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DISSERTATION ABSTRACT 
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Directed by Bryan A. Chin 

 

Bacillus anthracis spores have long been recognized as biological warfare agents 

because of their ability to cause mortality in humans and their long life under unfavorable 

environments.  The early detection of Bacillus anthracis spores in very small amounts or 

very low concentrations is critical for national security.  In this research a biosensor for 

the detection of Bacillus anthracis spores was developed that combines phage display 

technique with a magnetoelastic, wireless, detection platform.  The affinity based 

biosensor utilizes a phage-derived diagnostic probe as the bio-molecular recognition 

element to capture target agents multivalently.  Upon binding of the target agent to the 

sensor surface, the resonance frequency of the magnetoelastic biosensors decreases due to



 vi 

 the additional mass of the target agent.  Scanning electron microscopy was used to 

confirm the binding of spores to the sensor surface.  The sensitivity of magnetoelastic 

acoustic sensors of size 5mm × 1mm × 20 µm was tested to be 130Hz per order of 

magnitude of spore concentration with a detection limit of 10
3
 cfu/ml.  The specificity 

and longevity of the sensors were also studied.  To increase the sensitivity and detection 

limit of magnetoelastic biosensors, free standing, magnetoelastic resonating particles, as 

small as 500×100×4 µm and 200 × 40 × 4 µm, have been made using microelectronics 

fabrication techniques.  The biