucleic acid they enclose.  Recently, 
Ackermann studied 5000 bacteriophages by electron microscopy, making this the largest 
category of viruses examined by microscopy methods so far [56].  Table 2-1 provides an 
overview of bacteriophage classification.  These phages take one of four different 
shapes: tailed, polyhedral (with cubic symmetry), filamentous (with helical symmetry), 
and pleomorphic (without obvious symmetry).  Most of these classified phages contain 
dsDNA, while only a small group contains ssDNA, ssRNA or dsRNA.  The dsDNA 
tailed phages are the major phages (95% of all those reported) on the planet [57] and also 
the oldest viruses [58].  Tailless phages only include about 190 known viruses and 
account for less than 4% of the currently recognized bacterial viruses.  They are 
classified into 10 families [59].   
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Table 2- 1  Classification of bacteriophages 
 
Shape Family Morphology glyph1197ucleic acid 
Myoviridae Non-enveloped, contractile tail 
Siphoviridae 
Non-enveloped, long non-contractile 
tail Tailed 
Podoviridae 
Non-enveloped, short noncontractile 
tail 
 
Linear dsDNA 
 
Microviridae Non-enveloped, isometric Circular ssDNA 
Tectiviridae Non-enveloped, isometric Linear dsDNA 
Corticoviridae Non-enveloped, isometric Circular dsDNA 
Leviviridae Non-enveloped, isometric Linear ssRNA 
Polyhedral 
Cystoviridae Enveloped, spherical Segmented dsRNA 
Lipothrixviridae Enveloped, rod-shaped Linear dsDNA 
Inoviridae Non-enveloped, filamentous Circular ssDNA Filamentous 
Rudiviridae Non-enveloped, rod-shaped Linear dsDNA 
Fuselloviridae Non-enveloped, lemon-shaped Circular dsDNA 
Plasmaviridae Enveloped, pleomorphic Circular dsDNA Pleomorphic 
Guttaviridae  Droplet-shaped Circular dsDNA 
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2.1.2.3.  Applications of bacteriophages 
 
Bacteriophages have been discovered to have many applications.  They have 
been successfully used for treating bacterial infections in the medical field due to their 
antibacterial activity, while environmentally bacteriophages haves been used in 
hydrological tracing in river systems and as a dye marker due to their low adsorption 
when passing through ground-water and ease of detection at low concentrations [60].  
Phages also have many uses in food production.  In 2006, the United States Food and 
Drug Administration (FDA) approved the use of a bacteriophage to kill the Listeria 
monocytogenes bacteria on cheese [61].  Fluorescently labeled phages can serve as a 
recognition element for the detection of S. typhimurium and E. coli [62, 63].   
Antibodies were the first proteins to be displayed on the surface of a phage [64].  
This was achieved by fusing the coding sequence of the antibody variable regions to the 
amino terminus of the phage minor protein coat pIII.  This type of phage-antibody 
combination is particularly useful for biological detection and has been demonstrated to 
have higher performance than monoclonal antibodies when used in several different assay 
formats, including surface plasmon resonance (SPR), flow cytometry, ELISA, and 
hand-held immunochromatographic assays [65, 66].   
Recently, the landscape phage technique has been developed [67, 68].  This 
technique bypasses one of the most troublesome steps in phage-antibody technology, 
which requires the reengineering of selected antibody genes in order to express them at a 
high level [67].  These phage bio-probes have begun to be used as a biological 
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recognition molecule for acoustic wave devices such as thickness shear mode quartz 
sensors [69] and magnetoelastic sensors [70-72] for the real-time detection of a range of 
pathogens or the adsorption of biochemical macromolecules [73].  
 
2.1.2.4.  Phage display 
 
Phages play an important role in molecular biology.  For example, they are 
commonly used as a vector to infect the standard recombinant DNA host (bacterium E. 
coli) in recombinant DNA research.  The method of using a phage as a vector to connect 
proteins to display genetic information, so-called ?phage-display?, has many applications, 
including: 1) the determination of the interaction partners of a protein, diagnosis and 
therapeutic targeting [74]; 2) the search for protein-DNA interactions [75]; 3) efforts to 
identify new ligands (i.e. enzyme inhibitors) to target proteins [76-78]; and 4) the 
selection of antibodies and peptides [79-81].  Tens of billions of heterogeneous phage 
clones can be collected together to create a ?phage display library?.  Each clone displays 
multiple copies of a specified peptide on the virion surface [68, 82, 83], and a phage 
display library can be used to select high specificity phages to an immobilized molecule 
and then multiply these phage clones for further study.    
 
2.1.2.5.  Filamentous phage fd 
 
The filamentous phage Ff class, which includes M13, f1, and fd phages, has been 
the subject of extensive research for phage display applications [83, 84].  Filamentous 
phage fd is a phage shaped like a rod filament, as shown in Figure 2-6.  Each phage 
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filament is generally about 7 nm wide and 800-900 nm long.  The outer coat is a tube 
like structure composed of a major protein coat pVIII, which has a single-stranded DNA 
buried inside.  At the tip ends of the phage particle, there are several copies of four 
minor proteins, pIII, pVI, pVII, and pIX [85, 86].  The major protein coat occupies 98% 
of the phage's mass and is present in 2700 or more copies per phage.   
 
 
Figure 2- 6.  Schematic showing filamentous phage structure.  pIII, pVI, pVIII, pVII, 
pIX represent phage proteins. Exogenous peptides are usually displayed on protein pIII 
and pVIII. 
 
In this dissertation, two types of phage clones are used, namely JRB7 and E2.  
Unlike common phage filaments, JRB7 and E2 have both been modified by using phage 
filaments as the framework and then fusing eight foreign random amino acids to the 
N-terminus of every copy of the major protein coat pVIII.  Studies have shown that the 
replacement of three or four amino acids at the N-terminus of the protein pVIII with 
12-19 foreign amino acids in a filamentous phage will not disturb the general architecture 
pIII pVI Major coat protein: pVIII pIXpVII
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of the virions [87].  Since the array of thousands of copies of these guest peptides appear 
in a repeating pattern, a dramatic change in the phage surface architecture occurs, 
resulting in the number of major protein coat subunits increasing to 4000.  The major 
protein coat now comprises up to 50% of the phage surface [67, 68].  This modified 
phage is called a ?landscape phage? and a mixture of a large number of such landscape 
phages is named a ?landscape phage library,? encompassing billions of phage clones with 
different surface structures and biophysical properties [88].  
Landscape phages are now being investigated as a possible alternative to 
antibodies for detection probes, as they are more stable, reproducible, and inexpensive to 
produce [68, 89].  They are extraordinarily robust in harsh environments, and can be 
heated up to 80 ?C [83], as well as being resistant to organic solvents (e.g., acetonitrile), 
acid, alkali, and other chemicals [90].  Purified phages can be stored indefinitely at 
moderate temperatures without loss of infectivity and probe-binding activity.  More 
importantly, phages have a high affinity to target antigens.  This is because phages have 
an extremely high surface density (300-400 m2/g) and up to 50% of the surface can be 
subtended by peptides to form the ?active receptors? sites.  This high density of binding 
sites exceeds that of the best-known absorbents and catalysts.  The thousands of phage 
filaments also provide far more opportunities for binding. 
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2.2.  Transducers 
 
The transducer is the most important part of a sensor because it is responsible for 
detecting the analyte. There are four main types of transducers, namely electrochemical 
transducers, optical transducers, thermal sensors, and acoustic devices.  Figure 2-7 lists 
these, along with some sensor examples of each type.  In this dissertation, we will focus 
on using magnetoelastic material as the transducer, which can be considered to be a novel 
type of acoustic wave device.   
 
Figure 2- 7.  Classification of sensor transducer types. 
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2.2.1.  Electrochemical biosensors 
 
Electrochemical biosensors are the most commonly used class of biosensors [91].  
Their working principle depends on a bio-interaction occurring where an electrochemical 
species (e.g. electrons) are generated or consumed to produce an electrochemical signal 
which can be measured by an electrochemical detector.  Based on the type of electrical 
signal, electrochemical sensors can be classed [91, 92] as either potentiometric, where the 
potential difference between an indicator and a reference electrode is measured, 
amperometric, where the current produced by an electrochemical oxidation or an 
electroactive species reduction under a constant potential is measured, or 
conductometric/impedimetric, where the alternating conductance between a pair of metal 
electrodes is measured [93, 94].   
When the biological components interact, the conductance or capacitance of the 
medium will increase with decreasing impedance, so by measuring this change a 
conductometric biosensor is able to detect the concentration and physiological state of 
food-borne pathogens [95].   
In potentiometric biosensors, the transducer can be either an ion-selective 
electrode (ISE) or an immunoelectrode.  For ISE, when the target ions bind to the 
selective membrane at the indicator electrode, this results in a detectable difference in the 
potential between the indicator and reference electrode that is proportional to the 
logarithm of ion activity [91].  For the immunoelectrode, enzymes or antibodies are 
usually immobilized on the electrode surface and when target antigens in the sample 
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interact with enzymes or antibodies, there is a detected potential shift.  This method is 
useful in biosensing [92, 96].   
An amperometric biosensor measures the current generated by a 
chemical/biological reaction rather than measuring the potential change.  By using an 
enzyme to catalyze electrooxidation or electroreduction, almost all microorganisms can 
be sensed by amperometric biosensors.  An amperometric system has a linear 
relationship with the analyte concentration, which makes it particularly convenient and 
suitable for bacterial detection [96], such as Staphylococcus aureus [97, 98], Salmonella 
[99], and E. coli O157:H7 [100, 101]. 
Some advantages of electrochemical sensors include their high sensitivity, small 
size, low cost, versatility, rapid measurement time, and capability of stand-alone 
operation [102].  However, amperometric sensors suffer from poor selectivity, which is 
controlled using the redox potential of the electroactive species in the sample solution. 
 
2.2.2.  Optical biosensors 
 
The working principle of optical biosensors is based on the modulation of optical 
properties that occurs when the bio-recognition element interacts with the target analytes 
on the interface.  These optical properties include UV absorption, bio- and 
chemi-luminescence, reflectance, and fluorescence [103-107].  Applications of optical 
sensors include the measurement of pH, oxygen, carbon dioxide, and ions.  Moreover, 
they are very attractive for the label-free and quick detection of bacteria [108]. 
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Depending on the type of interaction that produces the output signal, optical 
devices are classified as either indirect or direct.  Methods that utilize the fluorescence 
or bio-luminescence that results from antigen-probe interactions are defined as indirect 
methods, while those based on a direct change in the light properties due to the 
analyte-probe interactions are defined as direct methods.  The total internal reflection of 
light incident at the interface, which depends on the refractive index, is an example of a 
direct optical method.   
Some biospecies emit light with a lower wavelength when exposed to ultraviolet 
light, which is known as fluorescence [96].  Fluorescence biosensing is a type of optical 
biosensing method by frequency change, which includes direct sensing, indirect sensing, 
and fluorescence energy transfer (FET).  Fluorescence spectroscopy is widely used for 
analytical chemistry, and offers a sensitive technique for low concentration analyte 
detection.   
Some living microorganisms emit light when a biochemical reaction takes place, 
which is known as bioluminescence, and this is important for real-time monitoring.  
Luminescence biosensors have very high specificity but suffer from poor sensitivity when 
the concentration of target analyte becomes low [109].  Biosensors that monitor the 
color change in response to toxins produced by microbial pathogens in the presence of 
testing analytes are known as colorimetric biosensors.  For example, a colorimetric 
whole cell bioassay [110] can be used for the detection of environmental pollutants. 
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Optical transducers incorporate optic fibers, which allows for greater flexibility 
and miniaturization.  Surface plasmon resonance (SPR), where the surface plasmons are 
excited by light, is a very attractive optical biosensor transducer for many applications.  
The operational principles of an SPR biosensor are shown in Figure 2-8.  It consists of 
two types of material with two different refractive indices: metal (gold) and glass.  On 
the metal (gold) surface, incident light energy excites electrons to oscillate resonantly 
forming surface plasmons.  SPR is excited along the metal surface at a specific incident 
angle (?), at which the intensity of the reflected light reduces to minimum.  Since this 
surface wave is on the boundary of the surface, the oscillation becomes sensitive to the 
environment of the metal surface.  Any change on the metal surface such as an 
antibody-antigen interaction results in a change in the SPR angle (?).  Therefore, SPR 
biosensors can be used to detect food-borne pathogens by measuring this shift [111].  
The advantages of SPR biosensors are that they are simple, real-time, and label-free.  
However, they are relatively expensive and it is hard to measure the target species when 
the concentration is very low.  Also the signal of SPR biosensor is vulnerable to 
interference from the environment [96, 112]. 
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Figure 2- 8.  Operational principles of an SPR biosensor. 
 
 
2.2.3.  Thermal biosensors 
 
Thermal transducers involve the production or absorption of heat.  They measure 
the concentration of an analytes based on the amount of heat adsorbed by a thermistor.  
Thermal sensors can either be used to measure the change in temperature of a substance 
directly during the course of a reaction or to measure the enthalpy of change in an 
enzymatic reaction.   
 
2.3.  Acoustic wave sensors 
 
Recently, a great deal of attention has been devoted to efforts to develop simple 
and inexpensive microsensors.  Among these, the acoustic wave (AW) sensor is a 
common device that has been used for many chemical and biological applications.  
Examples include sensors to monitor pressure, vapor, humidity, temperature, and film 
characterization.  AW devices are very sensitive to small changes in many different 
Glass layer
Gold layer
Antibody layer
Target antigen
Prism
SPR angles
Incident light source
Reflected light 
Detector
?
 46 
physical parameters [113].  They have been commercially available for more than 60 
years because they offer real-time and fast detection, and are sensitive, simple to use, 
intrinsically reliable, and cost-effective [113].  Some can also be used wirelessly.  
 
2.3.1.  Operating principles and performance criteria 
 
AW devices typically generate a mechanical or acoustic wave that propagates 
either through the bulk material or on its surface.  The velocity and/or amplitude of this 
wave will change if the propagation path or its characteristics change in any way.  
Consequently, any variation that is observed in the properties of the acoustic wave, i.e. its 
velocity and/or amplitude, can be linked to corresponding changes in the material's 
physical characteristics, thus allowing them to be monitored in real-time by the AW 
sensor.   
AW sensors usually use a piezoelectric material as the platform.  When an 
oscillating electrical field is applied to the piezoelectric platform, a mechanical wave is 
generated.  This phenomenon is known as the ?converse piezoelectric effect.?  The 
?direct piezoelectric effect? is the reciprocal of this and refers the application of strain to 
the material which results in the creation of an electrical change.  The direct 
piezoelectric effect was discovered by brothers Pierre and Paul-Jacques Curie in 1880 
and is defined as piezoelectricity [114].  Most AW piezoelectric sensors utilize the 
principle of converse piezoelectricity.  When the acoustic wave produced propagates 
through or on the surface of the substrate, the velocity or amplitude of the wave will 
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change if the characteristics of the propagation path change.  The frequency or phase 
characteristic of the sensor is measured to monitor such changes, which can then be 
correlated to the corresponding physical quantity. 
An AW sensor can also be used as a mass sensor; when an AW device is used as a 
resonator, the resonance frequency of the AW device will change when there is a mass 
load on the device surface.  Based on this principle, different biosensors can be 
developed by immobilizing a bio-molecular recognition layer (i.e. antibody, 
bacteriophage) on the AW sensor surface.  When the target pathogen and the 
biomolecular recognition layer undergo a chemical reaction or sorptive interaction (i.e. 
adsorption / absorption) on the sensor?s surface, the surface mass changes.  This mass 
change can be detected by measuring the resulting shift in the characteristic resonance 
frequency of the sensor.  Therefore, the majority of analytical applications of AW 
sensors are based on changes in mass loading. 
There are extensive reviews and comparisons of different AW sensors in the 
literature [113, 115-117] based on their thermal stability, array capability, and so on.  
Mass sensitivity and the precision in determining the resonant frequency are the two main 
parameters used to characterize the performance of these sensors.  Their theoretical 
treatment goes back to 1885, when Rayleigh suggested a link between surface mass 
loading and resonant frequency change [118], arguing that the resonance in a mechanical 
system occurs at frequencies where the peak kinetic energy Uk exactly balances the peak 
potential energy Up.  This general relationship between mass-loading ?m and frequency 
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shift ?fm can be expressed by equation (2-1): 
dm
dfS
m ?=       (2-1) 
where Sm is the mass sensitivity, m is the absolute mass of load, and f is the resonance 
frequency under mass load (m).  The mass sensitivity Sm is widely used to compare 
sensors in terms of their ability to detect a small mass such as a single spore / bacteria cell 
[117, 119].  Since the mass sensitivity is related to the resonance frequency, the 
precision to which the resonance frequency can be determined is another parameter that 
affects the overall performance of an AW sensor.  Precision is described by the quality 
merit factor (Q factor), which represents the spectrum quality.  A higher Q value enables 
a more accurate determination of the resonance frequency.  The Q-factor is given by 
equation (2-2). 
w
fQ
?=
0     (2-2) 
where ?0 is the resonance frequency and ?w is defined as the peak width where the 
amplitude falls to half of its maximum value.   
 
2.3.2.  Different types of AW devices 
 
An acoustic wave can propagate in an elastic medium, causing the device to 
vibrate.  The direction of vibration can be either parallel or perpendicular to the 
propagation direction.  The types of elastic wave that may propagate in a solid are 
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shown in Figure 2-9 [113], and these depend on the properties and the boundary 
conditions of the solid [120].  There are four AW devices that are most commonly 
utilized and investigated for sensing applications, namely the thickness shear mode (TSM) 
resonator, the surface acoustic wave (SAW) device, the flexural plate wave (FPW) device 
[113], and the microcantilever (MC) [121, 122].  As depicted in Figure 2-9 (a) and (b), 
bulk waves exist in a medium without any boundaries, such as a TSM resonator.  When 
a single plane boundary exists, the wave will propagate along that boundary, for example 
in a SAW device (Figure 2-9 (c)).  If two boundaries exist, the wave will propagate 
within the thin plate, as in an FPW device (Figure 2-9 (d)).   
 
 
 
 
 
 
 
 
Figure 2- 9.  Types of elastic wave propagation.  (a) & (b) in an unbounded solid, (c) in 
a semi-infinite solid with a single boundary, and (d) in a thin solid plate with two 
boundaries. Vertical and horizontal displacements are exaggerated for clarity. The red 
(non-dimensional) arrow represents the vibration direction. 
Bulk Longitudinal Wave
(a) In unbounded solid (i.e. TSM)
Bulk Transverse (shear) Wave
(b) In unbounded solid
Plate Wave
(d) In thin solid plates (i.e. FPW)
Surface (Rayleigh) Wave
(c) In semi-infinite solid (i.e. SAW)
Propagation Direction
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2.3.2.1.  Quartz crystal microbalances 
 
The familiar quartz crystal microbalance (QCM), also commonly referred to as a 
TSM resonator, is one of the most widely used acoustic wave sensor platforms in both 
research studies and commercial applications for biological threat detection.  It typically 
consists of a thin AT-cut quartz disk with circular electrodes patterned on both sides [113].  
When applying a voltage between these two electrodes, the crystal will undergo shear 
deformation due to the piezoelectric effect and will be electrically excited in a number of 
resonant thickness-shear modes, allowing the mechanical resonance frequencies to be 
detected.  When there is a uniformly distributed thin film deposited on the crystal 
surface, the added mass of the thin film results in changes in TSM resonant frequency, 
which can be expressed by the Sauerbrey Equation [123]:  
qqA
mff
??
??=? 202    (2-3) 
where ?f is the frequency shift, f0 is the fundamental mode of the crystal, ?m is the mass 
change per unit area (g/cm2), A is the active area on the surface, ?q is the density of quartz 
and ?q is the shear modulus of quartz.  Mass sensitivity can be derived from the above 
equation: 
( )quartzm t
fS
?
0?=    (2-4) 
where t and ? is the thickness and density of the thin film layer on the crystal.  A TSM 
resonator can be operated in a liquid in order to determine its properties (i.e. viscosity, 
density [124, 125]) by measuring the mass loading on the crystal surface from the liquid 
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environment.  TSM resonators have also successfully been used for microbial 
contamination detection (i.e. S. typhimurium, B. anthracis spores) by immobilizing 
biological active elements on the surface (i.e. antibody, phage) [69, 126-128]. 
 
2.3.2.2.  SAW devices 
 
SAW devices are usually comprised of ST-cut piezoelectric crystals with two 
patterned gold/titanium-interdigitated transducers (IDTs) (emitter & receiver) deposited 
on the same side of crystal surface.  This surface acoustic wave, also known as a 
Rayleigh wave [118], is utilized for sensor applications because the propagation of waves 
is confined to the surface, making the acoustic waves extremely sensitive to surface 
perturbations and allowing them to be detected by lithographically patterned interdigital 
surface electrodes [129].  SAW sensors exhibit the highest sensitivity of the acoustic 
sensors reviewed [128], because the acoustic wave confines all the acoustic energy to the 
zone within one wavelength of the surface.  When applying an alternating voltage on 
one of the electrodes, an acoustic wave will be produced that propagates along the 
surface until it reaches the other electrode [113].  However, when the SAW sensor is 
placed in a liquid medium, the waves will be strongly damped since they are 
surface-normal waves, making SAW sensors unsuitable for liquid sensing.  One of the 
most common applications for SAW sensors is to detect the interaction, in terms of the 
fundamental resonance frequency change, that results from changes in the areal/mass 
density on the sensor surface.   
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2.3.2.3.  FPW devices 
 
In an FPW device, the acoustic wave is excited in a membrane that is relatively 
thin compared to the acoustic wavelength.  An FPW sensor is usually fabricated by a 
micromachining process and uses silicon nitride, silicon dioxide, oxy-nitride, aluminum 
nitride, or diamond as the membrane layer.  This membrane is deposited onto a silicon 
substrate for ease of handling, and then the substrate is etched away.  After depositing a 
conducting layer, a layer of piezoelectric zinc oxide will be sputtered on, followed by 
sputtering of a second conducting layer.  Two interdigitated conducting electrodes are 
formed in the conducting layer, one of which is used as a wave generator (output) and the 
other as the wave receiver (input).  The piezoelectric film is deformed and excited by 
the interdigitated conducting electrodes in order to generate and detect acoustic waves.  
When a wave propagates, the membrane moves both perpendicularly and parallel to its 
surface, such that the shape of the entire membrane is like a flag waving in the wind [113, 
130].  FPW has very high sensitivity compared to other acoustic wave devices.  Since 
the operating frequencies are of the order of few MHz or even lower, this makes it 
relatively easy to design the electronics for the operation.  Also, the wave propagates at 
low speeds in the plate, so it is possible to use FPW sensors in liquid.  However, the 
fabrication of FPW devices is difficult as it is hard to make a low stress membrane layer 
with a thickness of few microns, and the resulting membrane is fragile.  Because of this, 
FPW sensors have not made much progress in terms of miniaturization. 
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2.3.2.4.  Microcantilevers 
 
Micromachined cantilevers were first used as force probes in atomic force 
microscopy (AFM).  Due to their extremely high sensitivity to a variety of 
environmental factors, including acoustic noise, temperature, ambient pressure, and 
humidity [131], researchers at Oak Ridge National Laboratory and IBM Zurich 
investigated converting them into a new sensor platform [132, 133] and found that this 
standard cantilever provided a substantial improvement (i.e. sensitivity) over more 
traditional approaches (i.e. QCM, SAW).  A microcantilever (MC) also acts as a mass 
sensitive device, producing a frequency shift when there is a mass loading on the device 
[134-136].  In the last decade, with the development of microelectromechanical systems 
(MEMS) that integrate electronics and micromechanical structure on chips, 
microcantilevers have become one of the simplest MEMS-based devices.  A large 
number of papers have reported on the potential of MCs for physical, chemical, and 
biological sensing [137-141], as well as for applications in the medical field, for example 
screening for diseases such as cancer [142], glucose monitoring [143], and the 
discrimination of single-nucleotide (SNP) mismatches in DNA [144].  Moreover, 
nano-cantilevers have been successfully fabricated in the last few years, significantly 
increasing the sensitivity for sensing applications and allowing the detection of even 
smaller masses, ranging from several molecules to a single bacteria cell (i.e. E. coli [145] ) 
or spore [146, 147].  Recently, it was reported that a mass sensitivity of as low as a few 
femtograms can be achieved using nano-cantilevers [148].  Sensors using cantilevers as 
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a platform have a high sensitivity and a good safety record, as well as being cheap, 
simple, fast, low power, and having a low analyte requirement for testing.  These 
advantages make them very promising for the next generation of miniaturized and highly 
sensitive sensors [149]. 
A fundamental cantilever is constructed from a long and thin micro-beam with 
one end fixed by a support.  The readout schemes for a cantilever can broadly be 
classified into two types: optical and electrical.  Depending upon the parameters 
measured (i.e. cantilever tip position, spatial orientation, intrinsic stress, or radius of 
curvature [150]), cantilever operation can also be divided into static and dynamic modes.  
The static bending mode is used to detect cantilever deflection, which can be caused 
either by external forces added to the cantilever (i.e. adsorption of molecules) or intrinsic 
stresses produced in the cantilever (i.e. thermal expansion, physicochemical changes).  
In the dynamic mode, the MC operates as a mechanical oscillator whose resonance 
frequency changes due to three main mechanisms: 1) the mass loaded on the beam; 2) the 
viscosity of the medium; and 3) the environmentally induced elasticity changes in the 
MC material [150, 151].  When the target binds to the cantilever beam, the frequency 
shifts from f0 to f1 due to the additional suspended mass (?m), and the relationship can be 
expressed as [150]:  
( )?
?=?
22
0
2
1 4
11
?
m
ff      (2-5) 
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Here, ? is the spring constant of the cantilever.  Hence, in order to obtain an 
appreciable mass sensitivity, high frequencies are required.   
Dynamic MCs can also be divided into three types: single beam MCs (i.e. 
silicon-based MCs), composite-beam MCs (i.e. piezoelectric/piezoresistance MCs), and 
magnetoelastic MCs.   
Silicon-based MCs are driven by mechanical force and the deflection is detected 
by optical methods, which includes optical beam deflection [152] and optical 
interferometry [153, 154].  A typical optical method applies a position sensitive 
photodetector (PSD) and a laser beam of very low power.  The laser beam falls on the 
cantilever beam surface and the reflected beam is then captured by the PSD.  If an 
additional mass loaded on the beam has caused the deflection of cantilever, the reflected 
beam falls on a different part of the PSD and the magnitude of this deflection can be 
calculated by appropriate electronics.  Optical methods offer significant advantages of 
miniaturization, batch fabrication, and integration of signal-processing circuitry with a 
relatively high mechanical quality factor (Q), which greatly increases the sensitivity of 
the device.  However, a high Q value is likely to adversely affect the stability of device 
by acting to promote mechanical coupling, resulting in a change in the vibration mode.  
The system is also complex, expensive and bulky, and requires a sophisticated data 
acquisition system and extra driving equipment to make it vibrate.  Of particular 
importance for many applications, because of the dispersion of the laser beam in a liquid, 
optical sensing methods are limited for in-liquid applications [152].   
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Compared with silicon-based cantilevers, piezoelectric cantilevers are optimized 
by using electrical means, which overcomes the need for complex optical detection 
equipment.  It can be used electrically for both actuation and sensing, and is able to 
integrate the driving and characterizing circuits in the chip with MCs.  By applying an 
AC voltage to the driving electrode, the cantilever vibrates due to the converse 
piezoelectric effect.  At resonance, these vibrations produce piezoelectric voltages that 
can be detected by the direct piezoelectric effect at the sensing electrode.  An impedance 
analyzer can also be used to measure the resonance frequencies and characterize the 
sensor using the impedance spectrum (impedance vs. frequency).  Since only one 
electrode is needed, the measurements can all be obtained conveniently using an 
impedance analyzer.   
The two types of platforms employed by piezoelectric-based MCs are unimorph 
and bimorph.  Unimorph MCs are composed of one piezoelectric layer bound to a 
substrate layer (stiff metal).  There are two types of bimorph connections, parallel and 
series, and these consist of two piezoelectric layers with different pole directions bonded 
together.  When mass is added to the cantilever, the oscillation of the cantilever is 
damped.  Thus, a piezoelectric actuator can be used as a viscosity-meter or as a 
microbalance to detect mass change.  No external detection devices or tedious alignment 
are required and they are also capable of enclosing an integrated electromechanical 
system.  Piezoelectric cantilevers not only act as mass detectors, but also function well 
in liquids by monitoring peak broadening and the resonance frequency shift.  Since MCs 
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are highly mass sensitive, its length, width, and resonance mode all have an effect on an 
individual cantilever.  Mutharasan and his coworkers at Drexel University successfully 
utilized piezoelectric-excited, millimeter-sized, cantilever (PEMC) sensors that consisted 
of a piezoelectric and a borosilicate glass layer immobilized with different biorecognition 
elements to develop a sensitive, reliable and near real-time method for the detection of 
cryptosporidium parvum oocyst [155], airborne B. anthracis spores in conjunction with a 
commercial air sampler (at 5 spores/L) [156], Staphylococcus aureus enterotoxin B (SEB, 
at 12.5-50 pg/mL) [157], and E. coli O157:H7 in ground beef samples (50?100 cells/mL) 
[158].   
 
2.3.2.5.  Magnetoelastic sensors 
 
Magnetoelastic (ME) materials are generally amorphous, soft-ferromagnetic 
materials.  Nickel, laminated metallic glass alloys, and rare-earth iron compounds are 
common ME materials.  This class of materials is a subset of magnetostrictive materials, 
which undergo a change in dimensions when exposed to a magnetic field.   
Magnetoelastic materials can be made to resonate in a time varying (?AC?) magnetic 
field at a specific frequency that is dependent on their geometry and mass.  For 
rectangular sheet sensor platforms, varying the magnetic field can be used to cause 
oscillations mainly along the length direction.  ME materials have been used to remotely 
sense temperature [159, 160], pressure [161-163], pH [164, 165], liquid viscosity/density 
[166, 167], magnetic fields, and thin film elasticity [168].  They have also been used in 
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chemical and gas sensing for glucose [169], NH3 [170] and CO2 [171], and are widely 
used as position sensors [172], identification markers [173] and anti-theft tags [174], in 
addition to their more recent use as biosensing platforms [168, 175-178].  A more 
detailed treatment of magnetoelastic sensors will be given in Chapter 3. 
 
3.  Comparison of biosensor types 
 
All the biosensor types discussed above have been applied in food-borne 
pathogens detection.  Electrochemical biosensors are especially widely used for clinical 
diagnosis, as well as biochemical and environmental analysis.  Optical biosensors are 
important because they can detect bacteria very quickly.  Acoustic sensors are attractive 
for many applications due to their real-time detection as well as their simplicity of use.  
Currently, several popular devices, including PCR, QCM, SPR, Love Wave, ELISA and 
ME biosensors, are used for bacterial detection.  Table 2-2 below discusses the 
advantages and disadvantages of each type of biosensor.  The acoustic wave devices are 
compared in Table 2-3, clearly showing their overall excellent performance, simplicity of 
use, good Q factor, high sensitivity and suitability for working in a liquid medium. 
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Table 2- 2.  Comparison of Bacterial Detection Techniques. 
 
Techniques Advantages Disadvantages 
 
 
ELISA 
1. Versatile, sensitive, highly 
specific, and relatively 
economical 
2. Decrease detection analysis 
time from two weeks to two 
to three days 
1. Require pure cultures or high 
cell numbers  
2. Procedures are complex and 
require trained personnel to 
accomplish. 
3. Each incubation step lasts 
more than one hour.   
 
 
PCR 
1. Very robust, capable of  
amplifying small quantities 
of genetic material to 
determine the presence of 
bacteria 
2. Good sensitivity, simplicity, 
low detection limit. 
1. Complex sample preparation 
and detection process: 
reactive components of 
limited shelf life, precise 
temperature, sophisticated 
hardware and trained 
personnel 
 
 
SPR 
1. Able to detect tiny changes in 
the refractive index when 
cells bind to receptors 
immobilized on the transducer 
surface 
2. Provide rapid, remote sensing 
1. Suffer from interference due 
to ambient light 
2. Require high-energy sensors 
(UV light or laser)  
3. Detection is limited to a 
narrow concentration range 
 
 
 
QCM 
 
1. Use for both liquid and gas 
measurements 
2. For liquid systems with label 
free detection with molecules 
3. High sensitivity 
4. Easy to use 
1. Two electrodes required to 
excite the oscillation  
2. Sensitive material has to be 
brought onto one of these 
electrodes externally 
3. Need a external voltage 
source to generate the signal 
 
 
 
 
Love Wave 
1. Offer higher sensitivity 
compared to other acoustic 
devices because of the higher 
operating frequencies 
2. Use other piezoelectric 
materials like lithium niobate 
and lithium antalite. Due to 
the higher coupling 
coefficients of these materials, 
1. Not yet fully developed and 
lot of work remains to be done 
for commercial use of these 
sensors. 
2. Design of electronics is 
difficult when compared to 
TSM resonators due to higher 
frequency operations. 
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sensitivity can be higher.  
3. Packaging of these sensors is 
easy  
 
 
ME 
Biosensor 
1. Fast measurement time, 
reliable, simple to use, detect 
without physical wire 
connection, very cheap 
2. Accurate measurements in 
liquid media with good 
sensitivity and specificity 
1. Corrosion issue will affect 
testing results 
2. Q value and amplitude need to 
be increased when exposed to 
liquid system 
 
 
Table 2- 3.  Comparison of acoustic wave devices. 
 
Device Sm Immersible Fabrication Sensing method 
TSM Low Yes Complicated Electrical system 
SAW Med No Complicated Electrical system 
APM Low-Med Yes Complicated Electrical system 
FPW High Yes Complicated Electrical system 
Silicon-based 
cantilever 
High Difficult Complicated Mechanical system 
Piezo-based 
cantilever 
Med Difficult Complicated Electrical system 
Magnetoelastic-
based cantilever 
Very High Yes Simple Magnetic field 
(Wireless) 
Magnetoelastic 
biosensor 
Very High Yes Very simple Magnetic field 
(Wireless) 
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CHAPTER 3                                                     
FUglyph1197DAMEglyph1197TAL BACKGROUglyph1197DS 
 
1.  Magnetoelastic sensor 
 
1.1.  Magnetostriction 
 
Magnetoelastic (ME) materials have an interesting and potentially very useful 
property in that the material's physical dimensions change in response to variations in its 
magnetic environment: this is the direct magnetoelastic effect, known as magnetostriction.  
This phenomenon is also called Joule magnetostriction after the person who discovered it, 
James P. Joule, who saw it when observing a sample of nickel in 1842.  Conversely, the 
magnetic properties of a ME material change when mechanical stress and strain is 
applied: this is the inverse magnetoelastic effect.  Most ferromagnetic materials are now 
known to exhibit these phenomenons [1, 2].  When magnetic saturation is achieved, the 
strain ? reaches its saturation magnetostriction ?s.  When the material expands along the 
external field, ?s is positive, while if the strain contracts the material, ?s is negative.  
Figure 3-1 [1] illustrates the phenomenon of magnetostriction.  
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Figure 3- 1.  Scheme of Joule magnetostriction. 
 
In this research, Metglas 2826 MB (Fe40Ni38Mo4B18) ribbon, acquired from 
Honeywell International, was selected as the ME biosensor platform due to its excellent 
magnetoelastic properties.  Metglas ribbons are iron-rich alloys which have a high 
mechanical tensile strength (~1000-1700 MPa), with magnetostriction on the order of 
10-5, and a high magnetoelastic coupling coefficient (0.98).  These unique properties 
allow them to convert magnetic energy to elastic energy and vice versa very effectively 
[3-5].  In addition, such ME materials have a low material cost, thus allowing them to be 
used on a disposable basis [6].  Unlike piezoelectric materials, which need external 
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electrical connections, ME materials can be monitored wirelessly since they are activated 
remotely by a magnetic field.  When a time-varying AC external magnetic field is used 
to resonate the ME platform, the resulting magnetostriction causes the ME platform to 
exhibit a pronounced magnetoelastic resonance and hence change the magnetic flux 
which can be remotely detected using a pickup coil.  Since no physical connection is 
needed between the ME platform and the device, a biosensor based on this ME platform 
can conveniently be used in difficult environments such as sealed containers and 
packages.   
 
1.2.  Theoretical Model 
 
Like other acoustic resonance sensors, the environmental parameter of interest for 
an ME material based sensor is measured by tracking its resonant frequency.   
 
 
 
 
 
 
Figure 3- 2.  A thin, ribbon-shaped sensor exhibiting a longitudinal vibration. 
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The precise mechanical resonance frequency of an ME sensor is based on its 
physical characteristics, and it can be made to vibrate at this frequency by applying an 
oscillating magnetic field to cause an elastic length change.  For a thin, ribbon-shaped 
sensor of length L (length parallel to x-axis) excited by an x-directed ac magnetic field, as 
shown in Figure 3-2, and vibrating in its basal plane, the motion can be described as [7]: 
( ) 2
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u xsx
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?
?=?
?
??  (3-1) 
where E is Young's modulus of elasticity, ? is the Poisson ratio, ? is the density of the 
sensor material, and ux is the local displacement along the x-axis, which is taken to be the 
long dimension of the ribbon-shaped sensor.  The fundamental resonance frequency of 
the longitudinal vibrations is given by:  
( )212 ?? ?= ELnfn     n=1,2,3,  (3-2) 
where L is the long dimension of the sensor. In most applications, only the fundamental 
resonance frequency f0 (n = 1) is considered because of the higher signal amplitude and 
lower frequency.  Consequently, the frequency can be determined by equation (3-3): 
L
Ef
2
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)1( 2?? ?=                         
(3-3) 
Due to the shape demagnetizing factors of the ribbon-like sensor, the magnetic 
permeability is greatest along its length; hence an incident magnetic field will generate 
longitudinal vibrations in the sensor from almost any orientation except normal to the basal 
plane of the sensor.  
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Liang [8, 9] recently demonstrated that plane-stress conditions dominate for thin, 
slender ribbons resonating mainly in the longitudinal direction.  Thus the ME platform 
will vibrate mainly along the longitudinal direction, and its fundamental resonance 
frequency is given by equation (3-4): 
L
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)1( ?? ?=
        (3-4) 
where ? is the Poisson?s ratio of the sensor material.  In this dissertation, the frequency is 
determined by this equation (3-4), from which we can tell that the resonance frequency is 
dependent on the material properties as well as geometry of the sensor. 
 
1.3.  Mass sensitivity of ME sensors 
 
If the mass increase (?m) is small compared to the mass of the sensor (M), and it is 
uniformly applied on the sensor surface with the area of A, thickness of d, according to Eq. 
(3-4), the frequency after mass loading can be expressed as below: 
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Since the loading mass (?m) is small relative to the mass of sensor (M), based on 
Eq. (3-5), the shift in resonant frequency (?f) is given by: 
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where f0 is the initial resonance frequency.  Eq. (3-6) shows that the resonant frequency 
shifts linearly and decreases with increasing mass on the sensor surface.  Hence, with 
the binding of the target organism to the sensor surface, the mass increases, and the 
mechanical oscillation will change, producing a shift in the resonant frequency to a lower 
value.  
Combined with Eq. 3-5, the mass sensitivity of the ME sensor can be expressed 
as: 
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where Sm is the mass sensitivity of ME sensor, w and t are the width and thickness of 
sensor respectively.  From this equation, it is clear that when a small mass is loaded on 
the sensor, the mass sensitivity depends primarily on the length of the sensor and is 
inversely proportional to l2.  
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1.4.  Operating principles of ME biosensors 
 
In order to detect the presence of selective and specific pathogens (which may be 
spores, bacteria, or viruses), bio-molecular recognition elements (phages, antibodies or, 
enzymes) will be coated onto the surface of the ME platform to form a ME biosensor.  
This research uses a filamentous phage as the bio-molecular recognition element, after 
Petrenko et al. [10-12].  The working principles of an ME biosensor (after 
immobilization of the bacteriophage on the ME platform) are the same as for an ME 
platform.  A time-varying (AC) magnetic field, supplied by a network analyzer is used 
to resonate the ME biosensors.  Before loading the spores/bacteria cells, the frequency 
of the ME biosensor is recorded as f0.  Upon coming into contact with the biosensor, the 
target spores/cells are captured by the specific phage immobilized onto the biosensor?s 
surface, resulting in an increase in the mass on the ME biosensor.  This added mass will 
cause a corresponding decrease in the biosensor?s resonance frequency (fmass).  These 
measurements are performed remotely and wirelessly.  
Figure 3-3 illustrates the wireless nature of the individual ME biosensor and the 
basic principle for detecting bound mass (spores/cells).  The frequency spectrum of the 
biosensor can be obtained by sweeping an AC magnetic interrogation field over a 
pre-determined frequency range while monitoring the response of the biosensor using a 
pickup coil.  At the resonance frequency of the biosensor, the conversion of the 
magnetic energy into elastic energy is maximal and the biosensor undergoes a maximal 
oscillation. 
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Figure 3- 3.  Wireless ME biosensor operation and the basic principle for detecting 
bacterial cells and spores.  The fundamental resonant frequency of the biosensor f0 
without target binding decreases to f Mass due to target binding. 
 
1.5.  Signal Amplification with Variable DC bias 
 
Changing the DC bias (Hn) will vary the amplification of the output signal of the 
ME biosensor.  This can be clearly shown from Figure 3-4 [13], where H2 provides the 
maximum amplification.  For an ME biosensor, the optimum frequency signal can be 
obtained by adjusting the DC bias field until the amplitude of the signal reaches a peak.  
This research uses a DC biasing magnetic field provided by a bar magnet to amplify the 
resonance signal.  The distance between the magnet and the coil can be adjusted to 
maximize the amplitude of the resonance signal. 
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Figure 3- 4.  Magnetoelastic biosensor for a range of DC bias conditions. 
 
2.  Use of a bacteriophage as a biorecognition element 
 
2.1.  JRB7/E2 phage 
 
The general selection procedure for spore/salmonella?binding phage clones 
(JRB7/E2 phage clone) involves three-steps [11, 14]: 1) Construction of an f8/8 
landscape phage library by replacing amino acids on every copy of pVIII protein coat 
with eight amino acids; 2) Affinity selection of phage specific to B. anthracis spores/S. 
typhimurium from the new landscape library; and 3) ELISA with B. anthracis spores/S. 
H
?
H1 H2 H3
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typhimurium.  The second step is a typical biopanning procedure used to obtain a 
specific phage ligand by using target spores/bacteria as a selector, and involves two to 
four rounds of selection [14-16].  The procedure for each biopanning selection proceeds 
as follows: a) coat spores/bacteria suspension onto an empty Petri dish and dry overnight; 
b) block the well with 0.1% BSA in TBS and wash 3 times with TBS/0.1% tween; c) add 
landscape phage library f8/8 to the dish and incubate 1hr; d) wash the dish 6 times with 
TBS/0.1% tween to remove the unbound phage particles; e) add the elution buffer to 
contract the selected phage, transfer the selected phage suspension to a microcentrifuge 
tube, centrifuge, and neutralize using Tris (pH 9.1), followed by another wash with TBS.  
These concentrated phage clones will be propagated and purified for use in the next 
round of selection; and, finally, f) add the phage clones selected from the first round to 
the spore-coated well and repeat the selection process described above.  After two to 
four rounds of selection, individual specific phage clones will be amplified and 
sequenced to determine the amino acid sequences of the displayed peptides [17].  A 
schematic drawing to depict the selection procedure for specific phage is shown in Figure 
3-5 below. 
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Figure 3- 5.  The selection procedure for phages. 
 
 
2.2.  Effect of salt concentration on phages 
 
According to the well-known Poisson-Boltzman theory [18], in an aqueous 
medium, two parallel like-charge biopolymers would always be expected to repel each 
other [19].  However, a variety of experiments on rod-like polyelectrolytes (i.e. DNA, 
F-actinic, filamentous viruses and microtubules) have shown the opposite phenomenon, 
where the attractive interaction holds these like-charged biopolymers together [20-26].  
For the densely packed molecules that occur in DNA solutions, this phenomenon is 
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known as DNA condensation [27], while, for F-actin and filamentous viruses, it is known 
as bundling or lateral aggregation [25]. 
Over the last few decades, a great deal of attention has been devoted to exploring 
the cause of this self-assembly interaction in solutions and the presence of multivalent 
counterions is known to be a major contributing factor [25].  This was first noted by 
Kirkwood and Schumaker (1952), and several possible theories have since been put forth 
to explain the mechanism.  The concept of Manning condensation was proposed to 
explain the observed behavior when the distance between ions becomes smaller.  This 
theory posits that there will be a strong spatial correlation between ions when they 
condense on the surface of a polyelectrolyte [25] that creates an attractive force that 
induces like-charge interactions.  Alternatively, the Wigner crystal (WCR) model [28, 
29] suggested a similar concept that was related to the correlation between counterions.  
According to the WCR model, counterions will form a WCR structure on a background 
of parallel polyelectrolytes.  The counterions neutralize the charge of these 
polyelectrolytes and enable them to approach each other more closely.  Attractive 
interactions will be induced because of the cohesive energy of these counterions.  In an 
alternative approach, the Oosawa model predicts that temperature will have an opposite 
effect to that suggested by the WCR model, and that higher temperatures will make it 
easier to destroy the crystal structure, resulting in weaker ion correlations [29-32].  
In order to evaluate the theoretical analyses above, experimental studies are 
required to demonstrate how this electrostatic attraction functions in real systems.  
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Monte Carlo simulation [33] is one of the most widely used methods to determine the 
molecular interactions of hexagonally packed rod-like polyelectrolytes within a bulk salt 
solution.  Different experimental conditions can be simulated by varying the distances 
between two phages, their diameters and the concentrations of the divalent salt 
concentrations.  Monte Carlo simulation thus provides a quantitative way to predict the 
threshold concentration of divalent salt for the attractive force to come into play, as well 
as explain how the osmotic pressure varies with distance between the two phages.   
Filamentous bacteriophages have been widely used as a test system to determine 
the effect of counterions on the aggregation of like-charge polyelectrolytes.  Phages fd 
(infecting E. Coli), M13, Pf1 (infecting P. aeruginosa, strain K), Pf3 (infecting P. 
aeruginosa, strain PAO), and PH75 (infecting T. thermophilus) are all well-characterized 
filamentous phages [34].  They are usually cylindrical particles with rough surfaces and 
are known to survive in high temperature and high salinity environments.  These 
properties make them ideal for any analysis of attractive interactions.  Among these 
phages, phage fd and M13 have been of particular interest as both are long and stiff, 
allowing them to be considered as straight rods.   
In most experiments, di- or polyvalent salts have been introduced as the 
counterions [35].  Several groups [24, 25] have already performed a large number of 
experiments to show the effect of radius and concentrations of Mg2+, Ca2+ on phage 
bundling.  In addition to experiments with multivalent ions, monovalent ions have also 
been used to determine the effect of counterions.  Overman's group [34] has used 
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Raman Spectroscopy to determine the isotropic and anisotropic status of phage 
suspensions containing different amounts of NaCl, and their results show that there is 
indeed a balance between salt concentration and phage concentration.  They reported 
observing phage bundling in a low-virus (<10mg/ml) suspension containing a high 
amount of salt (>200mM).   
The phage-based wireless magnetoelastic (ME) biosensors used in this project 
consist of a magnetoelastic resonator interfaced with an engineered filamentous phage 
that serves as a bio-recognition element.  Biosensor performance can be affected by a 
tertiary structure of immobilized filamentous phage, which has a tendency to form 
bundles due to polarization-based, attractive interactions.  The bundling of the phage 
can lead to a reduction in the specific binding surface of the biosensor and hence 
decreased sensitivity of the biosensor towards the target analyte.  Consequently, unlike 
the approaches described above, which depend on the biophysical application of 
filamentous phages and divalent ions as the counterions, this research will utilize an 
engineering approach to analyze the bundling of phage.  This dissertation therefore 
focuses on the effect of monovalent salt concentration on the lateral aggregation status of 
phages in solution, as well as their distribution on ME biosensor platforms for the 
detection of bacterial cells and spores.   
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3.  Target analytes to be detected 
 
B. anthracis spore and S. typhimurium are the two primary pathogenic targets of 
this research, and they are discussed in more detail below. 
 
3.1.  S. typhimurium 
 
S. typhimurium is one of the most common intestinal infections and the second 
most common foodborne illness in the U.S., with cases being especially common during 
the warmer months of the year.  The reported incidence of Salmonellosis is about 17 
cases per 100,000 persons in the U.S. [36].  Every year, there are approximately 500 to 
1,000 fatalities [37] related to Salmonella infections, and these account for 31% of all 
food-related deaths [38, 39].   
Daniel E. Salmon, a veterinary scientist, identified the first Salmonella strain, S. 
Choleraesuis, in the intestine of a pig in 1885 [38] and there are now approximately 
2,000 different known serotypes of Salmonella bacteria.  Among those, S. typhimurium 
is an emerging pathogen and a particularly virulent strain that usually causes typhoid 
fever, and is becoming a leading cause of gastrointestinal foodborne illness (Preliminary 
foodnet data, 2003).  This organism is now the second most prevalent strain of 
Salmonella after S. serotype Enteritidis [39].   S. typhimurium is also a potential 
weapon for bioterrorism.   
The conventional methods for detecting S. typhimurium are slow, labor-intensive 
and cost-inefficient.  Current research mainly utilizes antibodies as bioreceptors to form 
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biosensors to capture the cells.  Although these are sensitive and selective, this approach 
has many disadvantages, including high cost, low availability, high fragility, lack of 
reusability, and the need for laborious immobilization.  In our research, a filamentous 
phage, selected from a landscape library, will act as a substitute for the antibody.  
Phages are more reliable, cheaper, simpler, and faster to use than traditional antibodies.  
 
3.2.  B. anthracis spores 
 
B. anthracis is a spore-forming bacterium that causes anthrax, an acute infectious 
disease.  These spores can survive harsh environments, such as exposure to ultraviolet 
and ionizing radiation, heat, and treatment with various chemicals [40, 41].  Usually, B. 
anthracis is a rod-shaped, gram positive, aerobic, nonmotile, facultative anaerobic and 
spore-forming bacterium [40].  It may occur in a chain, and its spore has an oval 
structure.   
Anthracis spores may survive in the soil, in water, and on surfaces for many years.  
Anthrax typically occurs in wild and domestic lower vertebrates.  It can also be 
transmitted to humans upon exposure to infected animal products (e.g. the handling of 
contaminated samples through the skin or the inhalation of airborne spores) or tissues 
from infected animals (e.g. ingesting undercooked meat contaminated with anthrax 
organisms).  It is found globally, mainly in developing countries or countries without 
sufficient veterinary/public health programs.  Certain regions in the western hemisphere 
(i.e. South and Central America) are reported to have more cases of anthrax in animals 
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than others.  Spores of B. anthracis can be produced and stored in a dry form and 
remain viable for decades in storage or after release.  The possibility of creating aerosols 
containing anthrax spores has made B. anthracis a prime candidate as a weapon of 
bioterrorism.  As an agent of biological warfare, B. anthracis spores could be used to 
infect individuals through inhalation.  In the United States, such an incident caused a 
respiratory infection that sickened and killed several individuals in the fall of 2001. 
Cutaneous, gastrointestinal and inhalational infections are the three pathways of 
human infections of anthrax.  Each form progresses within a few days without showing 
obvious symptoms.  The cutaneous form, which is the most common, is easiest to 
diagnose due to the presence of a painless black scar on the skin.  In the other two forms, 
the illness will be accompanied by a mild fever or flu-like symptoms.  Because the 
illness is insidious and develops into a systemic form abruptly, which is rapidly fatal, it is 
difficult to achieve early diagnosis, resulting in medical failure [42].   
Since B. anthracis, B. cereus, B. thuringiensis all belong to the B. cereus group, it 
is difficult to distinguish between them.  In the past decade, scientists have tried to find 
a rapid and reliable way to identify B. anthracis when the spores are used as a biological 
weapon.  Recently, several methods have been developed for the identification of B. 
anthracis, including QCM, real-time PCR, love-wave biosensors, ELISA, and 
fluorescence-activated cell sorting.  However, most of these are expensive, complicated, 
and time-consuming, requiring spore germination and outgrowth of vegetative cells.  
Daffonchio et al. reported a method of using a randomly amplified polymorphic DNA 
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marker, but it is uninformative about the plasmid content and consequently the strain 
virulence [43].  PCR-RFLP, ribotyping, and ERIC-PCR techniques are also used for 
typing B. anthracis and B. cereus strains, but Shangkuai et al. report that none have been 
developed into a perfect tool [44].  Patra et al. [45] isolated specific chromosomal DNA 
of B. anthracis for diagnosis, while Ramisse et al. [46] combined the B. 
anthracis?chromosomal DNA with analysis of PCR.  However, B. anthracis strains 
can?t as yet be unambiguously distinguished from other strains of the B. cereus group due 
to their chromosomal markers [45]. 
Hence, a simple, cheap, real-time method with high selectivity and accurate 
sensitivity is urgently needed to detect the presence of B. anthracis spores.  In response 
to this, the Auburn University Detection & Food Safety (AUDFS) Center is focusing its 
efforts on developing improved detection techniques capable of providing good 
specificity, sensitivity, reliable identification, and short detection time of these spores.  
This research will not only help protect the public by providing early warning of terrorist 
attacks, but also protect our society against foodborne illness.  Additionally, this method 
is also capable of detecting the spores in a liquid environment. 
It is important to note that, for our experiments, the Sterne strain of Bacillus 
anthracis spores will be used.  This is the nonpathogenic, veterinary vaccine strain of 
anthrax which lacks the internal plasmid that carries the genes required for capsule 
reproduction in vegetative cells.  However the Sterne strain spore has on its exterior all 
the antigenic markers common with pathogenic Bacillus anthracis strains, so the binding 
 103 
efficiency of phage to Bacillus anthracis Sterne strain spores should be identical to that 
of pathogenic Bacillus anthracis spores.  
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CHAPTER 4                                                          
MATERIALS Aglyph1197D METHODS 
 
1.  Magnetoelastic sensor platform fabrication 
 
1.1.  Sensor platform  
 
In this research, commercially available ME material (2826MB MetglasTM film, 
Fe40Ni38Mo4B18, Honeywell) was selected as the sensor platform.  MetglasTM 2826MB 
was received in the form of rolls of ribbon with a width of 12.5 mm and a thickness of 30 
?m.  This material has a Curie temperature of 353 ?C and a crystallization temperature 
of 410 ?C, with a magnetostriction (?s) of 12ppm.  Table 4-1 shows the detailed 
parameters for MetglasTM 2826MB [1].  In order to fabricate the ME sensor platform, it 
was cut off the roll and hand polished to 15 ?m using grit paper 1000-2000 micron.  
This polishing provided a smoother surface for bio-recognition element immobilization 
and also a thinner platform, decreasing the initial mass of sensor in order to increase its 
sensitivity (discussed in more detail in Chapter 3, Section 1.3.). 
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Table 4- 1.  Properties of METGLAS? 2826MB.  
 
Property  Value 
Poisson ratio 0.5 
Tensile Strength (GPa) 1-2 
Elastic Modulus (GPa) 100-110 
Density (g/cm3) 7.9 
Thermal Expansion (ppm/?C) 11.7 
Continuous Service Temp. (?C) 125 
Saturation Magnetostriction (ppm) 12 
Saturation Induction (Tesla) 0.88 
Maximum D.C. Permeability (?): Annealed 800,00 
Maximum D.C. Permeability (?): As Cast >50,000 
 
After polishing, the ME alloy was sandwiched between 2 sheets of polymer film 
and cut by a micro-dicing saw to obtain sensor platforms with final dimensions of 1.9 ? 
0.4 ? 0.015 mm and 2.0 ? 0.4 ? 0.015 mm.  All the platforms used for these 
experiments were fabricated with a length (L) to width (w) ratio of 5:1.  In order to 
remove any residual film after dicing, these ME sensor platforms were ultrasonically 
cleaned in acetone with micro-90 solution for 1 h, in ethanol for 0.5 h, and then dried in 
air.  After dicing, the cleaned ME sensor platforms were annealed to relieve residual 
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internal stress and correct defects due to the mechanical polishing and dicing operations.  
Annealing was carried out at 220 ?C for 2 hr in a vacuum oven (Fisher Isotemp Model 
281A, Vacuum Oven), under a vacuum of at least 10?3 Torr.  Afterwards, the sensor 
platforms were cooled to room temperature in the oven while still under vacuum.  Then, 
thin films of chromium followed by gold were deposited onto both sides of the ME 
platforms using a Denton? Vacuum Discovery-18 sputtering system (Moorestown, NJ) 
with two cathodes (RF and DC).  All deposition of metals was conducted in a vacuum 
chamber evacuated to a background pressure of no more than 5 ? 10?6 Torr.  Argon was 
used as the sputtering gas to bring the deposition pressure up to between 5 and 6 mTorr.  
On each side of the ME platforms, Cr was deposited first after which the Au layer is 
deposited without breaking the vacuum.  The fabricated platforms were then stored in a 
desiccator until use.  Prior to immobilization of the bio-recognition element, the sensor 
platforms were washed with hexane and air dried. 
 
1.2.  Measurement setup 
 
Figure 4-1 shows the schematic of the system for the detection of the resonance 
frequency of the ME sensor platform in air.  The resonance frequency of the sensor 
platform was detected using a network analyzer with an S-parameter adapter operating in 
the S11 reflection mode.  A coil of wire (pickup coil) was used to sense the change in 
flux through the sensor.  The inductance of this coil of wire changes with flux density 
through the coil.  Since an increase in inductance results in a higher resistance 
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(impedance) to a current change in the coil, a device that senses current change is a 
convenient way of determining the resonant frequency of the ME sensor platform. 
 
 
Figure 4- 1.  Schematic of the Detection System. 
 
During testing, the sensor platform was placed inside the pickup coil, which was 
connected to the port of the network analyzer.  The analyzer then applied a time varying 
(AC) current through this coil to produce an AC magnetic field, creating mechanical 
oscillations in the sensor platform.  Since the sensor platform has a magnetic hysteresis 
loop characteristic (details explained in Chapter 3 Section 1.5.), a certain DC magnetic 
field intensity exists which results in the greatest physical length change for an 
incremental change in applied field intensity.  For this experiment, a permanent magnet 
is placed in the proximity of the pickup coil (with its magnetic field lines parallel to the 
Network Analyzer
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DC)
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pickup coil axis).  The position of this magnet with respect to the coil was then adjusted 
until the amplitude of the resonance peak reached a maximum.  This DC magnetic bias 
field then remained fixed during the testing of each sensor.  The network analyzer 
sweeps the frequency from a low starting value to a higher ending value and determined 
the resonant frequency by identifying the minimum in the amplitude versus frequency 
curve.  Figure 4-2 shows the measured fundamental resonance of the ME platform in air 
at room temperature, where the resonant frequency is at the minimum of the curve at 
1.142 kHz.  Following the procedure described above, this ME platform was fabricated 
by dicing the Metglas material to a size of 1.9 ? 0.4 ? 0.015 mm, followed by depositing 
thin film layers of first Cr (92.3 nm), and then gold (154.4 nm).  
 
 
 
 
 
 
 
 
 
Figure 4- 2.  Relative impedance of the ME sensor platform measured in air at room 
temperature. 
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In this dissertation, a phage-based ME biosensor was formed by immobilizing the 
bacteriophage on the ME sensor platform.  The resonance frequency measurements for 
the ME biosensors were the same as for the ME sensor platform described above.   
 
2.  Cultures and phage suspensions 
 
2.1.  Filamentous phages 
 
The affinity selected filamentous phage clones E2 and JRB7 used for this work, 
with a concentration of 1.06 ? 1013 vir/mL, were provided by Dr. Barbaree of the 
Department of Biological Sciences at Auburn University.  Dr. Petrenko and his 
coworkers [2-5] have shown that the E2 phage clone and JRB7 phage clone are highly 
specific to S. typhimurium and B. anthracis spores, respectively.  The detailed 
preparation procedures for both phages are described in Chapter 3 Section 2.1..  The 
phage clones were derived from the landscape f8/8 phage library and all phage 
suspensions were diluted in 1xTBS (25 mM Tris, 3 mM KCl, and 140 mM NaCl at a pH 
of 7.5) before use. 
 
2.2.  Bacterial and spore suspensions 
 
Spores of the nonpathogenic Sterne strain of B. anthracis, B. cereus and S. 
typhimurium (ATCC13311) and E. coli suspensions (5x108 spores/ml) were provided by 
Dr. Barbaree?s lab at the Department of Biological Sciences at Auburn University.  
Concentration were measured using a spectrophotometer OD600 followed by plate 
culture confirmation.  B. anthracis Sterne strain is a nonpathogenic vaccine strain of B. 
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anthracis that lacks one plasmid on the interior of the spore.  The suspensions were 
serially diluted with sterile distilled water to prepare bacterial suspensions ranging from 5 
? 101 to 5 ? 108 cfu/mL.  Prior to each dilution, the solutions were mixed using a vortex 
mixer for 1 min to ensure homogeneity.  This is especially important for 
spore-containing suspensions because spores cluster more easily than bacteria cells.  All 
biological test solutions used for this study were prepared and tested on the same day.  
Test solutions were stored at 4?C and equilibrated to room temperature prior to testing.  
 
3.  Experimental procedures 
 
3.1.  Improving the performance of the ME platform 
 
3.1.1.  Annealing effects 
 
In order to choose the optimum temperature for annealing, thirty ME sensor 
platforms with the dimensions 2.0 ? 0.4 ? 0.015 mm were chosen after dicing.  After 
testing and recording the resonance frequency for each platform, these samples were 
annealed at 150 ?C, 200 ?C, 250 ?C or 300 ?C, with 6 samples tested for each temperature, 
for 2 h in a vacuum oven, under a vacuum of 10?3 Torr and then cooled to room 
temperature.  The resonance frequency of each sample was again tested and recorded 
while keeping all other testing conditions the same.  The amplitude of the frequency 
signal and spectrum quality Q-factor before and after annealing were compared.  Also in 
order to determine the surface microstructure of the ME platform before and after 
annealing, samples were annealed at 75?C, 150 ?C, 200 ?C, 250 ?C or 300 ?C and 
 116 
observed using scanning electronic microscopy (SEM). 
  
3.1.2.  Sputtering effects 
 
After annealing, thin films of Cr and Au were deposited, in order to allow the 
immobilization of phage on the platform surface and to further protect the ME material 
from degradation in the saline solutions.  Cr was chosen specifically because it not only 
provided extra electrochemical resistance from corrosion for the sensor platform, but also 
improved the adhesion between the substrate and the Au layer.  The purpose of the Au 
layer was twofold: it protected the ME material from corrosion in aqueous environments, 
and provided a bioactive surface upon which bacteriophages could be easily adsorbed.   
In order to determine the optimum sputtering condition, Cr / Au film was 
deposited onto different glass slides at a sputtering power of either 50, 100, 150, 200, or 
250 w for 600 s.  One part of each slide was covered by Kapton tape that was then 
removed before measuring the film thickness using a profilometer.  The film thickness 
was measured in several different places on each slide in order to obtain an average value.  
Also the optimum sputtering power for deposition of Cr/Au layer can be determined by 
the uniformity of the Cr/Au film.  Figure 4-3 shows the relationship between deposition 
rates and different power levels for Au and Cr.   
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Figure 4- 3.  Deposition rates for different sputtering powers. 
 
 
3.1.3.  Corrosion resistance / Effect of gold layer thickness 
 
The performance of an ME biosensor will inevitably be affected by the properties 
of its ME platform and this is made of an iron rich material which is easily corroded.  
Also, the biosensor must work in analyte solutions, which are often based upon buffered 
salt solutions that preserve the living pathogenic organisms.  The most commonly used 
salt solutions used for this type of experiment are described in Table 4-2, after Petrenko 
and Sorokulova [4].  These solutions can induce accelerated corrosion of the 
iron-containing ME materials and lead to rapid delamination of the gold layer.  Thus, 
enhancing the corrosion resistance is a key parameter for improving ME biosensors.  
Although corrosion resistance is related to different thicknesses of the Au layer of ME 
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sensor platforms, there is an optimum thickness of the Au layer that not only protects the 
biosensor from corrosion but is also thin enough to avoid excess non-magnetoelastic 
mass, which reduces sensitivity.  In Section 3.1.2., the optimum sputtering powers for 
deposition of Cr and Au layers were determined, and these sputtering powers were used 
in this section.  In order to determine this optimum value, after coating with a fixed 
thickness of Cr (92.3 nm), various Au sputtering times of 200 s, 400 s, 600 s and 800 s 
were used to obtain different thicknesses of Au layers (77?309 nm).  Based on the 
optimum annealing condition from above (220 ?C, 2 hr), all the samples were annealed in 
vacuum using that condition.  The resulting ME sensor platforms were then immersed in 
1xTBS (PH 7.5, 0.14 M NaCl) solution for three hours followed by rinsing in distilled 
water, drying, and optical microscope observation.  The minimum thickness of gold 
required for the ME sensor platform was thus determined for future experimentation.  
Table 4-3 summarizes the optimum sputtering conditions for sensor preparation.   
 
 
Table 4- 2.  Salt solutions, compositions and media. 
 
Solution Composition 
PBS 0.15 M NaCl, 5 mM NaH2PO4, PH 7.0 adjusted with NaOH 
1xTBS 50 mM Tris?HCl (PH 7.5), 0.14 M NaCl 
Binding buffer 1% BSA, 0.5% Tween in TBS 
 
 119 
Table 4- 3.  Sputtering conditions for ME sensor pre-coating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.  Biorecognition element modifications 
 
This section describes how the optimum experimental conditions for fabricating a 
phage-based ME biosensor were chosen.  These conditions included: 1) the optimum 
amount of salt contained in phage solution; 2) the optimum concentration of bovine 
serum albumin (BSA) used to block the non-specific binding.  The details of choosing 
optimum phage conditions are explained below (Sections 3.2.1. & 3.2.2.). 
 
 
 
DC RF  
Cr Au 
Pre-sputter Power (w) 100 150 
Pre-sputter Time (s) 300 300 
Sputter Power (w) 100 100 
Sputter Time (s) 300 400 
Sputtering rate (nm/s) 0.308 0.386 
Pressure (mTorr) 5-6 
Sputter Gas Ar 
Vacuum (Torr) 5x10-6  
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3.2.1.  Phage suspension with varying salt concentrations 
 
JRB7 phage samples with an initial concentration of 1.06 ? 1013 vir/mL, 20xTBS 
solution and dry NaCl were used in this experiment, in order to determine the effect of 
the amount of NaCl (contained in phage suspension) on the bundling of phage filaments.  
First, 20xTBS solution (USB Corporation Q4) was diluted with filtered water into 1xTBS.  
Dry NaCl was then added to 1xTBS solution separately to obtain five different salt 
concentrations: 140 mM, 280 mM, 420 mM, 560 mM, and 840 mM.  Finally, JRB7 
phage solution was diluted with 1xTBS to obtain phage concentrations of 5 ? 1012 vir/mL, 
5 ? 1011 vir/mL, and 5 ? 1010 vir/mL in five different concentrations of salt.  Figure 4-4 
displays the final conditions of these different phage suspensions.  The phage filament 
distribution under this preparation condition was examined by transmission electron 
microscope (TEM) based on the detailed procedure described below in Section 5.2..   
In order to examine the binding affinity of the biosensor after coating with phage 
solution containing different amounts of NaCl, ME platforms were exposed to the 
different JRB7 phage loading conditions (five sensors per condition) listed in Figure 4-4, 
and the resonance frequency (f0) for each sensor was measured in air.  Then the JRB7 
phage biosensors were exposed to the same spore suspension (5 ? 108 cfu/mL, suspended 
in water) using the ?static loading? described in Section 3.2.3. below.  The incubation 
time was about 1 h, followed by a single rinse of distilled water.  Finally, the biosensors 
were tested again under the same measurement condition for resonance frequency (fmass) 
to determine the frequency shift (?f) caused by the attached spores.   
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Figure 4- 4.  Different conditions of phage suspensions. 
 
The samples under each phage loading condition were prepared based on the 
protocol for taking SEM images (described in Section 5.1 below).  Binding affinity was 
then determined by comparing the resonance frequency shift data and spore counts (based 
upon SEM images of the sensor surfaces) for each phage suspension.  The salt 
concentrations affected the phage bundling, which in turn affected the distribution of the 
phage immobilized on the biosensor surface, changing the binding numbers of spores.  
Therefore, the amount of salt contained in the phage solution that promoted the highest 
binding numbers of spores on the biosensor surface was chosen as the optimum salt 
concentration.  
 
 
  
 
Phage with 1.06 x 1013vir/ml
5 x 1010vir/ml 5 x 1012vir/ml5 x 1011vir/ml
diluted concentration 
140mM 840mM560mM420mM280mM 140mM 840mM560mM420mM280mM140mM 840mM560mM420mM280mM
Amount of NaCl Amount of NaClAmount of NaCl
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3.2.2.  Optimum concentration of BSA 
 
The optimum concentration of BSA is the main variable for blocking non-specific 
binding.  Proper blocking not only eliminates nonspecific binding, but also maintains 
the optimum binding affinity of the biosensors to bacteria cells or spores for which it is 
designed.  In this experiment, the optimum phage solution chosen from Section 3.2.1 
above was applied to immobilize E2 and JRB7 phage on ME platforms to form the 
phage-based biosensor.  Three different concentrations (1 mg/ml, 5 mg/ml, and 10 
mg/ml) of BSA solution were prepared, into which the phage-based ME biosensors were 
immersed for at least one hour, followed by tween-20 (rinse twice) and distilled water 
rinse (rinse once).  This coating procedure is shown in Figure 4-5.   
 
 
 
 
 
 
 
 
 
 
Figure 4- 5.  Schematic representation the coating procedure of the detection of 
bacteria/spores using ME biosensor. 
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The SEM images of biosensor surface were taken after exposure to 
bacteria/spores suspension with the concentration of 5 ? 108 cfu/mL.  Based on the 
binding numbers of the bacteria/spores on the biosensor?s surface, the optimum 
concentration of BSA solution was determined and used as the standard for subsequent 
sensor processing for both reference biosensor (no phage immobilization) and 
measurement biosensors (phage-based ME biosensor). 
 
3.2.3.  Static loading for phage-based ME biosensors 
 
The phage-based ME biosensors were ready for testing after the immobilization 
under optimum conditions of the JRB7/E2 phage, and coating with the BSA.  In order to 
determine the binding affinity of the phage-based ME biosensors, they were exposed to B. 
anthracis Sterne strain spores or S. typhimurium suspensions (5 ? 108 cfu/mL) by ?static 
loading.?  The procedure followed for static loading was: 1) incubate the phage-based 
biosensors in a tube containing the analyte (300 ?l) and rotate using a mixer for another 1 
h; 2) a single distilled water rinse.  The biosensors were then prepared (based on the 
detailed procedure for preparing SEM samples described below in Section 5.1) for 
analysis by scanning electron microcopy (SEM) in order to determine the phage 
distribution and the binding numbers of spores/bacterial cells on the surface of the ME 
biosensors. 
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3.2.4.  Dynamic loading for biosensors fabricated under optimum conditions 
 
In order to determine the sensitivity of the JRB7 phage biosensors produced using 
the optimized JRB7 phage loading conditions, ?dynamic (flowing) loadings? were 
performed using solutions of varying spore concentrations (5 ? 101 ? 5 ? 108 cfu/mL).  
Unlike with the static loading (described in Section 3.2.3 above), the dynamic loadings 
were conducted using a flowing system to pass the successive concentrations of B. 
anthracis spore solutions through a detection chamber, as shown in Figure 4-6.   
The JRB7 phage biosensor (specific to B. anthracis spores), immobilized with 
JRB7 phage and BSA, was placed in the measurement chamber, which was filled with 
plain water.  A peristaltic pump was used to achieve a flow rate of 100 ?l/min, which 
was chosen to ensure laminar flow conditions over the biosensors.  Water was passed 
through the chamber for 10 minutes in order to ensure a stable baseline signal, and then 
each concentration of spore solution was introduced, also for a duration of 10 minutes, 
moving from the lowest to the highest concentration.  The resonance frequency of the 
biosensor was monitored in real-time by collecting data from the network analyzer with a 
personal computer.   
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Figure 4- 6.  Schematic drawing illustrating the ME biosensor system for detecting 
spores or cells using a flow system. 
 
3.3.  Simultaneous detection 
 
In this section, three biosensors were tested simultaneously.  Two of these were 
measurement biosensors, namely an E2 phage biosensor (coated with E2 phage, BSA 
blocking) and JRB7 phage biosensor (coated with JRB7 phage, BSA blocking), while the 
other was a reference sensor fabricated with only a coating of BSA.  This option of 
deploying two sensors to simultaneously detect two different targets was implemented 
using ?static loading? and the frequencies were measured in air.  
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3.3.1.  Fabrication of phage-based measurement and reference biosensors 
 
NaCl was added to 1xTBS (140 mM) until it reached a concentration 420 mM.  
Then initial phage solution (1.06 ? 1013 vir/mL) was diluted with the 1xTBS (420 mM 
NaCl) to 5 ? 1011 vir/mL.  The E2/JRB7 phage was immobilized by incubating the ME 
platforms in the phage solutions (300 ?l) for one hour.  This immobilization was based 
on physical adsorption [6].  To form the measurement biosensor for the detection of s. 
typhimurium, an ME sensor platform was immersed into E2 phage solution (5 ? 1011 
vir/mL in 1xTBS), followed by rinsing with distilled water to remove any loosely-bound 
phage and residual salts.   
To form the other measurement biosensor for the detection of B. anthracis spores, 
an ME platform was immobilized with JRB7 phage (5 ? 1011 vir/mL in 1xTBS) using the 
same procedure as above.  In order to prevent nonspecific binding of spores on the gold 
surface, the phage-immobilized biosensors were immersed into 1 mg/mL BSA for 1 h, 
followed by rinsing with tween-20 solution (0.05 %) twice and then rinsing once with 
distilled water.  At this point, the ME biosensors were ready for bacteria/spore detection.  
In this research, a reference sensor (blocked with BSA only, with no phage immobilized 
on the surfaces) was also manufactured and used as a reference in order to eliminate any 
effects due to nonspecific binding with possible contaminants in the analyte, varying flow 
conditions, and variable temperature conditions.  
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3.3.2.  Concept of simultaneous detection 
 
A schematic of the simultaneous detection system is shown in Figure 4-7.  The 
system was composed of a target analyte container, a peristaltic pump, two measurement 
chambers (connected by a capillary tube), a flush out container, three ME biosensors for 
detection, and a network analyzer system for data acquisition and control.  Two 
measurement phage-based biosensors, an E2 phage biosensor (immobilized with E2 
phage and specific to S. typhimurium) and a JRB7 phage biosensor, were placed together 
in measurement chamber (C).  These two biosensors were fabricated with different 
lengths.  The reason for using two different sizes of sensor platforms was to ensure that 
the detectors had different characteristic resonance frequencies and thus easily identify 
which pathogen had been detected.  For instance, the larger biosensor (l=2.0mm) was 
used for the detection of S. typhimurium and the smaller biosensor (l=1.9mm) for B. 
anthracis spores.  Therefore both detection of B. anthracis (by the JRB7 phage 
biosensor) and S. typhimurium (by the E2 phage biosensor) could be conducted 
simultaneously, as shown in Figure 4-8.  
  
 
 
 
 
 
 
 
 
 
 128 
 
 
Figure 4- 7.  Setup for measurements with multiple ME biosensors. 
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Figure 4- 8.  Scheme for simultaneous detection analysis. 
 
The reference biosensor was placed in the second measurement chamber (B).  
Each chamber was connected to the network analyzer (F) via its own, separate channel.  
The analyzer was able to measure and display the signals from both channels 
simultaneously (as shown in Figure 4-7), thus enabling the simultaneous measurement, 
display and recording of the three sensors? resonance frequencies in real time.  For the 
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first set of biosensors (group 1), the length of the E2 phage and reference biosensors was 
2mm, which produced a resonance frequency of about 1.8 MHz; while the JRB7-phage 
biosensor was constructed with a length of 1.9mm, giving a resonance frequency of about 
1.14 MHz.  For the second set of sensors (group 2), the length of the E2-phage and 
reference biosensors was about 500?m (f0 ? 3.8 MHz), and the JRB7-phage biosensor had 
a length of 750?m (f0 ? 2.8 MHz).  These values are approximate since slight variations 
in size and shape of the sensor platforms, due to variances in the fabrication process, 
affect the exact resonance frequency of each individual biosensor.  The experiment was 
conducted by using the Ismatec Reglo Digital peristaltic pump with 8 rollers and four 
channels (D) to drive an analyte containing only S. typhimurium or B. anthracis spores at 
a concentration of 5 ? 108 cfu/mL from container (A) through the detection chambers.  
When the target bacterium/spores bound to the corresponding ME biosensor, a frequency 
shift was observed to confirm the interaction, while the frequencies of the other two 
biosensors remained relatively stable.  A flow rate of 50 ?l/min was used in order to 
ensure laminar flow over the ME biosensors.  Resonance frequencies were continuously 
monitored and recorded by the analyzer (F) and computer system (G).  Finally, the 
waste analyte was collected in the flush-out container (E) for disposal.  Both S. 
typhimurium and B. anthracis Sterne suspensions were obtained in a concentration of 5 ? 
108 cfu/mL from the Department of Biological Sciences at Auburn University.  All 
solutions were stored at 4?C and then equilibrated to room temperature prior to testing.  
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3.4.  Simultaneous biosensor detection in air by static loading 
 
A set of experiments was conducted to demonstrate that phage-based ME 
biosensors can be used to simultaneously detect the presence of multiple agents, in this 
case, S. typhimurium and B. anthracis spores. 
As mentioned in Section 3.3.2, simultaneous detection of different target agents 
can be accomplished by ME biosensors with discrete and different characteristic 
resonance peaks and different bio-recognition coatings.  The characteristic resonance 
frequencies of ME biosensors can be controlled through composition, shape and size.  In 
order to demonstrate the simultaneous detection approach, two ME biosensors with 
slightly different lengths were employed for detection after phage immobilization.  One 
was a reference sensor with dimensions of 2 ? 0.4 ? 0.015 mm, the other was the JRB7 
phage biosensor with dimensions of 1.9 ? 0.4 ? 0.015 mm.  Both were placed in the 
same testing chamber and the distance of the bar magnet from the testing chamber was 
adjusted to obtain the maximum signal amplitude for the reference sensor.  It is 
important to note that for different sensors the optimum DC bias field may be different.  
However,, since this only affects signal amplitude and not the frequency shifts due to 
mass loading, any error introduced by this compromise is negligible.  Frequencies from 
both sensors were measured by an average of four frequency scans, after which both 
sensors were taken out and only the JRB7 phage biosensor exposed to specific B. 
anthracis spores with a concentration of 5 ? 108 cfu/mL, again by static loading.  After 
washing the loosely bounded spores with distilled water and drying in air, the frequencies 
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of both sensors were re-measured under the same conditions using a DC bias to amplify 
the reference sensor to the maximum amplitude.  Only the JRB7 phage sensor, which 
was bound with spores, showed a shift of this peak to another frequency.   
   
4.  Characterization of multi-sensor detection system 
 
As part of the development of the multi-sensor detection system, the performance 
of each sensor was characterized in terms of its sensitivity, stability, selectivity, 
specificity, dose response and detection limit. 
 
4.1.  Detection with bacteria/spores sequentially 
 
The minimum detectable mass is dependent on the mass sensitivity of the device 
and the size of the active area of the biosensor.  In order to measure the sensitivity of 
this multiple detection system, the sensors were therefore sequentially exposed to 
increasing concentrations of S. typhimurium (5 ? 101 to 5 ? 108 cfu/mL) and B. anthracis 
spores (5 ? 101 to 5 ? 108 cfu/mL) suspensions in water.  The flow rate was 50 ?l/min 
for each concentration, and a 1 ml suspension was used for detection.  
  
4.2.  Selectivity and specificity of multi-sensor detection system for a bacteria/spores 
cocktail 
 
Selectivity is used to assess performance when there are n components of interest 
which can be determined simultaneously and independently from each other by the 
sensor.  In contrast, specificity means that in a multi-component system only one 
individual component is measured by the sensor or detecting channel.  Both the 
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selectivity and specificity are important in a multi-sensor and multi-component system.  
In order to demonstrate the selectivity and specificity of this multiple-sensor detection 
system, the sensors were exposed to increasing concentrations of S. typhimurium (5 ? 
101-5 ? 108 cfu/mL) suspensions in water, which was co-spiked with a fixed 
concentration (5 ? 107 cfu/mL) of other food borne pathogens (E. coli O157:H7).  The 
flow rate was 50 ?l/min and, for each concentration, a 1ml suspension was used for 
detection.  This was repeated using an increasing concentration of B. anthracis spores (5 
? 101-5 ? 108 cfu/mL) in a mixture of a fixed concentration of B. cereus spores (5 ? 107 
cfu/mL).  The reason B. cereus spores were chosen is because they are a nonpathogenic 
species that have very similar physical characteristics to B. anthracis spores, and so have 
the potential to mask specific detection of B. anthracis spores. 
 
4.3.  Multi-sensor detection system response to analytes in apple juice 
 
In order to prepare a series of different concentrations mixtures of S. typhimurium 
with one additive bacteria (E. coli) in apple juice, the received S. typhimurium 
suspensions (5 ? 108 cfu/mL) were first diluted with apple juice (Kroger? brand, 
purchased at a local grocery store) instead of water to form a series of concentrations (5 ? 
101 cfu/mL - 5 ? 108 cfu/mL).  For each condition there was a volume of 9 ml.  One ml 
of E. coli suspension (5 ? 108 cfu/mL) was added to each of the diluted concentrations of 
S. typhimurium in apple juice, separately.  As a result, all the suspensions had 5 ? 107 
cfu/mL of E. coli species.  The same method was used to prepare different 
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concentrations of B. anthracis spores spiked with 5 ? 107 cfu/mL of B. cereus spores in 
apple juice for testing.  The multi-sensor detection system was then exposed to each 
mixture (containing 5 ? 101 cfu/mL - 5 ? 108 cfu/mL of S. typhimurium / B. anthracis 
spores) using the exact same procedure described in Section 4.2.  Here, a high 
concentration of additive pathogen (E. coli) or similar strains from same group (B. cereus) 
was applied to mask the target analytes.  The objective was to investigate the maximum 
masking effect of nonspecific bacteria/spores on the selectivity, specificity, and the 
performance of the sensor. 
   
4.4.  Dose response 
 
In order to study the dose response for reference sensor and two measurement 
biosensors in the multiple systems, the frequency response of each sensor was monitored 
during exposure to different concentrations of S. typhimurium and B. anthracis spores 
sequentially.  The different concentrations (5 ? 101 cfu/mL-5 ? 108 cfu/mL) were 
prepared by successive dilutions of the as-received B. anthracis spores / S. typhimurium 
suspensions (5 ? 108 cfu/mL).  Five groups of sensors (each group contained two 
measurement sensors and one reference sensor) were used to test the frequency change at 
each concentration of suspension using the multiple detection system shown in Figure 4-7.  
One concentration of S. typhimurium was introduced first to the system and allowed to 
flow for 20 minutes, during which time a total amount of 1mL passed over the sensors.  
The frequency at the end of 20 minutes was used to calculate the frequency shift caused 
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by that particular concentration.  The same concentration of B. anthracis spores was 
then introduced under the same conditions and captured by the specific biosensor to 
create a frequency change.  The dose response was used to determine the detection limit, 
sensitivity and specificity of each of the biosensors.  
 
4.5.  Sensitivity and detection limit 
 
In this dissertation, the limit of detection (or Detection limit, LOD) refers to the 
lowest detectable pathogen concentration which can be detected by the output signal.  
Sensitivity is defined as the change in the sensor output signal obtained for an 
incremental change in the concentration of analyte [7].  Figure 4-9 gives an example of 
how to determine the parameters from the frequency shift-vs-analyte concentration curve.  
This curve is defined as dose-response curve.  For the purposes of this research, the 
logarithm of the dose (in cfu/mL) was plotted on X axis and the frequency shift was 
plotted on the Y axis.  In such case, the curve is typically sigmoid curve that have an 
?S? shape with the steepest portion in the middle.  Sensitivity was defined as the slope 
of frequency shift-vs.-analyte concentration curve.  This response curve has a linear 
dynamic range (LDR), where the analyte concentrations below the LOD cannot be 
detected.  For higher values of output signal the response becomes nonlinear with 
sensitivity approaching zero.  This is the saturation limit of the sensor.   
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Figure 4- 9.  Performance criteria of biosensor. 
 
4.6.  Hill plot-kinetics 
 
The binding kinetics (binding strength and valency) of Salmonella-phage or B. 
anthracis spores-phage were analyzed using a Hill plot, which was constructed from the 
data obtained from the sensor's response [6, 8, 9].  The reaction between S. typhimurium 
(ST) / B. anthracis spores (BA) with the immobilized phage (P) on a sensor?s surface can 
be expressed as a reversible reaction: 
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nPBAPnBA ?+   (4-2) 
where 1/n represents the binding valency and glyph817 is the number of binding sites of phage 
that interact with ST / BA on the sensor surface.  The association reaction is caused by 
the binding of antigens to the immobilized phage, while the dissociation is dependant on 
the strength with which the antigens bind to the phage on the biosensor surface.  The 
dissociation binding constant (Kd) for the above reversible reaction can be expressed as: 
][
][][
n
n
d PST
PSTK =
aK
1=
   (4-3) 
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][][
n
n
d PBA
PBAK =
 
aK
1=
  (4-4) 
where Ka is the association constant.  It is therefore possible to study the kinetics of the 
reactions by constructing Hill plots, where the Kd value is the reciprocal of the ordinate 
intercept, and the 1/n is the reciprocal of the slope.  In a Hill plot, the reactant and the 
product concentrations are usually expressed using molar concentrations.  However, in 
this dissertation, the concentration of ST / BA has the units of cfu/mL.  So kd(apparent) is 
used here to take into account the scaling factor due to the use of different units for the 
concentrations of the analyte.  The kd(apparent) is defined as the concentration at which 
half of the available binding sites are occupied.  Hence, a lower value of Kd (apparent) 
indicates a stronger Spore/Salmonella-phage binding.  The relationship between Kd 
(apparent) and Kd can be expressed as equation (4-5): 
( ) ndapparentd KK /1)( =  (4-5) 
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The binding valency glyph817 (1/n) and the dissociation constant (Kd) can be estimated 
from a Hill plot [9], which can be determined from the equation below: 
[ ]STnKYY
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???
?=?
?
??
?
?
?   (4-6) 
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where Y is the fraction of the phage binding sites occupied by the antigen.  A Hill plot is 
a plot of ?
?
??
?
?
?Y
Y
1log -vs-log [antigen], where n can be estimated from the plot slope [8].  
If the numbers of phages bound with nonspecific targets can be neglected, then the total 
number of phage binding sites (CP) can be expressed as: 
[ ] [ ]nP PSTPC +=     (4-8) 
or [ ] [ ]nP PBAPC +=    (4-9) 
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PBAY =    (4-10) 
When phage particles are immobilized on the sensor surface, the concentration of 
phage-antigen complex [PSTn] or [PBAn] is proportional to the mass loading (?m) on the 
sensor due to the binding of target antigens to the phage immobilized on the sensor 
surface.  So, [PSTn] or [PBAn] is near ?m, while CP is near ?mmax.  Then, substituting 
this into Eqs. (4-10), the Hill plot can be constructed by plotting log X versus the log [ST] 
or log [BA], where X is given as: 
maxmax)1( f
f
m
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where ?f is the real-time frequency shift obtained as a response to the binding of S. 
typhimurium or B. anthracis spores to the phage immobilized sensor, and ?fmax denotes 
the maximum frequency when the sensor reached saturation.  ?fmax was calculated from 
the sigmoidal curve, which was fitted to the dose response curve.   
Overall, lower values of Kd and Kd (apparent) indicate a stronger phage-antigen 
binding and thus a higher sensitivity of the sensor.  
  
5.  Microscopy analysis 
 
5.1.  Scanning electron microscope 
 
A JEOL-7000F scanning electron microscope (SEM) was used to quantify the 
number of spores bound to the phage-immobilized ME biosensors, as well as obtain a 
visual verification of the phage distribution on sensor surface.  In preparation for SEM 
observations, the tested biosensors were rinsed with distilled water once to remove 
loosely bound cells, salts, and debris left over from testing.  The sensors were then 
mounted on the top of an aluminum stub using double sided carbon conductive tape (Ted 
Pella Inc.), followed by drying in a Petri dish for at least 15 minutes.  A small amount 
(50 ?l) of osmium tetroxide (OsO4) was placed beside the aluminum stub in the Petri dish 
for exposure to OsO4 vapor for 40 min.  Osmium tetroxide is commonly used as a stain 
for biological samples in electron microscopy, and the diffusion of Os (a heavy metal) 
into the cell membrane improves the image contrast in an electron microscope.  In order 
to clearly see the phage distribution on the sensor surface and how the sensors bind S. 
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typhimurium cells, the sensors mounted on aluminum stubs were directly observed by 
SEM.  Other samples from the initial experiments were coated with 60 nm of Au using a 
sputter coater (PELCO SC-6, Ted Pella, Inc., Redding, CA) to provide a conductive 
surface for SEM imaging.  The reason some samples were not coated with the extra Au 
layer is because the Au layer covers the individual phage filaments on the surface such 
that they cannot be viewed with the SEM.  Also, the S. typhimurium cells without the 
additional Au coating usually appear in the SEM image as black cells, while B. anthracis 
spores appear white, making it easy to distinguish between the two.  The images were 
taken at an accelerating voltage of 10 or 15 kV with a working distance of 10 mm, an 
aperture of 3, and a probe current of 54 ?A.  SEM images of the sensor surface at 
desired magnifications were recorded in the electronic format (jpeg files) using 
JEOL-Imaging software.  
  
5.2.  Transmission electron microscope 
 
A PHILLIPS-301 transmission electron microscope (TEM) was used to verify the 
distribution of JRB7 phage under different salt and phage concentrations.  The TEM 
samples were prepared on 400 mesh formvar/carbon coated nickel grids.  The grid was 
floated on a drop (50 ?l) of sample solution for one hour.  Upon removal from the drop, 
excess fluid was drained from the grid by touching its edge to filter paper.  The grid was 
then washed gently with one drop of stain solution (0.1% BSA / 2% KPTA), and floated 
on another drop of stain solution for 3 min to obtain a negative stain of the sample.  The 
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phage coated grids were allowed to air dry for 15 minutes before examination and stored 
in grid holders in a desiccator.  
  
5.3.  Bacteria Cells / Spores Counting vs. Estimation of Bound numbers based on ?f 
of Sensor Response 
 
To determine the number of bacteria cells or spores bound to the sensors, one side 
of each sensor was photographed in its entirety using the SEM.  All bacteria or spores 
attached to the photographed surface were individually counted and the count multiplied 
by 2 to account for both sides of the sensor.   
After each experiment, the frequency shift (?f) of biosensor was recorded, and 
based on Eq. (3-5): 
M
mff ??=?
2
0  (4-12) 
A small added mass (?m) can be estimated from Eq. 4-13: 
0
2
f
fMm ??=?   (4-13) 
For a sensor with the dimension of (L ? w ? t) and density of (?), the mass (M) of 
the sensor can be calculated by (L ? w ? t ? ?) so Eq.(4-13) can be expressed as: 
f
ftwlm ??????=? ?2  (4-14) 
where ?f is in Hz and ?m is in picograms.  Assuming the mass of each bacterium or 
spore is 2 pg, and, from Eq. (3-3), for a strip-like ME particle of length L, the 
fundamental resonance frequency or characteristic frequency f0 is:  
 142 
)1(2
1
20 ?? ?=
E
Lf     (3-3) 
Hence, the estimation of the number of bacteria / spore (ncalculated) attached to the 
sensors is: 
( )
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2
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2
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??
??  (4-15) 
Young?s modulus (E), density (?), and Poisson ratio (?) of the material are 110 
GPa, 7.9?103 kg/m3, and 0.5, respectively.   
So the number of bound bacterium/spores can be estimated by substituting  
required parameters into Eq. (4-15), as shown in Table 4-4 (all the sensors were 
fabricated with length (l) and width (w) ratio of 5:1 and thickness of 15?m).  ?f is in Hz 
and, after the target pathogens bind, the resonance frequency will shift to a lower value, 
so ?f will be a negative value. 
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Table 4- 4.  Predicted binding numbers of different sizes of ME sensors. 
 
L (mm) w (mm) t (mm) V (?m3) 
? 109 
f (MHz) Mass (pg) 
? 106 
n calculated 
5 0.1 0.015 7.5 0.4308 59.25 f?? 51.137  
2 0.4 0.015 12 1.07719 94.80 f?? 01.88  
1 0.2 0.015 3 2.1544 23.70 f?? 00.11  
0.75 0.15 0.015 1.69 2.8725 13.33 f?? 64.4  
0.5 0.1 0.015 0.75 4.3088 5.93 f?? 71.0  
0.2 0.04 0.015 0.12 10.7719 0.95 f?? 09.0  
0.1 0.02 0.015 0.03 21.5438 0.24 f?? 01.0  
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CHAPTER 5                                                                          
OPTIMIZATIOglyph1197 OF PHAGE-BASED MAGglyph1197ETOELASTIC BIOSEglyph1197SOR 
PERFORMAglyph1197CE 
 
1.  Design and fabrication 
 
1.1.  Frequency response signal vs. annealing temperature 
 
After dicing, several of the ME platforms showed a slight bending and bowing upon 
observation with an SEM.  These deformations were hypothesized to be due to internal 
residual stress generated during the original material manufacture and/or from the 
polishing/dicing operations, so annealing treatments were utilized in an attempt to reduce 
this residual stress.  In order to test the effect of annealing, five groups of sensor platforms 
(with six sensors in each group) were annealed under four different temperatures, with the 
resonance frequency of each sensor being measured and compared before and after 
annealing.  The spectrum quality (Q) factor and the amplitude of frequency signal are the 
main elements used to represent the performance of the sensor platforms.  As discussed in 
chapter 2, the Q factor is given by Eq. (2-2); Figure 5-1 shows a graph depicting the Q 
factor parameters: 
w
fQ
?=
0    (2-2) 
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Figure 5- 1.  The Q-factor parameters. 
 
The typical spectrum and resonance frequency shift for the platforms with 
dimensions of 2 ? 0.4 ? 0.015 mm before and after annealing at different temperatures for 
2 hrs is shown in Figure 5-2.  The original frequency difference is due to slight 
dimensional variations of the samples as a result of the fabrication processes.  Thus, this 
analysis focuses on the changes between un-annealed and annealed data for each sample.  
Signal response is not measured as an absolute value, but rather relative impedance with 
respect to the signal baseline.  The resonance frequency of the platform before and after 
annealing at 150 ?C is shown in Figure 5-1(a).  The resonance frequency increased by 
about 3 kHz after annealing, with the Q value remaining almost constant.  For platforms 
annealed at 200 ?C (Figure 5-1 (b)) and 250 ?C (Figure 5-1 (c)), the Q values increased by 
about 30% after annealing.  Additionally, the resonance frequency shift of the platform 
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annealed at 250 ?C was larger than that of the platform annealed at 200 ?C.  When the 
annealing temperature was increased to 300 ?C (Figure 5-1 (d)), there was an even larger 
frequency increase of 20 kHz.   
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Figure 5- 2.  Spectrum of 2.0 ? 0.4 ? 0.015 mm sensor platforms before and after 
annealing for 2 hours at different temperatures: (a) 150 ?C; (b) 200 ?C; (c) 250 ?C; and (d) 
300 ?C. 
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Figure 5-3 shows the measured of Q-factor and amplitude change after annealing 
at different temperatures for the four groups of sensor platforms.  The Q-factor was 
calculated using Eq. 2-2.  As shown in Fig. 5-3, as the temperature increased the 
Q-factor of the sensors increased until a maximum was achieved between 200 ?C and 250 
?C.  As temperature increased further to 300 ?C, the Q-factor decreased by about 60 %.  
A similar trend was shown for amplitude, which reached a maximum after annealing at 
200 ?C.  Since a higher Q-value enable a more accurate determination of the resonance 
frequency, the optimum annealing temperature was thus determined to be in the range of 
200 ?C-250 ?C.   
 
 
 
 
 
 
 
 
 
Figure 5- 3.  Effect of annealing temperature on Q factor and amplitude of the resonance 
frequency after annealing at different temperatures (150 ?C-300 ?C). 
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Figure 5-4 describes the average frequency shift at different annealing temperatures.  
As the annealing temperature increased, larger frequency shifts were obtained; the largest 
frequency shift (20 kHz) was obtained when the annealing temperature was 300 ?C. 
 
 
 
 
 
 
 
 
 
 
Figure 5- 4.  Average frequency shift after annealing at different temperatures for 2 
hours for the sensor platforms with the size of 2 ? 0.4 ? 0.015 mm. 
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show that the platform surface was full of micro-cracks within the gold coating layer in 
its unannealed state.   
 
 
Figure 5- 5.  Surface microstructure of sensor platform before and after annealing at 
different temperatures. 
 
For an annealing temperature of 75 ?C, the surface condition had very little 
change.  For an annealing temperature of 150 ?C, compared with the original 
unannealed state, there were still some cracks on the surface, although the small cracks 
had started to heal.  When annealed at 200 ?C, the surface became much smoother, and 
the cracks disappeared altogether once the temperature reached 250 ?C.  Finally, when 
75?C
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the annealing temperature was increased to 300 ?C, the surface became cracked again, 
similar to the platform without annealing.  Some crystallization of the ME material was 
also found at this temperature from X-Ray diffraction tests.  Based on these results, the 
optimal annealing temperature range is 200-250 ?C, where the residual stresses are 
removed and the structural defects are also corrected.  This conclusion is consistent with 
the results obtained from the measurements of Q-factor and resonance frequency 
amplitude changes after annealing.   
 
1.3.  Corrosion resistance vs. annealing temperature 
 
Based on the results above, the sputtered platforms used for the following 
experiments were all annealed at 200 ?C?250 ?C.  A vacuum oven setpoint of 220 ?C was 
used; the time for annealing was 2 hours and the vacuum was 10-3 Torr.   
Adhesion testing of the Au thin film was conducted by immersing the sputtered ME 
sensor platforms in 1xTBS (PH 7.5, 140 mM NaCl) solution, which contains the same 
amount of chloride ions as the phage solution.  Samples were soaked in the TBS solution 
for three hours followed by rinsing in distilled water, drying, and SEM observation.  As 
Table 5-1 shows, the annealed samples possessed much better adhesion than the 
unannealed samples.  After soaking in the TBS solution for 3 hrs, very little of the gold 
film peeled off.  However, gold started to peel off at around 30 minutes for most 
unannealed samples, as can been clearly seen from the pictures in Table 5-1.  For the 
unannealed samples, the sample sputtered with Au for 800 s was the first to show corrosion 
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and peeling of the Au coating.  This may be because the gold layer was too thick and 
defects were produced in the coating that led to corrosion initiation and delamination of the 
surface layer.  With a sputtering time of 200 s, the sample shows non-uniform surface 
coverage after soaking.  This is probably due to the short sputtering time resulting in 
formation of a non-continuous film.  With sputtering times of 400 s and 600 s, the gold 
started to peel off after 40 minutes, but the peel off area did not show further delamination 
after 2 hrs.  
Annealed samples, for 400-800 s sputtering times, showed excellent adhesion.  All 
the samples were still in good condition after more than 3 hours.  Even after 6 hours, the 
films sputtered for 400 s, 600 s and 800 s showed no sign of corrosion or peeling.   
On the basis of these results, it was concluded that the thickness of the gold film is 
not a critical factor as long as a certain minimum thickness is reached.  The experiment 
shows that the film sputtered for 400 s provided a good quality film.  It is also important 
to control the interlayer between the substrate and the Au layer.  During the whole 
experiment, no Cr layer peeling was found.  In this research, the Cr layer thickness was 
about 92 nm while the Au layer was about 154 nm.   
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Table 5- 1.  The effect of annealing and Au sputtering time on Au film adhesion. 
 
Au Sputter 
time(s) 
Calculated 
Thickness (nm) 
Anneal Peeling 
Time 
Peeling condition 
(after 3hrs) 
 
No 
 
<30mins 
 
 
 
 
200 
 
 
 
77  
Yes 
 
>3hr 
 
 
No 
 
<40mins 
 
 
 
 
400 
 
 
 
154  
Yes 
 
>6hr 
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Au Sputter 
time(s) 
Calculated 
Thickness (nm) 
Anneal Peeling 
Time 
Peeling condition 
(after 3hrs) 
 
No 
 
<40mins 
 
 
 
600 
 
232 
 
Yes 
 
>6hr 
 
 
No 
 
<30mins 
 
 
 
800 
 
 
308 
 
Yes 
 
>6hr 
 
 
 
2.  Immobilization process 
 
The immobilization of the phage on the ME platform will be discussed in two 
parts: with the first part covering the investigation of the effect of salt and phage 
concentrations on the binding affinity of the ME biosensors, while the second part 
describes the investigation of the optimum concentration of blocking agent needed to 
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eliminate the non-specific binding and at the same time preserve the binding sensitivity 
of the ME biosensors.  These results were obtained using biosensors which were 
fabricated by immobilizing JRB7 filamentous phage on the ME platform surface for the 
detection of B. anthracis spores.   
The first part, where the effect of the chemistry of the phage solution on the phage 
bundling characteristics and, hence, its effect on both the sensitivity and detection limit of 
the ME biosensor, is presented in four sections.  In the first section, the performance of 
the ME biosensors was examined by immobilizing with different phage concentrations 
that contained the same amount of NaCl.  In the second section, the performance of ME 
biosensors immobilized with a phage concentration of 5 ? 1011 vir/mL but with different 
concentrations of NaCl was measured and compared with SEM images.  In the third 
section, TEM was used to determine the bundling characteristics of the phage as both the 
phage and NaCl concentrations were varied.  Also the spore counting results obtained 
from the SEM images under different phage immobilization conditions are summarized 
in this section.  In the last section, the dynamic response of a sensor immobilized with a 
phage concentration of 5 ? 1011 vir/mL (420 mM NaCl) to increasing concentrations (5 ? 
101 to 5 ? 108 cfu/mL) of spores in water in a flowing system is discussed.   
The second part describes the process involved in selecting the optimum 
concentration of BSA as the blocking agent condition for further experiments.  Three 
different concentrations were used for comparison: 1 mg/ml, 5 mg/ml and 10 mg/ml.  
Based on the static loading procedure described in detail in Chapter 4 Section 3.2.2, the 
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non-specific binding blocking results, as well as the specific binding blocking results are 
considered together to determine the optimum concentration. 
 
2.1.  Phage chemistry modification 
 
Phage filaments bundle in solution when counterions are present.  Although we 
expected that such ?bundles? would present a concentrated number of available sites for 
the antigen to attach and provide stronger bindings, it proved difficult to obtain a uniform 
distribution of phage bundles on the biosensor surface.  Because the bundles were 
immobilized only at certain regions on the sensor surface, this resulted in less binding of 
targets.  Alternatively, when the phage concentration was too high, the numbers of 
available phage filaments were so high that it became too easy to form phage bundles.  
Consequently, in this experiment it was preferable to use individual filaments of phage 
that saturate the entire sensor surface with randomly oriented phages to obtain a relatively 
uniform binding of cells/spores. 
After phage coating, the exposure of the phage-based ME biosensor to the target 
analyte was carried out using two methods, namely static and dynamic loading.  For 
static loading, each phage-based ME biosensor was simply incubated in a tube containing 
the target analyte (300 ?l), and rotated by a laboratory mixer at room temperature at a 
speed of 8 rpm for 1 hour, followed by one distilled water washing.  Dynamic loading 
was processed by placing each phage-based ME biosensor in a testing chamber in a 
flowing system (as shown in Figure 4-4 in Chapter 4), into which the target analyte was 
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introduced using an Ismatec Reglo Digital peristaltic pump with 8 rollers and four 
channels.  A low flow rate (50 ?L/min) was maintained to ensure laminar flow over the 
sensor. 
  
2.1.1.  Different phage concentrations in140mM glyph1197aCl solution 
 
Recent studies [3-7] have used phages suspended in 1xTBS solution (containing 
140 mM NaCl) in order to ensure stability of the phage over time.  Another study [8] 
has shown that salt concentrations lower than 100 mM will promote intervirion 
association and alignment of the filaments, resulting in bundles.  Therefore, we chose 
140mM NaCl as the lowest salt concentration investigated. 
Figure 5-6 shows electron microscopy pictures of the ME biosensors, 
immobilized with different phage concentrations (5 ? 1010 vir/mL-5 ? 1013 vir/mL) but 
containing the same concentration of salt (140 mM NaCl), after exposure to a 
concentrated spore solution (5 ? 108 spores/ml) by the static loading method.  In Figure 
5-6, a distinct difference between the attachment of spores to the JRB7 phage biosensors 
immobilized with different phage concentrations can be observed from the SEM images 
of the sensor surfaces.  The biosensor immobilized with a phage concentration of 
1013vir/mL (Figure 5-6 (a)) showed very little binding.  The biosensor immobilized with 
a phage concentration of 5 ? 1011 vir/mL (Figure 5-6 (c)) shows the best binding.  The 
biosensors with phage concentrations of 5 ? 1012 vir/mL and 5 ? 1010 vir/mL (Figures 5-6 
(b) and (d), respectively) showed similar numbers of spores bound to the biosensors.    
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Figure 5- 6.  SEM images of sensor surfaces exposed to spores after loading different 
concentrations of phage in solutions containing 140 mM NaCl; and TEM images of 
phage at concentrations of (a) 5 ? 1013 vir/mL, (c) 5 ? 1012 vir/mL, (e) 5 ? 1011 vir/mL, 
and (g) 5 ? 1010 vir/mL. 
 
On the basis of the SEM microscopic analysis, we hypothesize that there are two 
reasons for the observed spore binding affinity:  1) Concentration of phage solution.  
The greater the number of phage filaments present in the solution, the larger the number 
(b)
(a)
SEM images TEM images 
(d)
(c)
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of potential binding sites there will be for spores.  However, if the concentration of 
phage is too high, the individual filaments will form bundles or clusters, causing a 
reduction in the number of available binding sites.  2) Adsorption of phage onto the ME 
biosensor.  There is an optimum phage concentration that leads to a uniform distribution 
of individual phage filaments on the surface of the biosensor.  Too high a concentration 
once again leads to bundling and a corresponding decrease in available binding sites.  
From the above SEM results, a phage concentration of 5 ? 1011 vir/mL appears to be the 
optimum condition for uniform immobilization. 
A further examination was conducted using TEM images to verify the distribution 
of phage for different phage concentrations at a fixed salt concentration of 140 mM.  For 
high phage concentrations of 5 ? 1013 vir/mL and 5 ? 1012 vir/mL (Figure 5-6 (a) and 
(b)), the phage filaments in solution tend to cluster together, affording fewer binding sites 
when immobilized onto the sensor surface.  For a phage concentration of 1010 vir/mL 
(Figure 5-6 (d)), the phage exists as individual filaments in solution.  However the 
density of phage filaments in solution is less than that needed to fully cover the sensor 
surface.  This results in a less than optimal number of available binding sites and, hence, 
a lower number of captured spores.  The TEM picture for a phage concentration of 5 ? 
1011 vir/mL (Figure 5-6 (c)) shows the evenly distributed phages with a minimal number 
of bundles, provides the optimal condition for the capture of spores.  
Therefore, we recommend 5 ? 1011 vir/mL as the optimum phage concentration 
that can be adsorbed onto the ME biosensors in such a manner as to result in the 
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maximum availability of binding sites for spores.  As a result, this concentration was 
chosen for the experiments involving changes in salt concentration.  Similar results were 
obtained after repeating these conditions for several batches of ME biosensors. 
 
2.1.2.  Phage distribution under different salt concentrations 
 
Figure 5-7 shows the average frequency shift of each group of JRB7 phage 
biosensors immobilized using phage at a concentration of 5 ? 1011 vir/mL, with varying 
concentrations of salt and exposed to the same spore suspension.  Each data point 
represents the average of 5 individual biosensors.  As the salt concentration increased 
from 140 mM to 840 mM, the frequency shift of the biosensors increased until a 
maximum was achieved at a salt concentration of 420 mM.  As the salt concentration 
increased further, the shift in resonance frequency of the sensors decreased. At the 
maximum studied concentration of 840 mM, the frequency shift of the sensors was 
similar to that of the lowest salt concentration.  Since a higher frequency shift 
corresponds to a higher mass load on the sensor (as per Eq.3-5), and since this mass load 
is due to spore binding, it is evident that the 420 mM salt concentration represents the 
optimum binding condition for 5 ? 1011 vir/mL phage suspension. 
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Figure 5- 7.  Frequency shift of sensors vs. salt concentrations in 5 ? 1011vir/mL phage 
solution and SEM photographs of sensors immobilized with 5 ? 1011vir/mL phage in 
solutions with NaCl concentrations of: (a) 140mM, (b) 280mM, (c) 420mM, (d) 560mM 
(e) 840mM. 
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SEM images were used to verify the biosensor response.  Figure 5-8 (a-e) 
depicts the results under five (140 mM-840 mM) salt concentrations.  As can be seen, 
the results are consistent with the biosensor response curve, which shows that the 
maximum number of spores bound to the sensor occurred when JRB7 phage was 
immobilized in a solution containing 420 mM NaCl.  Moreover, the uniformity of the 
spore distribution under each condition may clearly be seen.  For the lowest salt 
concentration (Figure 5-8 (a)), the spores tended to cluster, which is similar to the case of 
the highest salt concentration (Figure 5-8 (e)) 
 
2.1.3.  Effect of salt concentration on phage bundles 
 
Earlier works reported by Tang and coworkers show that lateral aggregation 
phenomena (i.e. bundle formation or clustering) may occur with filamentous phage fd 
depending upon the properties of the solution in which the phage is suspended [9, 10]. 
TEM was used to investigate the effect of salt concentration on phage 
distribution.  Under some solution conditions, the phage tends to aggregate into bundles, 
thereby reducing the number of protein sites available for binding.  The TEM images in 
Figure 5-8 show the distribution of phage for different phage concentrations (5 ? 1010, 
1011, and 1012 vir/mL) at different salt concentrations (140 mM, 420 mM and 840 mM).  
The phage filaments in solution clustered together when the phage concentration was 
high (5 ? 1012 vir/mL).  Upon increasing the amount of salt to 420 mM, the phage 
filaments tended to disaggregate, but a further increase in the salt content again resulted 
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in the formation of bundles.  A similar trend was also found for the phage concentration 
of 5 ? 1011 vir/mL.  For a phage concentration of 1010 vir/mL, the distribution of the 
phage filaments was very low, and there was no bundle formation regardless of salt 
concentration. 
 
 
Figure 5- 8.  TEM images of different concentrations of phage in selected NaCl 
concentrations. 
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Similar results were obtained after repeating these conditions for several batches 
of ME biosensors.  An optimum balance of phage/salt concentration is critical to the 
binding affinity of the ME biosensor.  Salt induced aggregation of filamentous phage 
has previously been studied and documented by other researchers [10-13].  In most of 
these reports, the effect of the presence of divalent counterions in wild type fd phage 
suspensions was studied.  Evidence from these earlier studies [8, 14] indicates that 
decreasing the salt concentration in the phage suspension decreases the axial charge 
density of the filaments, promoting aggregation or ?clustering?.  Likewise, as salt 
concentration is increased, axial charge density of the phage filaments increases, leading 
to less aggregation up to some optimum level and, hence, more even distribution of 
filaments in solution.  As yet, the understanding of the exact molecular mechanism for 
this phenomenon remains unclear and needs to be studied further.    
 
2.1.4.  Effect of salt concentration on spore binding 
 
To evaluate the effect of NaCl concentration on the phage immobilization and, 
thus, the biosensors? performance, the numbers of spores bound to the biosensor?s surface 
were counted using the SEM.  The entire surface of one side of the biosensor was 
photographed and spores were counted individually.  This number was then multiplied 
by 2 to account for both sides of the sensor.  Table 5-2 and Figure 5-9 show a 
comparison of the number of spores bound on each ME sensor immobilized for different 
phage concentrations (5 ? 1010-1012 vir/mL) and under different salt concentrations (140 
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mM - 840 mM). 
 
 
 
 
 
 
 
 
 
Figure 5-9.  The binding numbers of spores as a function of different NaCl 
concentrations. 
 
Table 5- 2.  Binding numbers of spores under different conditions. 
 
Salt [C] (mM) Phage [C] 
(vir/mL) 140 280 420 560 840 
5 ? 1010 28,801 19,258 10,735 8,211 7,152 
5 ? 1011 112,173 136,212 370,856 80,000 57,856 
5 ? 1012 20,502 19,012 47,664 12,168 8,596 
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      Figure 5-9 reveals a noticeable difference in the attachment of spores to the 
biosensors under each condition.  The SEM results were observed to be consistent with 
the results obtained from the TEM observations.  The biosensor immobilized with a 
phage at a concentration of 5 ? 1011 vir/mL showed the most binding.  With an increase 
in the salt concentration from 140 mM to 420 mM, an increase in number of spores 
bound to the sensor was observed, with a maximum at the salt concentration of 420 mM.  
However, a further increase in salt concentration resulted in a decrease in the number of 
spores bound.  A similar trend was found with a phage concentration of 5 ? 1012 vir/mL, 
although the number of spores bound was significantly lower than that for the phage at a 
concentration of 5 ? 1011 vir/mL.  For the phage at a concentration of 1010 vir/mL, an 
increase in salt concentration resulted in a decrease in attached spores.  The binding of 
spores to the sensor with concentrations 5 ? 1010 vir/mL and 5 ? 1012 vir/mL was 
significantly lower than that for 5 ? 1011 vir/mL.  The lower number of bound spores 
observed at 5 ? 1012 vir/mL was mainly due to the large number of phage filaments 
forming bundles.  In the case of 5 ? 1010 vir/mL, the low binding is the result of the 
small number of phage filaments present in the solution.  As a result, the phage at a 
concentration of 5 ? 1011 vir/mL with 420 mM NaCl in 1xTBS was selected as the 
optimum condition likely to result in the most favorable environment for the binding of 
spores. 
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2.1.5.  Phage distribution on ME biosensor  
 
      The objective of this experiment was to show the distribution of phage filaments 
on the biosensor surface.  The SEM studies (Fig. 5-10) show three stages of the sensor 
surface and clearly demonstrate the ability of the biosensors to capture Salmonella 
typhimurium or B. anthracis spores using phage immobilized onto the ME sensor surface.  
The first stage (Figure 5-10(a)) shows the surface before any experimentation was done 
and is just the plain gold surface.  The second stage (Figure 5-11(b)) shows the surface 
after coating with a 5 ? 1011 vir/mL phage suspension containing 420 mM NaCl.  This 
step was carried out by incubating the ME sensor platforms in a tube containing phage 
solution on a rotor for at least 1 hour.  Many phage filaments are distributed uniformly 
on the biosensor surface, as can be clearly seen in the figures.  The third stage (Figure 
5-10 (c) and (d)) shows the surface after exposure to 5 ? 108 cfu/mL of S. typhimurium or 
B. anthracis spores by static loading.  The figure shows the capture of the target 
pathogen by the phage on the sensor surface.  This process was also carried out by 
incubating the sensor in the target analytes for another 1 hour, after which the assayed 
sensors were mounted on aluminum stubs using double-sided carbon tape and exposed to 
OsO4 vapor for 45 minutes.  The figure shows a clear surface with the phage capturing 
the bacteria cells / spores.  In order to take clear SEM images with phage filaments, the 
biosensors were observed directly under microscopy without a final gold coating layer.  
Previously, a very thin layer of gold (?15 nm) was sputtered on the top of assayed 
biosensors to provide a conductive surface after OsO4 exposure, but this made it 
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impossible to resolve the phage filaments because they were covered by the gold film.  
Later it was determined that the initial Au layer on the ME platforms was enough to 
provide a conductive layer for clear SEM pictures, making it possible to eliminate the 
final step of an additional thin gold layer deposition.  During SEM analysis, a low probe 
current is also crucial for obtaining higher resolution pictures.  Moreover, with the 
presence of Os in the bacteria cells / spores, the low probe current minimized the 
charging of the samples in the SEM chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)
(b)
Phage 
filaments
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Figure 5- 10.  SEM photographs of phage distribution on ME sensor surface (a) before 
phage immobilization (bare gold coating); (b) after immobilization of phage with the 
concentration of 5 ? 1011 vir/mL; (c) after exposure with S. typhimurium suspension 
(phage and salmonella cells interaction); (d) after exposure with B. anthracis spores 
(phage and spores interaction).  
 
 
 
 
(c) (d)
Phage Filaments
S. typhimuriumcells B. anthracisspores
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In order to determine the number of bacterium / spores bound to the phage-based 
biosensors, the same counting method described in detail in Chapter 4 Section 5.3 was 
applied.  A comparison of this number obtained by SEM observations with the 
theoretical number of bound spores calculated from the resonance frequency shifts is 
shown in Table 5-3.  The numbers are in reasonable agreement.  The difference 
between the calculated number and the counted number is mainly due to two reasons: 1) 
Some spores/cells were only loosely bound and were washed away by the filter water 
when rinsed prior to SEM analysis; 2) Errors in counting could have occurred, 
particularly around the edges of the sensors where spores and cells tend to pile up or 
cluster. 
 
Table 5- 3.  Comparison of the No. of bound cells/spores calculated and observed. 
 
 
 
 
Sensor exposure to 
analytes 
Frequency 
shift (Hz) 
Original 
frequency 
(MHz) 
Calculated 
No. of 
binding  
Counted No. from 
SEM 
S. typhimurium  1125 1.082409 98,530 91,500 (93 %) 
B. anthracis spores 1020 1.076652 89,811 76,300 (85 %) 
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2.1.6.  Dynamic response in different concentrations of B. anthracis spores 
 
Figure 5-11 shows the dynamic response of a biosensor immobilized with JRB7 
phage using the optimum conditions (5 ? 1011 vir/mL and 420 mM NaCl) to increasing 
concentrations of B. anthracis spores (5 ? 101 ? 5 ? 108 cfu/mL).  As the concentration 
of the spore solution was increased, the resonance frequency experienced the expected 
decrease.  The initial frequency remained stable until the solution with a spore 
concentration of 5 ? 103 cfu/mL was introduced, where the first detectable drop of 
frequency can be seen.  At the end of the test, after introduction of the highest spore 
concentration, the total resonance frequency shift for this biosensor was 1420 Hz.   
 
Figure 5- 11.  Response of a ME biosensor exposed to different concentrations of B. 
anthracis spores (5 ? 101-5 ? 108 cfu/mL). 
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SEM images (Figure 5-12) show the interaction of spores with JRB7 phage on the 
biosensor surface where the spores were uniformly distributed on the surface.  Figure 
5-13 shows the dose response curve of the ME biosensor dynamic response and 
represents the sigmoidal fit of the data.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5- 12.  SEM photographs of ME sensor surface after exposure to different 
concentrations of B. anthracis spores (5 ?101-5 ?108 cfu/mL) dynamically. 
 
(a)
(b)
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In the Hill plot (Figure 5-14), the biosensors show a sensitivity of 226.3 
Hz/decade in the linear range (5 ? 103 to 5 ? 108 cfu/mL).  The detailed performance is 
summarized in Table 5-4. 
 
 
Figure 5- 13.  Dose response curve of ME biosensor (2 ? 0.4 ? 0.015 mm) coated with 5 
? 1011 cfu/mL phage suspension (contain 420 mM NaCl) and then exposed to increasing 
concentrations (5 ? 101-5 ? 108 cfu/mL) of B. anthracis spores suspensions in water ((?) 
(R2=0.984)).  Reference sensor (?) represents the uncoated (devoid of phage) sensor?s 
response.  The curve represents the sigmoidal fit of signals obtained.  
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Figure 5- 14.  The Hill plot of binding isotherms for ME biosensor (2 ? 0.4 ? 0.015 mm) 
showing the ratio of occupied and free phage sites as a function of B. anthracis spores 
concentrations.  The straight line is the linear least squares fit to the data points ((?) 
slope = 0.25124 ? 0.02, R = 0.965). 
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Table 5- 4.  The sensitivity, dissociation constant and binding valency of ME biosensor 
coated with phage concentration of 5 ? 1011 vir/mL (containing 140mM NaCl) and 
exposure to different concentration of spore suspensions. 
 
Analyte Sensitivity 
(Hz/Decade) 
Binding valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)=( Kd)1/n 
(cfu/mL)  
B.anthracis spores 226.3 2.98 104.7 1.04 ? 106  
 
 
2.1.7.  E2 phage biosensor exposure to S. typhimurium by static loading 
 
From the above discussion, the optimum concentration of NaCl contained in the 
JRB7 phage suspension (5 ? 1011 vir/mL) specific to B. anthracis spores was 420mM.  
In this section, we want to ensure that this concentration of NaCl can also produce a 
uniform distribution of E2 phage (specific to S. typhimurium) on the biosensor surface.  
Experiments were carried out by coating ME platforms with E2 phage (concentration of 5 
? 1011 vir/mL), but containing different amounts of NaCl (140 - 840 mM) and then 
exposing the sensor to S. typhimurium suspensions (5 ? 108 cfu/mL) by static loading 
(described in Chapter 4 Section 3.2.3.), followed by OsO4 treatment as described in 
Chapter 4 Section 5.1.  The SEM photographs after static loading are shown below in 
Figure 5-15.  The E2 phage biosensor coated with E2 phage solution containing 420mM 
NaCl showed the best binding (Figure 5-15 (a)) with the entire surface covered uniformly 
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by Salmonella cells.  The distribution for a larger area of the sensor under this condition 
can be seen in Figure 5-15 (b) at a lower magnification.   
 
Figure 5- 15.  SEM of phage (5 ? 1011 vir/mL, 140 ? 840 mM NaCl)-based ME 
biosensor surface after exposure to high concentrations of S. typhimurium (5 ? 108 
cfu/mL) by static loading (a); low magnification of phage (420 mM NaCl) based sensor 
surface (b). 
840mM
140mM 280mM
560mM
420mM
(a)
(b)
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2.2.  Proper concentration of BSA to block non-specific binding 
 
Scanning electron microscopy was used to determine the most favorable BSA 
concentration by comparing the binding affinity of the sensors coated with different 
concentrations of BSA solution.  Figures 5-16 - 5-18 show the results of a series of cell 
binding experiments that were obtained after exposure to the highest concentration (5 ? 
108 cfu/mL) of analytes.  Clear differences in the attached numbers of bacteria/spores to 
sensors were observed depending on the concentration of the BSA coating solution.  In 
the case of the sensors coated with either 5 or 10 mg/ml BSA, only a few cells bound to 
the surface of the sensors, as shown in Figure 5-18.  It is inferred from this result that 
the concentration of BSA was too great, covering not only the bare gold areas unoccupied 
by filamentous phage, but also the phage layer itself, resulting in very few available 
binding sites on the sensor surfaces.  When the reference and JRB7 phage-coated (B. 
anthracis) sensors without BSA coating were exposed to the S. typhimurium suspension, 
there was a small degree of nonspecific binding, as can be seen in Figure 5-16.  
However, after treatment with 1 mg/ml BSA, the amount of this nonspecific binding was 
greatly reduced, while the E2 phage-coated (S. typhimurium) sensor still showed similar 
binding characteristics to the sensor without BSA coating.  Similarly, with exposure to B. 
anthracis spores, as shown in Figure 5-17, while the JRB7 phage-coated (B. anthracis) 
sensor was relatively unchanged.  A BSA solution at a concentration of 1 mg/ml was 
therefore chosen for use in preparation of the blocking agent for subsequent experiments. 
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Figure 5-16.  SEM binding images of the sensors with and without 1 mg/ml BSA after 
exposure to S. typhimurium suspension (5 ? 108 cfu/mL). 
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Figure 5- 17.  SEM binding images of the sensors with and without 1 mg/ml BSA after 
exposure to B. anthracis spores suspension at a concentration of 5 ? 108 cfu/mL.                                       
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Figure 5- 18.  SEM binding images of the sensors coated with 5 mg/ml and 10 mg/ml 
BSA after exposure to S. typhimurium / B. anthracis spores suspension at a concentration 
of 5 ? 108 cfu/mL. 
 
3.  Conclusions 
 
The work detailed in this chapter focused on improving the mass sensitivity of a 
phage-based, magnetoelastic biosensor by changing the phage suspension chemistry.  
The results of this study indicate that the optimum binding condition for gold-coated, 
magnetoelastic biosensors occurs when the phage is immobilized at a concentration of 5 
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? 1011 vir/mL.  Furthermore, the concentration of salt in the phage suspension will affect 
the binding affinity of the biosensor.  The higher the number of spores bound to the 
sensor?s surface, the better the mass sensitivity of the sensor.  For a solution of phage at 
a concentration of 5 ? 1011 vir/mL in 1xTBS, a salt concentration of 420 mM will 
promote an optimum number of binding sites for spores due to even distribution of the 
phage filaments.  In contrast, a low-salt concentration will lead to the formation of 
phage bundles, resulting in a smaller amount of spore binding.  Conversely, a salt 
concentration that is too high will also cause clustering of the phage filaments.  Both 
SEM images of spore binding on the sensor surfaces and TEM images of phage 
distribution in solution are consistent with our findings.  Additionally, non-specific 
binding was effectively eliminated by 1mg/ml BSA blocking. 
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CHAPTER 6                                               
CHARACTERIZATIOglyph1197 OF MULTI-SEglyph1197SOR DETECTIOglyph1197 SYSTEM 
 
1.  Outline 
 
In the work reported in this chapter, multiple phage-based ME biosensors were 
used to simultaneously monitor the detection of different biological pathogens that were 
sequentially introduced to the measurement system.  Recently, Grimes and his 
coworkers have reported their multi-sensor detection system for simultaneous control of 
temperature and pressure [1], quantification of multiple bioagents [2], and the 
measurement of liquid density and viscosity [3].  Their system used a miniaturized array 
of sensors with different lengths which were adhered to a micro-machined PC board at 
their non-vibrating mid-points by a thin coating of polyurethane.  Our study adopted a 
different approach, constructing a multi-sensor system composed of three sensors that 
were free standing during the test, being held in place by the magnetic field.  Each of 
these ME measurement biosensors was formed by immobilizing the appropriate phage 
and 1 mg/ml BSA (blocking agent) onto the ME resonator?s surface.  The detection 
system included a reference sensor devoid of phage coating, an E2 phage-coated 
biosensor specific to S. typhimurium, and a JRB7 phage-coated biosensor specific to B. 
anthracis spores.  Upon sequential exposure to single pathogenic solutions, only the 
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biosensor coated with the corresponding specific phage responded.  As the cells/spores 
were captured by the specific phage-coated biosensor, the mass of the biosensor increased, 
resulting in a decrease in the biosensor?s resonance frequency.  Additionally, whether or 
not the non-specific binding was effectively eliminated by BSA blocking in this flowing 
detection system was verified by the reference sensor, which showed a negligible 
frequency shift.  Scanning electron microscopy (SEM) was used to visually verify the 
interaction of each biosensor with its target analyte.  Furthermore, this multi-sensor 
system was also tested with S. typhimurium (5 ? 101-5 ? 108 cfu/mL) in a mixture of E. 
coli O157:H7 (5 ? 107 cfu/mL) and B. anthracis spores (5 ? 101-5 ? 108 cfu/mL) in a 
mixture of B. cereus (5 ? 107 cfu/mL), separately.  Again, only the specific phage-coated 
biosensor responded and captured the target antigens.  These results demonstrate the 
selectivity and specificity of this system, confirming that this technique is an effective 
method for simultaneous detection.  The characterization of this multi-sensor detection 
system, working in a liquid medium, includes measurements of its sensitivity, stability, 
selectivity, specificity and detection limit.  Also, a Hill plot was used to analyze the 
dissociation constant (Kd) and Kd (apparent), thus quantifying the binding strength 
between phage filaments and targets and making it possible to estimate how many phage 
filaments are required to bind with the target antigens.  Finally, the performance of each 
sensor within the multi-sensor detection system was compared under different testing 
conditions, as mentioned above. 
 
 187 
2.  Multi-sensor system  
 
2.1.  Two biosensors in one test chamber 
 
The measurement of multiple biosensors has been investigated in air.  The first 
question was whether it was possible to measure the frequencies of two free standing 
sensors placed in the same test chamber simultaneously.  In this experiment, two sensors, 
one with dimensions of 1.9 ? 0.4 ? 0.015 mm and one with dimensions of 2.0 ? 0.4 ? 
0.015 mm, were coated with JRB7 phage and E2 phage, respectively.  During testing 
both sensors were placed in the same coil.  As Figure 6-1 clearly shows, it is indeed 
possible to measure the frequencies from two sensors in one test chamber simultaneously. 
 
 
 
 
 
 
 
 
Figure 6- 1.  Resonance frequencies of multiple sensors tested in air simultaneously. 
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2.2.  Simultaneous sensors detection in air after static loading 
 
The above section demonstrates that by employing two different sensors with two 
slightly different sizes, it is possible to measure two different characteristic resonance 
peaks simultaneously.  It is then necessary to determine whether, after exposure to the 
target analyte on one sensor, the frequency shift from this sensor can be measured, while 
the other sensor is still in the same coil.  In the experiment, the sensor with dimensions 
of 2 ? 0.4 ? 0.005 mm served as the reference sensor.  A JRB7 phage-based biosensor 
(1.9 ? 0.4 ? 0.005 mm) coated with phage specific to B. anthracis spores was placed in 
the same testing chamber and measured in air.  The frequencies were measured in a 
single scan and the results are shown in Figure 6-2, where once again two characteristic 
resonance peaks can be identified clearly.  The black line shows the resonance 
frequency for each sensor before exposure to spores.  The frequency for the reference 
sensor was about 1.0768 MHz, while for the JRB7 phage sensor it was about 1.0894 
MHz.  The JRB7 phage biosensor was exposed to B. anthracis spore suspension with 
concentration of 5 ? 108 cfu/mL after measurement, followed by rinsing with distilled 
water once and drying in air.  Again, both the reference sensor and JRB7 phage 
biosensor loaded with spores were placed back into the testing chamber and their 
resonance frequencies remeasured under the same conditions, as shown in Figure 6-2 (red 
line).  Clearly, the frequency of the reference sensor is almost the same, while the JRB7 
phage sensor experienced a large frequency shift of about 1700Hz.  Also, a small 
amount of damping can be seen in the JRB7 phage biosensor signal after spore loading.  
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This was because the spores were captured by the JRB7 phage coated on the biosensor 
surface.  As the mass loading on the sensor increased, the frequency of the biosensor 
decreased. 
 
 
Figure 6- 2.  The resonance frequency shift after exposure to spore suspension to 
demonstrate the simultaneous detection approach. 
 
3.  Characterization of multi-sensor detection system 
 
In order to characterize the multi-sensor detection system, this particular 
investigation used two widely different classes of pathogens sequentially ? S. 
typhimurium bacteria and B. anthracis spores ? to prove the concept.   
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.05 1.06 1.07 1.08 1.09 1.10 1.11
Frequency (MHz)
Ou
tpu
t S
ign
al 
(V
)
Before spore loading on JRB7 phage sensor
After spore loading on JRB7 phage sensor
frequency shift=1700Hz
 190 
Later in this dissertation, work on more difficult scenarios such as species more 
commonly found together in nature (e.g. a mixture of the S. typhimurium and E. coli), 
similar targets from the same genus (e.g.. a mixture of B. anthracis and B. cereus spores), 
and even real food products (e.g. apple juice) will be discussed.   
 
3.1.  Multi-sensor system response with S. typhimurium / B. anthracis spores 
introduced sequentially  
 
Figure 6-3 shows the simultaneous response of the multiple phage-based ME 
biosensors to water and different concentrations of S. typhimurium and B. anthracis spore 
suspensions.  The data shown here is from one group of multi-sensor system for each 
concentration.  For further analysis, the dose response for each measurement sensor 
(JRB7 phage biosensor / E2 phage biosensor) within a multi-sensor system is based on 
the average data from five groups for each concentration. 
The experiment was controlled by pumping filtered water through the two 
chambers continuously at a flow rate of 50 ?l/min until the frequencies for the three ME 
biosensors stabilized, which usually took about 10 min.  Then, the concentrated S. 
typhimurium solution was introduced into the system and passed across the sensors for 20 
min under the same flow conditions.  At the end of 20 minutes, a concentrated B. 
anthracis spore solution was introduced continuously and allowed to flow for another 20 
min.  Figures 6-3 - 6-10 show the sensors? response to both solutions in a decreasing 
concentration from 5 ? 108 to 5 ? 101 cfu/mL, respectively.  The reason that the 
detection was performed in two successive steps was because when both biosensors 
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responded to a mixture of two different pathogens, at the same time, it was hard to 
determine the specificity of the sensor to a certain pathogen and it would have been 
possible to incorrectly construe that non-specific binding caused the response.  In order 
to avoid confusion, therefore, in this dissertation, we exposed the biosensors to two 
different pathogens in successive steps.  Figures 6-3 ? 6-10 show that the specific sensor 
normally responded within 1 minute, even when other non-specific sensors were present 
at the time of analyte introduction, which also means that it is possible for this method to 
detect two pathogens at the same time. 
In Figure 6-3, the steady state response of all the sensors in water was observed 
during the first 10 minutes of the test.  Then, within one minute after the introduction of 
S. typhimurium, the E2 phage biosensor showed a smooth decrease in resonance 
frequency due to the binding of these bacteria onto the biosensor surface.  A steady state 
was achieved after about 15 minutes for the E2 phage biosensor due to the saturation of 
the S. typhimurium-phage conjugates on the sensor surface.  During this time, the other 
two sensors showed a negligible frequency change, indicating that no appreciable binding 
had occurred to the reference or JRB7 phage biosensors.  As soon as the 5 ? 108 cfu/mL 
B. anthracis spore solution was introduced, a similar response was observed for the JRB7 
phage biosensor in that a sudden drop of the resonance frequency was observed.  In this 
case, however, no significant change in the resonance frequency of the reference sensor 
or the E2 phage biosensor was observed, which again indicated negligible non-specific 
binding to the reference and E2 phage biosensors.  In both cases, the decrease in 
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frequency was only present when bacteria cells or spores bound to the specific phage on 
the sensor?s surface.  During the entire test, the frequency of the reference sensor 
exhibited no appreciable change regardless of the composition of analyte introduced.  
This showed that non-specific binding had been blocked during testing by the 1 mg/ml 
BSA pre-treatment.  Also, the sensor showed good environmental stability in the 
flowing liquid system, because no corrosion was found during the test.  Overall, the 
frequency shift was about 1280 Hz for the E2 phage sensor, and about 1123 Hz for the 
JRB7 phage sensor.  This interaction was confirmed by the SEM photographs of the 
reference and measurement sensors, which provided visual evidence that the frequency 
shifts were indeed due to the spores/bacteria cells attached to the corresponding sensors.   
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Figure 6- 3.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?108cfu/mL. 
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Similar trends in the frequency shifts were observed for Figures 6-4 ? 6-10.  At a 
concentration of 5 ? 107 cfu/mL, the resonance frequency shifted by about 730 Hz for the 
JRB7 phage sensor, and about 770 Hz for E2 phage sensor, with good attachment and 
uniform distribution of spores/bacteria cells on the sensor surfaces.  In Figure 6-5, 
where the sensors were exposed to a concentration of 5 ? 106 cfu/mL, the frequency 
shifted by approximately 450 Hz and 410 Hz for the E2 and JRB7 phage sensors, 
respectively.  Similar trends in the frequency shifts were observed for the remaining 
concentrations of 5 ? 105 cfu/mL - 5 ? 101 cfu/mL.  As the concentration decreased, the 
binding numbers for both measurement sensors decreased significantly.  Especially 
when the concentration was about 5 ? 102 and 5 ? 101 cfu/mL, there were only a few 
bacteria cells / spores bound on the specific sensor?s surface.  Since the attachment was 
quite uniform over the surface, only one SEM picture for each sensor under each testing 
concentration is shown in this dissertation.  Since the measurement sensors were placed 
together in the same testing chamber, each of them still showed good performance 
comparable to the work previously reported by Lakshmanan et al. [4, 5] and Wan et al. [6, 
7], whose efforts were focused towards the detection of a single target species (for 
example B. anthracis spores or S. typhimurium) using a single ME biosensor. 
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Figure 6- 4.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?107 cfu/mL. 
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Figure 6- 5.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?106 cfu/mL. 
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Figure 6- 6.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?105 cfu/mL. 
 
1.079
1.0792
1.0794
1.0796
1.0798
1.08
1.0802
1.0804
1.0806
1.0808
1.081
1.0812
0 10 20 30 40 50 60
Time (min)
Fr
eq
ue
nc
y o
f E
2/R
ef 
Se
ns
or
 (M
Hz
)
1.1390
1.1392
1.1394
1.1396
1.1398
1.1400
1.1402
1.1404
1.1406
1.1408
1.1410
Fr
eq
ue
nc
y o
f J
RB
7 S
en
so
r (
MH
z)
?f=320Hz
80Hz
?f=300Hz
water S. typhimirium 
(5x105cfu/ml)
B. anthracis spores
(5x105cfu/ml)
Reference sensor
(d)
Fr
eq
ue
nc
y o
f E
2/R
ef 
Se
ns
or
 (M
Hz
) Fr
eq
ue
nc
y o
f J
RB
7 S
en
so
r (
MH
z)
Reference sensor JRB7 phage sensorE2 phage sensor
 198 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 7.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?104 cfu/mL. 
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Figure 6- 8.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?103 cfu/mL. 
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Figure 6- 9.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?102 cfu/mL. 
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Figure 6- 10.  Response curves and SEM pictures for three diced ME biosensors tested 
simultaneously when exposed to the S. typhimurium / B. anthracis spores suspension with 
a concentration of 5?101 cfu/mL. 
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3.2.  Dose response and kinetics of biosensors within a multi-sensor system 
 
The dose response for each biosensor within this multi-sensor detection system, 
which was exposed to two different antigens sequentially, is summarized below.  The 
smooth lines are the sigmoid fits of the experimental data and each data point is a mean 
value of the steady state frequency readings from five sensors within five multi-sensor 
systems.   
 
3.2.1.  E2 phage sensor (2 ? 0.4 ? 0.015mm) 
 
The magnitude dose response of the three sensors simultaneously exposed first to 
S. typhimurium suspensions (followed by exposure to B. anthracis spore suspensions) in 
the range of 5 ? 101 - 5 ? 108 cfu/mL is shown in Figure 6-11.  As the concentration 
increased, the frequency shifts for the E2 phage biosensor increased dramatically.  This 
was because of the specific interaction between S. typhimurium cells with the E2 phage 
coated on the biosensor surface.  The reference sensor showed a slight frequency shift 
with increasing analyte concentration, with a maximum shift of about 70 Hz at the largest 
concentration.  There was a frequency shift of about 30 Hz for the JRB7 phage-coated 
biosensor due to exposure to the S. typhimurium suspension.  This demonstrated that the 
non-specific binding had been blocked by the BSA coating.  The average ?fmax for the 
E2 phage biosensor was 1185 Hz, and the detection limit for this biosensor was 
calculated to be 1.1 ? 103 cfu/mL.  Saturation of the E2 phage biosensor occurred at 
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greater than 5 ? 108 cfu/mL.  A linear response was found between the concentrations of 
5 ? 104 to 5 ? 108 cfu/mL.   
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 11.  Dose response curve of ME biosensors within a multi-sensor detection 
system exposed to increasing concentrations (5 ? 101-5 ? 108 cfu/mL) of S. typhimurium 
suspensions in water.  The E2 phage sensor with dimensions of 2 ? 0.4 ? 0.015 mm 
represents the specific response of ME biosensor coated with phage specific to S. 
typhimurium ((?) (R2=0.987)).  The reference sensor with dimensions of 2 ? 0.4 ? 0.015 
mm represents the uncoated (devoid of phage) sensor?s response ((?) (R2=0.99)).  The 
JRB7 phage sensor with dimensions of 1.9 ? 0.4 ? 0.015mm represents the non-specific 
response of the ME biosensor coated with phage specific to B. anthracis spores ((?) 
(R2=0.984)).  The curve represents the sigmoidal fit of the signals obtained.  
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Based on this dose response curve, a Hill plot was constructed (Figure 6-12) to 
determine the binding kinetics (Kd) between E2 phage and S. typhimurium cells.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 12.  The Hill plot of binding isotherms for E2 phage based ME biosensor (2 ? 
0.4 ? 0.015mm) within a multi-sensor detection system, showing the ratio of occupied 
and free phage sites as a function of S. typhimurium concentrations.  The straight line is 
the linear least squares fit to the data points ((?) slope = 0.25124?0.02, R = 0.965). 
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From the Hill plot, the binding valency number was calculated to be 3.05, which 
meant that about 3 phage filaments were required to bind with a single S. typhimurium 
cell.  This value indicates that the binding of S. typhimurium cells to the immobilized 
phage on the biosensor surface was multivalent in nature.  A summary of results from 
all the calculations for sensitivity, binding valency, and dissociation constant are 
presented in Table 6-1.  The sensitivity was 238.5 Hz/decade, which was measured as 
the slope of the linear range on the dose response curve.  The binding kinetic constant 
(Kd) was 387.2 cfu/mL, Kd(apparent) was 7.8 ? 107 cfu/mL.   
 
Table 6- 1.  The sensitivity, dissociation constant and binding valency of E2 phage based 
ME biosensor within a multi-sensor system and exposure to different concentration of S. 
typhimurium and B. anthracis spores suspensions sequentially. 
 
 
 
 
Analyte Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/Decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= (Kd)1/n 
(cfu/mL) 
S.T. + B.A. 1.1 ? 103 238.5 3.05 387.2 7.8 ? 107 
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3.2.2.  JRB7 phage sensor (1.9 ? 0.4 ? 0.015mm) 
 
A similar trend was found for the simultaneous exposure of the three sensors to B. 
anthracis spores in the range of 5 ? 101 to 5 ? 108 cfu/mL immediately following the 
exposure to S. typhimurium, and is shown in Figure 6-13.  The detection limit of 1.6 ? 
103 cfu/mL was calculated from the response curve.  Again, the reference sensor 
exhibited a small frequency shift of about 70 Hz with increasing analyte concentration, 
while the sensor coated with E2 phage showed no appreciable response upon exposure to 
any concentration of the spore solution.  The average ?fmax for JRB7 phage-based 
sensor was 1000 Hz.  Saturation of the sensor occurred at greater than 5 ? 108 cfu/mL.  
A linear response was found between the concentrations of 5 ? 104 and 5 ? 108 cfu/mL.   
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Figure 6- 13.  Dose response curve of ME biosensors within a multi-sensor detection 
system exposed to increasing concentrations (5 ? 101-5 ? 108 cfu/mL) of B. anthracis 
spore suspensions in water.  The JRB7 phage sensor with dimensions of 1.9 ? 0.4 ? 
0.015mm represents the specific response of the ME biosensor coated with phage specific 
to B. anthracis spores ((?) (R2=0.988)).  The reference sensor with dimensions of 2 ? 
0.4 ? 0.015 mm represents the uncoated (devoid of phage) sensor?s response ((?) 
(R2=0.996)).  The E2 phage sensor with dimensions of 2 ? 0.4 ? 0.015 mm represents 
the non-specific response of the ME biosensor coated with phage specific to S. 
typhimurium ((?) (R2=0.997)).  The curve represents the sigmoidal fit of the signals 
obtained.  
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A Hill plot was also constructed (Figure 6-14) and the summary of all the 
calculations from this plot for sensitivity, binding valency, and dissociation constant are 
presented in Table 6-2.   
 
 
 
Figure 6- 14.  The Hill plot of binding isotherms for JRB7 phage based ME biosensor 
(1.9 ? 0.4 ? 0.015mm) within a multi-sensor detection system, showing the ratio of 
occupied and free phage sites as a function of B. anthracis spores concentrations.  The 
straight line is the linear least squares fit to the data points ((?) slope = 0.25124?0.02, R 
= 0.965). 
100 101 102 103 104 105 106 107 108 109 1010
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
 
 JRB7 Phage Sensor
Lo
g (
Y/
(1-
Y)
)
Concentration of B. anthracis spore (cfu/ml)
 209 
It was observed that about 3.62 phage filaments are required to bind with a single 
spore.  The sensitivity for this JRB7 phage biosensor was 279.5 Hz/decade and the 
binding kinetics (Kd) was 342.8 cfu/mL, Kd(apparent) was 1.5 ? 109 cfu/mL.   
 
Table 6- 2.  The sensitivity, dissociation constant and binding valency of JRB7 phage 
based ME biosensor within a multi-sensor system and exposure to different 
concentrations of B. anthracis spore suspensions, which were sequentially introduced 
after S. typhimurium suspensions. 
 
Analyte Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/Decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= (Kd)1/n 
(cfu/mL) 
S.T. + B.A. 1.6 ? 103 279.5 3.62 342.8 1.5 ? 109 
 
 
3.3.  Micro-fabricated sensor response 
 
This experiment was carried out using the same procedures previously described.  
The highest concentrations of S. typhimurium and spore suspensions (5 ? 108 cfu/mL) 
were used for this experiment.  A similar trend to that seen with the diced sensors was 
observed for the micro-fabricated sensors, as shown in Figure 6-15.  The frequency 
change due to the specific binding of the S. typhimurium onto the E2 phage sensor?s 
surface was approximately 71 kHz, while the frequency shift for the JRB7 phage sensor 
 210 
was 188 kHz upon exposure to B. anthracis spores.  These results demonstrated that 
smaller micro-fabricated sensors can just as easily be used to perform simultaneous 
detection of multiple analytes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 15.  Response curves for three micro-fabricated ME biosensors tested 
simultaneously.  The biosensors were exposed to a S. typhimurium / B. anthracis spores 
suspension with a concentration of 5 ? 108 cfu/mL. 
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4.  Multi-sensor system response with a mixed microbial population 
 
In order to determine the selectivity and specificity of this multi-sensor system, it 
was separately tested with a mixture of S. typhimurium (5 ? 101-5 ? 108 cfu/mL) in a 
fixed concentration of E. coli O157:H7 (5 ? 107 cfu/mL) and a mixture of B. anthracis 
spores (5 ? 101-5 ? 108 cfu/mL) in a fixed concentration of B. cereus spores (5x107 
cfu/mL). 
 
4.1.  Tested with a mixture of S. typhimurium in E. coli O157:H7 
 
4.1.1.  Performance of multi-sensor system 
 
The functional performance of this multiple system was also evaluated against a 
mixture of more than one type of bacteria.  Figure 6-16 shows the response from one 
group of a multi-sensor system (containing an E2 phage based sensor, a JRB7 phage 
based sensor, and a reference sensor) after exposure to a mixture of E. coli and S. 
typhimurium suspensions.  The water and suspensions were passed over the sensors 
using an Ismatec Reglo Digital peristaltic pump with 8 rollers.  After the frequencies of 
all three sensors stabilized in flowing water, the E. coli (1ml, 5 ? 107 cfu/mL) suspension 
was pumped over the system for 20 min at a flow rate of 50 ?l/min.  A steady state 
response for all the sensors was achieved within this range (20 min), which meant there 
was no appreciable non-specific binding.  Then, 1 ml of mixed bacterial suspension 
containing various concentrations of S. typhimurium suspension was pumped through the 
system.  A similar steady state response (i.e. no detectable frequency shift) was observed 
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for concentrations of 5 ? 101 cfu/mL - 5 ? 102 cfu/mL.  When the concentration reached 
5 ? 103 cfu/mL, the E2 phage biosensor responded within 1min, while the other two 
sensors still showed a negligible frequency change, indicating that no appreciable binding 
had occurred to the control or JRB7 phage biosensors.  Upon increasing the 
concentration of S. typhimurium, the E2 phage biosensor showed progressively larger 
frequency shifts.  This was because more salmonella cells were bound to the biosensor?s 
surface.  During the whole experiment, a small change in the frequency (about 70 Hz) 
for both reference and JRB7 phage sensor was observed at a S. typhimurium 
concentration of 5 ? 106 cfu/mL co-spiked with E. coli.  This small change was due to a 
small amount of non-specific cells bound onto the sensor.  However, compared with 
specific binding, this shift was very small.   
 213 
 
 
 
 
 
 
 
 
 
 
(a)
1.0810
1.0812
1.0814
1.0816
1.0818
1.0820
1.0822
1.0824
1.0826
1.0828
1.0830
0 20 40 60 80 100 120 140 160 180 200
Time (min)
Fr
eq
ue
nc
y o
f E
2/R
ef 
Se
ns
or
 (M
Hz
)
1.145
1.1452
1.1454
1.1456
1.1458
1.146
1.1462
1.1464
1.1466
1.1468
1.147
Fr
eq
ue
nc
y o
f J
RB
7 S
en
so
r (
MH
z)
E2 phage sensor
Reference sensor
JRB7 phage sensor
?f=1100Hz
water E. Coli 5x10
1
cfu/ml
5x102
cfu/ml
5x107
cfu/ml
5x105
cfu/ml
5x104
cfu/ml
5x103
cfu/ml
5x108
cfu/ml
5x106
cfu/ml
Increasing S. tyhpimurium concentration in a fixed
concentration of E. Coli (5x107 cfu/ml)
 214 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 16.  Multiple detection system response when exposed to a mixture of various 
concentrations of S. typhimurium (5 ? 101-5 ? 108 cfu/mL) with a fixed concentration of 
E. coli O157:H7 (5 ? 107 cfu/mL).  Each concentration of bacterial suspension was run 
for 20 min at a flow rate of 50 ?l/min.  SEM images of sensor surface after experiment: 
(a) E2 phage biosensor with cells binding; (b) JRB7 phage biosensor; and (c) Reference 
sensor. 
(b)
(c)
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4.1.2.  Dose Response 
 
The performance of the E2 phage biosensor (within a multi-sensor system) when 
exposed to the analyte containing a mixture of S. typhimurium (5 ? 101-5 ? 108 cfu/mL) 
with masking bacteria E. coli O157:H7 (5 ? 107 cfu/mL) is shown above in Figure 6-16.  
The objective of this experiment was to determine the performance of the E2 phage 
biosensor (within a multi-sensor system) when exposed to an analyte containing only S. 
typhimurium suspensions (5 ? 101-5 ? 108 cfu/mL).  The binding affinity of the E2 
phage biosensor was also compared between these two measurement conditions.      
For an analyte containing only S. typhimurium suspensions, the measurement 
procedure was the same as in Chapter 6 Section 4.1.1 above.  The accumulated resonant 
frequency shifts of the E2 phage biosensor in response with various concentrations of S. 
typhimurium (5 ? 101 ? 5 ? 108 cfu/mL) under different conditions are plotted in Figure 
6-17.  The smooth lines are the sigmoid fits of the experimental data and each data point 
is a mean value of the steady state frequency readings from five sensors.  In Figure 6-17, 
the response of E2 phage biosensor followed similar trends under both conditions.  The 
E2 phage biosensor was highly specific and selective to S. typhimurium even within a 
multi-sensor system, as well as in the presence of high concentrations of masking bacteria 
(E. coli with concentration of 5 ? 107 cfu/mL).  This sensor was still capable of 
detecting when the analyte contained a lower concentration of S. typhimurium (5 ? 103 
cfu/mL) compared to high concentration of E. coli (5 ? 107 cfu/mL).  The dose 
responses for both conditions were linear over the range of 5 ? 103 cfu/mL to 5 ? 107 
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cfu/mL.  The E2 phage biosensor became saturated, or achieved the largest frequency 
shift (?fmax), between the concentrations of 5 ? 107 and 5 ? 108 cfu/mL, with the detection 
limit calculated to be 1.6 ? 103 cfu/mL.  However, lower frequency shifts were observed 
for the analytes containing only S. typhimurium suspension, which might be due to some 
cross-reaction binding between E. coli and the selected E2 phage.  The reference sensor, 
which was devoid of immobilized bacteriophage, started to show a minimal response (? 
70 Hz) at a concentration of 5 ?106 cfu/mL.  This indicated non-specific binding but, 
compared to the specific response, it was negligible.   
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Figure 6- 17.  The resonant frequency shifts of E2 phage-based sensor (2 ? 0.4 ? 0.015 
mm) as a function of various concentrations of S. typhimurium (5 ? 101-5 ? 108 cfu/mL) 
with masking bacteria E. coli (5 ? 107 cfu/mL).  The smooth lines are the sigmoid fits of 
the experimental data and each data point is an average of the response from five sensors 
exposed to only S. typhimurium ((?) R2=0.997), S. typhimurium in mixture with E. coli 
(( ) R2=0.987) and reference sensor to control non-specific binding ((?) R2=0.99). 
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4.1.3.  Hill Plot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6- 18.  Hill plot constructed from the dose response curves, showing the ratio of 
occupied (Y) and free phage sites (1-Y) as a function of bacterial concentrations in 
different conditions. The straight line is the linear least squares fit to the data (S. 
typhimurium (?): slope=0.41767?0.027, R=0.987; S. typhimurium + E. coli ( ): 
slope=0.42266?0.023, R=0.991. 
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The Hill plot was constructed using the dose response curves (Figure 6-18) to 
determine the binding kinetics (Kd), (Kd(apparent)) and binding valency (1/n).  A summary 
of results from all the calculations for sensitivity, binding valency and dissociation 
constant are presented in Table 6-3.  The sensitivity was measured as the slope of the 
linear range on the dose response curve.  The E2 phage biosensor sensitivity was 
slightly different in the presence of masking bacteria, but, compared to the number of 
extraneous bacteria in mixture with S. typhimurium, the difference was not significant.  
In the absence of masking bacteria E. coli, the sensitivity was 175.5 Hz/decade, while in 
presence of one masking bacteria (E. coli), the sensitivity was 193.5 Hz/decade. 
 
Table 6- 3.  The sensitivity, dissociation constant and binding valency of magnetoelastic 
sensors in different bacterial mixtures. 
 
Analyte 
Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= (Kd)1/n 
(cfu/mL) 
Only S.T. 1.6 ? 103 175.5 2.39 329 1.03 ? 106 
S.T. + E. coli 5 ? 102 193.5 2.37 249 4.79 ? 105 
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It was observed that the binding valency numbers were similar for the E2 phage 
biosensor (within a multi-sensor detection system) tested under both conditions, no 
matter whether the analytes contained more than one kind of bacteria or not.  When the 
system was exposed to the mixture of non-specific pathogen (E. coli) together with the 
specific target (S. typhimurium), there may be a small amount of non-specific binding, 
although this binding will be relatively weak.  The higher sensitivity obtained for E2 
phage biosensors exposed to the mixture can be attributed to the presence of the other 
bacteria, which may have bound to the E2 phage biosensor as a cross-reaction.   
 
4.2.  Tested with a mixture of B. anthracis spores in B. cereus spores 
 
Another experiment was conducted by exposing this multiple system to a mixture 
of B. anthracis spores (5 ? 101-5 ? 108 cfu/mL) with a fixed concentration of B. cereus 
spores (5 ? 107 cfu/mL).  The results from DNA-DNA hybridization experiments [8], 
multilocus enzyme electrophoresis, and multiple-locus sequence typing [9] have shown 
that B. anthracis and B. cereus are more closely related to each other than they are to 
other B. cereus strains.  Consequently, in this experiment, we chose a suspension of B. 
cereus spores to co-spike with B. anthracis spores in order to demonstrate the specificity 
of the multi-sensor detection system.   
 
4.2.1.  Performance of multi-sensor detection system 
 
The experiment started using plain water, which provided a steady baseline 
frequency response for the sensor, followed by the introduction of the B. cereus spore (5 
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? 107 cfu mL-1) suspension.  Then, a mixture was introduced containing a fixed 
concentration of B. cereus spores (5 ? 107 cfu mL-1) with a low concentration of B. 
anthracis spores (5 ? 101 cfu mL-1) initially, followed by successively increasing B. 
anthracis concentrations (5 ? 102 cfu mL-1 ? 5 ? 108 cfu mL-1).   
Figure 6-19 shows the response from one set of multi-sensors as a performance 
sample, plotted as a function of time and concentration versus the instant frequency value.  
A similar trend was seen to that observed in the multi-sensor system exposed to the 
mixture of bacteria (Figure 6-16).  The total frequency change due to the specific 
binding of the B. anthracis spores onto the surface of JRB7 phage biosensor was 
approximately 950Hz.  The reference sensor without phage coating and the E2 phage 
biosensor coated with phage specific to S. typhimurium showed about 70Hz and 90Hz in 
frequency shifts, respectively.  When compared to a maximum shift (950 Hz) of the 
specific JRB7 phage biosensor, this indicated a negligible, non-specific binding of B. 
cereus spores to the gold surface.  The JRB7 phage biosensor did not show an obvious 
frequency change when a high concentration of B. cereus spores (5 ? 107 cfu/mL) was 
introduced after exposure to water, indicating that the cross-reaction with other Bacillus 
species was limited, and also that the multiple detection system had both good selectivity 
and binding ability.  The JRB7 phage biosensor started to show an obvious frequency 
shift when the concentration of B. anthracis spore suspension reached 5 ? 103 cfu/mL.  
Upon the initial introduction of each concentration, the frequency of the JRB7 phage 
biosensor suffered a sudden drop, and then became stable after 10-15 minutes due to 
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saturation.  As the concentration increased, the saturation time became longer because 
higher concentrations provided more spores to bind with the specific phage on the sensor 
surface.   
 
 
Figure 6- 19.  Multiple detection system when exposed to a mixture of various 
concentrations of B. anthracis spores (5 ? 101-5 ? 108 cfu/mL) with a fixed concentration 
of B. cereus (5 ? 107 cfu/mL).  Each concentration of bacterial suspension was run for 
20 min at a flow rate of 50 ?l/min. 
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4.2.2.  Dose Response 
 
A similar dose response analysis was plotted in Figure 6-20 for the JRB7 phage 
biosensor in order to determine the effect of the presence of other Bacillus species in a 
mixture with B. anthracis spores.  Five groups of the multi-sensor system were 
separately exposed to two conditions of prepared suspensions (B. anthracis and B. 
anthracis + B. cereus).  The smooth lines are the sigmoid fits of the experimental data 
and each data point is a mean value of five biosensors.  The response of the JRB7 phage 
biosensor followed similar trends for both condition.  Similar frequency shifts were 
achieved when the concentration of B. anthracis spores reached 5 ? 108 cfu/mL.  The 
dose responses for both conditions were linear over the range of 5 ? 104 cfu/mL to 5 ? 
108 cfu/mL.  The detection limit of the JRB7 phage biosensor was calculated to be103 
cfu/mL.  The system did not reach the saturation range even though the concentration 
reached the highest level (5 ? 108 cfu/mL).  However, higher frequency shifts were 
observed for the mixture suspension test, which might be due to cross-reaction binding 
between B. cereus and the selected JRB7 phage, which was consistent with previous 
results reported by Wan et al. [6, 7].   
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Figure 6- 20.  The resonant frequency shifts of JRB7 phage based sensor (1.9 ? 0.4 ? 
0.015 mm) as a function of a mixture of various concentrations of B. anthracis spores (5 
? 101-5 ? 108 cfu/mL) with masking B. cereus spores (5 ? 107 cfu/mL).  The smooth 
lines are the sigmoid fits of the experimental data and each data point is an average of the 
response from five sensors exposed to only B. anthracis spores ((?) R2=0.965), B. 
anthracis spores in mixture with B. cereus spores ((?) R2=0.992) and reference sensor to 
control non-specific binding ((?) R2=0.996). 
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4.2.3.  Hill Plot 
 
 
Figure 6- 21.  Hill plot constructed from the dose response curves, showing the ratio of 
occupied (Y) and free phage sites (1-Y) as a function of spore concentrations in different 
conditions. The straight line is the linear least squares fit to the data (B. anthracis spores 
(?): slope=0.21222?0.01, R=0.99; B. anthracis spores + B. cereus spores (?): 
slope=0.25099?0.02, R=0.973 
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A higher dissociation constant value was observed for the JRB7 phage biosensor 
exposed to more than one species of Bacillus.  The higher the Kd(apparent), the lower the 
binding strength that can be attributed to the presence of the other spores, as they 
compete to bind onto the JRB7 phage biosensor.  A summary of results from all the 
calculations for sensitivity, binding valency and dissociation constant from the Hill plot is 
presented in Table 6-4.  The sensor was highly sensitive even in the presence of high 
concentrations of masking agents, as well as in the presence of other sensors within a 
multi-sensor system.  The sensitivity (measured as the slope of the linear range on the 
dose response curve) of the suspension in the absence of other masking agent was 224.8 
Hz/decade.  In the presence of B. cereus spores in the mixture, the sensitivity was 197 
Hz/decade.   
 
Table 6- 4.  The sensitivity, dissociation constant and binding valency of magnetoelastic 
sensors in different bacterial mixtures. 
 
Analyte 
Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= (Kd)1/n 
(cfu/mL) 
B. A. only 103 224.8 3.71 101 2.72 ? 107 
B.A. + B.C. 3 ? 102 197 3.98 151 4.7 ? 108 
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5.  Conclusions 
 
These results demonstrated that multiple phage-based ME biosensors can be 
simultaneously monitored to detect and discriminate between different pathogens.  
Immobilized phage on the surface of ME sensor platform displayed a useful biomolecular 
recognition ability with good sensitivity and specificity, offering a simple method to 
detect multiple pathogens.  For the currently reported ME biosensor dimensions, 
pre-enrichment in culture media for at least 2 or 3 hours may be necessary to achieve the 
minimum concentration to exceed the threshold detection limit of the biosensor.   
The measurement sensors were compared within the multi-sensor detection 
system under three different conditions: 1) exposure to two widely different classes of 
pathogens ? S. typhimurium bacteria and B. anthracis spore suspensions that were 
sequentially introduced into the system; 2) exposure to an analyte containing only S. 
typhimurium bacteria / B. anthracis spores; 3) exposure to an analyte containing 
additional bacteria / spore species. 
A summary of the performance achieved by the E2 and JRB7 phage biosensors is 
provided in Tables 6-5 and 6-6, respectively.  The JRB7 phage biosensor showed higher 
sensitivity than the E2 phage biosensor.  Since the JRB7 phage biosensor (l=1.9mm) is 
slightly smaller than the E2 phage sensor (l=2mm), these results are consistent with the 
theory discussed in Chapter 4, where smaller sensor dimensions are expected to impart 
higher sensitivity. 
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Table 6- 5.  Summary of the performance of the E2 phage biosensor. 
 
Analyte Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/Decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= 
(Kd)1/n 
(cfu/mL) 
S. T. + B. A. 1.1 ? 103 238.5 3.05 387.2 7.8 ? 107  
S. T. only 1.6 ? 103 175.5 2.39 329 1.03 ? 106 
S. T. + E. coli 5 ? 102 193.5 2.37 249 4.79 ? 105 
 
Table 6- 6.  Summary of the performance of the JRB7 phage biosensor. 
 
Analyte Detection 
Limit 
(cfu/mL) 
Sensitivity 
(Hz/Decade) 
Binding 
valency 
(1/n) 
Kd  
(cfu/mL) 
Kd(apparent)= (Kd)1/n 
(cfu/mL) 
S. T. + B. A. 1.6 ? 103 279.5 3.62 342.8 1.5? 109 
B. A. only 103 224.8 3.71 101 2.72 ? 107 
B. A. + B. C. 3 ? 102 197 3.98 151 4.7 ? 108 
 
 
 
 
 229 
6.  References  
 
[1] M. K. Jain and C. A. Grimes, "A Wireless Magnetoelastic Micro-Sensor Array for 
Simultaneous Measurement of Temperature and Pressure," IEEE 
TRAglyph817SACTIOglyph817S Oglyph817 MAGglyph817ETICS, vol. 37, 2001. 
[2] K. G. Ong, K. Zeng, X. Yang, K. Shankar, C. Ruan, and C. A. Grimes, 
"Quantification of multiple bioagents with wireless, remote-query magnetoelastic 
micro-sensors," IEEE Sensors J., vol. 6, pp. 514-523, 2006. 
[3] C. A. Grimes, D. Kouzoudis, and C. Mungle, "Simultaneous measurement of 
liquid density and viscosity using remote query magnetoelastic sensors," REVIEW 
OF SCIEglyph817TIFIC Iglyph817STRUMEglyph817TS, vol. 71, pp. 3822-3824, 2000. 
[4] R. S. Lakshmanan, R. Guntupalli, J. Hu, D.-J. Kim, V. A. Petrenko, J. M. 
Barbaree, and B. A. Chin, "Phage immobilized magnetoelastic sensor for the 
detection of Salmonella typhimurium," Journal of Microbiological Methods, vol. 
71, pp. 55-60, 2007. 
[5] R. S. Lakshmanan, R. Guntupalli, J. Hu, V. A. Petrenko, J. M. Barbaree, and B. A. 
Chin, "Detection of Salmonella typhimurium in fat free milk using a phage 
immobilized magnetoelastic sensor," Sensors and Actuators B: Chemical, vol. 
126, pp. 544-550, 2007. 
[6] J. Wan, M. L. Johnson, R. Guntupalli, V. A. Petrenko, and B. A. Chin, "Detection 
of Bacillus anthracis spores in liquid using phage-based magnetoelastic 
micro-resonators," Sensors and Actuators B: Chemical, vol. 127, pp. 559-566, 
 230 
2007. 
[7] J. Wan, H. Shu, S. Huang, I.-H. Chen, V. A. Petrenko, and B. A. Chin, 
"Phage-based magnetoelastic wireless biosensors for detecting Bacillus anthracis 
spores," IEEE Sens. J. , vol. 7, pp. 470-477, 2007. 
[8] T. Kaneko, R. Nozaki, and K. Aizawa, "Deoxyribonucleic acid relatedness 
between Bacillus anthracis and Bacillus cereus and Bacillus thuringiensis," 
Microbiol. Immunol. , vol. 22, pp. 639-641, 1978. 
[9] E. Helgason, O. A. ?kstad, D. A. Caugant, H. A. Johansen, and A. Fouet, 
"Bacillus anthracis, Bacillus cereus and Bacillus thuringiensis-one species on the 
basis of genetic evidence," Appl. Environ. Microbiol., vol. 66, pp. 2627-2630, 
2000. 
 
 
 
 
 
 
 
 
 
 
 231 
CHAPTER 7                                                                                              
COglyph1197CLUSIOglyph1197S Aglyph1197D FUTURE WORK 
 
1.  Summary and conclusions 
 
This dissertation has described and tested a new multi-sensor system capable of 
simultaneous real time monitoring of multiple biological pathogens introduced to the 
measurement system.  The detection system developed for this study included a 
reference sensor as a control, an E2 phage biosensor specific to S. typhimurium, and a 
JRB7 phage biosensor specific to B. anthracis spores.  The major findings of this 
research can be summarized in four main groupings: 
1) Optimization of sensor fabrication.  When sensors were annealed between 200-250 
?C in a vacuum oven before sputtering, the residual stresses created during dicing were 
largely relieved and many of the structural defects were removed.  At the same time, the 
Q-factor of the resonance signal increased by about 30% and the amplitude increased by 
about 25%.  Based on this and the other process optimization reported in this 
dissertation, it is now possible to construct a high quality sensor that exhibit good 
corrosion resistance, sensitivity, and binding properties. 
2) Optimization of the interaction between the phage filaments and the gold surface of
the sensor platform.  By increasing the amount of NaCl in the 5 ? 1011 vir/mL phage 
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solution to 420 mM, the tendency of the phage filaments to bundle will be minimized.  
Elimination of phage bundling will increase the available binding sites on the ME 
sensor?s surface, allowing more target pathogens to be bound to the sensor surface and 
thus increasing the binding affinity of the ME biosensor 
3) Blocking the non-specific binding for the multi-sensor system.  Non-specific binding 
can be blocked using the standard blocking agent BSA with a concentration of 1mg/mL.  
This step is particularly important for the multi-sensor detection system, where several 
sensors are applied simultaneously in a flowing system.  If the non-specific binding is 
not blocked, the specificity, sensitivity and selectivity of the sensor will be adversely 
affected. 
4) Construction of a new multi-sensor detection system that can simultaneously detect 
and discriminate between different pathogens or similar strains of the same group.  The 
sensitivity for the multi-sensor system is about 170-280 Hz/decade, with the average 
binding valency about 3, a dissociation constant Kd of about 250 cfu/mL and a Kd(apparent) 
of about 105-108 cfu/mL and detection limit of 3 ? 102-1.6 ? 103 cfu/mL. 
 
2.  Future work 
 
In the future, this ME biosensor based detection system could be extended to 
include hundreds to many individual ME biosensors.  Using this approach, the statistical 
probability of a small number of target species interacting with one or more of a large 
number of ME biosensors will be greatly increased over that of interaction with a single 
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ME sensor.   This technique may therefore offer significant advantages for monitoring 
large volumes of food products for a small number of biological pathogens or 
contaminants. 
The results obtained in this dissertation also demonstrated that very small sensors 
(L < 500 ?m) can be combined to form a multi-sensor detection system that is capable of 
detecting several different pathogens simultaneously.  Since magnetoelastic sensors with 
smaller dimensions have a higher sensitivity, the performance of the multi-detection 
system consisting of small sensors will be an interesting topic for future research.  The 
problem with working with ever-smaller sensors is their weaker frequency response 
signals and relatively smaller Q values, especially in flowing liquid media, which makes 
it harder to determine accurate frequency shifts.  Alternatively, since these very small 
sensors can only be made by fabrication processes that utilize even thinner Cr and Au 
coatings in order to preserve the sensitivity of the sensor, the corrosion resistance of the 
sensor may not be as good as that of the diced sensors used for this dissertation.   
A new methodology may be needed to obtain a better detection signal.  For 
example, our group found that by adding a variable capacitor with the solenoid coil that 
can be adjusted to match the circuit resonance to the mechanical frequency of the sensor, 
a significant increase (at least 5 times) in both the amplitude and Q factor of the signal 
from the sensor can be obtained.  The development of this method shows great promise 
for the development of a multi-sensor detection system with even higher sensitivity.
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CHAPTER 8                                                               
SUPPLEMEglyph1197TAL WORK-BACTERIUM & SPORES Iglyph1197 APPLE JUICE 
 
1.  The binding of B. anthracis spores (in apple juice) on the biosensor surface 
 
We have demonstrated that ME biosensors can be used to simultaneously detect S. 
typhimurium and B. anthracis spores suspended in water.  It is also essential to establish 
the field applicability of ME biosensors for applications in other media, so this work was 
extended to examine the viability of testing for bacterium/spores suspended in apple juice.
Since Lakshmanan et al [1] have already demonstrated that S. typhimurium can be 
detected in a mixed microbial population (milk or apple juice) by an E2 phage biosensor, 
this dissertation will focus on the application of a JRB7 phage biosensor in apple juice.  
Apple juice (Kroger? brand) was purchased from a local grocery store and was found to 
have a nominal pH of 4.  Two methods, static (as described in Chapter 3 Section 3.2.3.) 
and dynamic loading (as described in Chapter 3 Section 3.2.4.), were then utilized to 
determine whether spores were able to bind onto the ME biosensor surface in this new 
liquid medium.  For static loading, the apple juice was spiked with known 
concentrations of B. anthracis spores (5 ? 108 cfu/mL).  Ten JRB7 phage biosensors 
were then separately exposed to the solution by the static loading method.  Figure 8-1.  
shows the SEM image of the JRB7 phage biosensor surface after static loading.  The 
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images clearly show that very few of the spores bound onto the biosensor surface.  The 
SEM images of the other JRB7 phage biosensors showed results consistent with those 
depicted in Figure 8-1.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8- 1.  SEM images of JRB7 phage biosensor surface after exposure to B. 
anthracis spores (5 ? 108 cfu/mL) suspended in apple juice by static loading. 
 
For the flowing measurement, apple juice was spiked with increasing 
concentrations of B. anthracis spores (5 ? 101 through 5 ? 108 cfu/mL).  The JRB7 
phage biosensor was then placed in the measurement chamber and exposed to the flowing 
spore
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spiked sample continuously.  The frequency of the JRB7 phage biosensor showed a 
dramatic decrease (7000 Hz) as shown in Figure 8-2.  The average frequency decrease 
for ten JRB7 phage biosensors was about 5000 Hz.  SEM image clearly show that very 
few of the spores bound onto the biosensor surface (Figure 8-3.)  In order to determine 
the reason for such a dramatic frequency shift.  A reference sensor (no phage coating) 
was exposed to the flowing apple juice continuously.  The frequency of the reference 
sensor showed a dramatic decrease (7900 Hz) but there was no saturation trend as shown 
in Figure 8-4..  Based on these data, the dramatic frequency shift is not due to the 
binding of spores.  Consequently, we hypothesized that this shift has the possible cause: 
the proteins in apple juice attach to the sensor surface. 
 
 
 
 
 
 
 
 
 
Figure 8- 2.  JRB7 phage biosensor response when exposed to various concentrations of 
B. anthracis spores (5 ? 101 ? 5 ? 108 cfu/mL) suspended in apple juice. 
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Figure 8- 3.  SEM images of JRB7 phage biosensor surface after exposure to various 
concentrations of B. anthracis spores (5 ? 101 ? 5 ? 108 cfu/mL) suspended in apple juice 
by dynamic loading. 
 
 
Figure 8- 4.  Reference sensor response when exposed to apple juice. 
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2.  Reasons for low binding numbers 
 
In previous experiments, the phage was suspended in a buffer solution 
environment, while the spore was suspended in water with a pH of about 7.  
Consequently, we hypothesized that the poor binding seen above has three possible 
causes: 1.) the low pH of apple juice may affect the binding affinity between the spores 
and phages; 2.) the JRB7 phages could lose their binding affinity to spores when they are 
suspended in apple juice, or the components of the apple juice may block the binding 
sites of the sensor or phage peptides; or 3.) apple juice causes a change in the spore 
shell?s properties, causing it to lose its binding affinity to the JRB7 phage. 
 
2.1.  Effect of apple juice pH 
 
In order to determine the effect of pH, three sets of suspensions were applied: 1) B. 
anthracis spores (5 ? 108 cfu/mL) suspended in water (pH= 7); 2) B. anthracis spores (5 
? 108 cfu/mL) suspended in apple juice (pH= 4); 3) B. anthracis spores (5 ? 108 cfu/mL) 
suspended in apple juice ( KCl was added until pH= 7).  After immobilization with 
JRB7 phage, the three biosensors were inserted into three suspensions separately for 1hr 
to allow spores to bind onto the biosensors.  Figure 8-5 shows the binding results for 
these three biosensors after static loading.  Figure 8-5 (a) represents the results of the 
JRB7 phage biosensor that was coated with spores in water.  A large number of spores 
were distributed evenly on the sensor surface.  The interaction between the JRB7 phage 
biosensor with spores in apple juice (pH= 4) is shown in Figure 8-5 (b), where very few 
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spores were bound onto the biosensor surface.  A similar trend was found even when the 
pH of the apple juice was adjusted to 7.  Based on these observations, adjusting the pH 
of the apple juice is likely to have no effect on the binding affinity between spores and 
JRB7 phage on the biosensor surface.  
 
 
Figure 8- 5.  SEM images of JRB7 phage biosensors after exposure to B. anthracis 
spores (5 ? 108 cfu/mL) suspended in three different media: (a) water; (b) apple juice 
with pH= 4; and (c) apple juice with pH=7. 
(a) (b)
(c)
spore
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2.2.  Effect of apple juice on phage filaments 
 
In order to determine the effect of apple juice on the phage filaments, three types 
of fabrication conditions were utilized to fabricate three kinds of biosensors.  The flow 
chart (Figure 8-4) below summarizes all three conditions.  After fabrication, all three 
biosensors were exposed to the same suspension of B. anthracis spores (5 ? 108 cfu/mL, 
suspended in water).  Afterwards, SEM images were taken to show the binding numbers 
of spores on each biosensor surface under each condition.  
 
Figure 8- 6.  Three fabrication conditions for ME biosensors. 
 
 
 
JRB7 phage                
(5x1012 vir/ml in TBS buffer)
dilute
Use 1xTBS Use Apple Juice(pH=4)
JRB7 phage                
(5x1011 vir/ml in TBSbuffer)
JRB7 phage                
(5x1011 vir/ml in Apple Juice)
Incubate ME platform Incubate ME platform
JRB7 Phage (inTBS)
Biosensor 
JRB7 Phage  (in apple juice)
Biosensor 
incubate
B.anthracis spores      
(5x108 cfu/ml in water)
JRB7 Phage (inTBS)Biosensor 
(apple juice incubation)
Incubate in 
apple juice 
Condition (1) Condition (2) Condition (3)
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Condition (1) represents a control condition where the ME platform was coated 
with JRB7 phage (5 ? 1011 vir/mL, suspended in TBS buffer) to form a biosensor and 
then exposed to the suspension of B. anthracis spores.  This biosensor was used as a 
reference to compare with the other two conditions.  For condition (2), an ME platform 
was coated with JRB7 phage (5 ? 1011 vir/mL, suspended in TBS buffer) for 1hr to form 
the biosensor, followed by incubating this biosensor in apple juice (Kroger Brand, pH= 4) 
for 1 hr, and then exposure to the B. anthracis spores.  The objective of condition (2) 
was to check whether the ingredients of the apple juice blocked the binding sites of the 
biosensor or phage peptides.  For condition (3), unlike the two conditions above, a high 
concentration (5 ? 1012 vir/mL) of JRB7 phage was diluted to a lower concentration of 5 
? 1011 vir/mL using apple juice (Kroger Brand, pH= 4) instead of 1xTBS.  After 
immersing the ME platform in this phage suspension for 1hr, the resulting ME biosensor 
was exposed to the suspension of B. anthracis spores.  The objective of condition (3)I 
was to determine whether the apple juice changed the binding affinity of the phage 
filaments.  The SEM image of the biosensors fabricated under each condition and 
exposed to the same spore suspension is shown in Figure 8-7.  Figures 8-7 (a)-(c) 
represent conditions (1)-(3), respectively.  The three biosensors had similar numbers of 
spores bound on the surface, although in condition (3) ((Figure 8-7 (c)), where the JRB7 
phage was diluted in apple juice, the phage filaments were much more clearly visible on 
the surface than in the other two conditions.  Based on these observations, apple juice is 
likely to have a negligible affect on the binding affinity of phage filaments.   
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Figure 8- 7.  SEM images of the three biosensors fabricated under different conditions 
and exposed to B. anthracis spores.  (a) control biosensor fabricated under condition (1); 
(b) biosensor fabricated under condition (2); and (c) biosensor fabricated under condition 
(3). 
 
 
(b)(a)
(c)
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2.3.  Effect of apple juice on B. anthracis spore 
 
In order to determine the effect of apple juice on the B. anthracis spores, 1 ml of the 
spore suspension (5 ? 108 cfu/mL suspended in water) was centrifuged at a rate of 14.5 
rpm/min for 10 min in order to form a spore pellet.  The water was then pipetted off the 
spore pellet, and an equal volume of apple juice (pH= 4) added to the tube, followed by 
vortexing the spore pellet to mix with the apple juice.  After a 1 hr incubation of the 
mixtures of spores in apple juice, the suspension was centrifuged using the same 
conditions, followed by pipetting the apple juice from the tube and replacing it with an 
equal volume (1 ml) of water.  The objective of this step was to allow the apple juice to 
interact with the spores.  ME platforms were coated with JRB7 phage (5 ? 1011 vir/mL 
in water) to form JRB7 phage biosensors, and then exposed to the spore suspension 
prepared as described above.  A control JRB7 phage biosensor exposed to an untreated 
spore suspension (5 ? 108 cfu/mL suspended in water, no apple juice treatment) after 
phage immobilization was also used as a reference.  The SEM images for the binding 
results on the biosensor surface are shown in Figure 8-8 below.  There was a significant 
difference in the numbers of spores binding on the surfaces of both biosensors.  Figure 
8-8 (a) depicts the control biosensor, with many spores are distributed on the surface, 
while the other biosensor (treated by apple juice and then exposed to spores) has only a 
few spores on its surface.  It is possible, therefore that apple juice does indeed affect the 
properties of spore shells, causing them to have a much lower binding affinity to the 
phage filaments, and thus leading to a low level of binding on the biosensor surface. 
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Figure 8- 8.  SEM images of JRB7 phage biosensor surface (a) after exposure to B. 
anthracis spores (5 ? 108 cfu/mL, suspended in water); (b) after exposure to B. anthracis 
spores (5 ? 108 cfu/mL, incubated in apple juice for 1hr). 
 
3.  Fluorescence results 
 
In addition to counting the binding numbers of spores on the biosensor surface by 
SEM, fluorescence spectroscopy provides valuable information regarding the interactions 
between the phage and its targets.  In this section, several different experimental 
conditions were employed: 1) JRB7 phage and B. anthracis spores in apple juice (to 
determine the effect of apple juice on the spores); 2) JRB7 phage and B. cereus spores (to 
determine the cross-reactions, if any, of the JRB7 phage); 3) E2 phage and S. 
typhimurium in water (to determine the specificity of the E2 phage); 4) E2 phage and E. 
(a) (b)
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coli in water (to determine the cross-reactions, if any, of the E2 phage); and 5) E2 phage 
and S. typhimurium in apple juice (to determine the effect of apple juice on bacteria).   
In order to observe the interactions between spore species and JRB7 phage under 
a fluorescence microscope, various concentrations and volumes of solutions were tested 
and florescence images recorded to determine the optimum sample preparation conditions.  
Based on these results, the procedure used for preparing the samples was as follows: 1) 
bacteria/spore suspension (1?108 cfu/mL, 200 ?l) was stored in a plastic tube (1.5 ml); 2) 
the bacteria/spore suspension was centrifuged to remove the water, followed by the 
addition of an equal amount of Kroger brand apple juice (pH= 4) and incubation for 1 hr; 
3) 200 ?l E2/JRB7 phage (5?1011 vir/mL) was added to the tube and allowed to incubate 
for another 1 hr; 4) the above mixed suspension was centrifuged to remove the liquid, 
leaving the pellet, which included both the individual bacteria/spores and bacteria/spores 
bound to E2/JRB7 phage, on the bottom of the tube; 5) this pellet was washed with PBST 
(PBS + 0.5% tween) three times, then 200 ?l PBS was added to the tube to dissolve the 
pellet; 6) 2 ?l of the first antibody ?-fd was diluted in 200 ?l PBS buffer at a ratio of 
1:100, followed by the addition of this diluted antibody to the tube for an incubation 
period of one hour; 7) Fluorescein-isothiocyanate (FITC) coated secondary antibody was 
added to the tube and allowed to incubate for another one hour; and 8) the solution from 
step 7 was centrifuged and the pellet was washed 3 times using PBS and then observed 
using florescence spectroscopy.   
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Figure 8-7 shows the fluorescence images used to determine the effect of apple 
juice on the binding affinity between specific phage and target.  Images were taken both 
with and without fluorescent light.  Regardless of whether the spores/bacterium were 
bound with phage or not, they were observed under a standard microscope without 
fluorescence (white light).  Under the fluorescent light, only those spores/bacterium 
bound with phage -antibody-secondary antibody-FITC were observed microscopically.  
So, by comparing the numbers of spores/bacterium observed with or without fluorescent 
light, it was possible to determine whether the apple juice affected the binding affinity of 
the spores/bacterium to the phages.  From Figures 8-9 (a) and (c), where E2/JRB7 phage 
responded to B. anthracis spores/S. typhimurium in water, similar numbers of spores/cells 
were observed with and without fluorescent light.  This indicates a good specificity of 
phage to targets.  Figure 8-9 (b), where the B. anthracis spores were incubated in apple 
juice for 1hr, showed a significant difference in the numbers of spores when observed 
with and without fluorescent light.  This phenomenon was consistent with the results in 
Section 2.3 above. Again, this demonstrated that apple juice affected the binding affinity 
of spores to the JRB7 phage.  In Figure 8-9 (d), where the S. typhimurium was incubated 
in apple juice for 1hr, the numbers of cells observed were similar with and without 
fluorescent light.  This result showed that S. typhimurium cells can exist within the apple 
juice without losing their binding affinity to the E2 phage.  Also, S. typhimurium cells 
incubated in apple juice appeared much brighter and were more visible when compared 
with those cells suspended in water.  This may be because the apple juice provided 
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enough sugar and nutrients to nourish the cells and encourage their growth. 
 
 
 
 
 
 
 
spore 
(a) 
(b) 
White light Fluorescent light 
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Figure 8- 9.  Fluorescence images of different conditions: (a) JRB7 phage interacted 
with B. anthracis spores in water; (b) JRB7 phage interacted with B. anthracis spores 
incubated in apple juice; (c) E2 phage interacted with S. typhimurium in water; and (d) E2 
phage interacted with S. typhimurium incubated in apple juice. 
 
 
 
(c) 
(d) 
White light Fluorescent light 
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Fluorescence microscopy can also be used to demonstrate the specificity of 
phages.  In the work reported in this section, E. coli/B. cereus spores suspended in water 
were used to interact with the E2/JRB7 phage.  The procedures used for this experiment 
were the same as described above.  The fluorescence images are shown in Figure 8-10.   
Figure 8-10 (a) and (b) represent the interaction between the JRB7 phage and B. cereus 
spores and the E2 phage and E. coli, respectively.  Very few B. cereus spores/E. coli 
cells are visible under fluorescent light, which demonstrates that the specificity of the 
E2/JRB7 phages was good.  
 
 
 
Figure 8- 10.  Fluorescence images to demonstrate the specificity of phages: (a) JRB7 
phage interacted with B. cereus spores suspended in water; (b) E2 phage interacted with 
E. coli suspended in water. 
White light Fluorescent light 
(a) 
(b) 
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Table 8-1 below compares the numbers of cells/spores observed with and without 
fluorescent light, as counted individually from the images.  Five samples were counted 
for each experimental condition and then the numbers were averaged.  Both the JRB7 
phage and E2 phage had good binding affinity/specificity to the B. anthracis spores and S. 
typhimurium, respectively, in water.  The S. typhimurium cells present in apple juice did 
not lose their binding affinity to E2 phage, but B. anthracis spores experienced a change 
when exposed to apple juice that dramatically decreased their binding affinity to the 
phage.  
   
Table 8- 1.  Comparison of numbers of cells/spores under white and fluorescent light. 
 
Media 
(Bacterial/spores 
suspended) 
Experimental 
condition 
White light Fluorescent 
light  
Percentage 
(%) 
B.A.+ JRB7 120 80 67% 
B.C. + JRB7 220 4 1.8% 
S.T. + E2 55 40 80% 
 
Water 
E. coli + E2 30 0 0 
B.A.+ JRB7 320 3 0.9% Apple Juice 
S.T. + E2 80 80 100% 
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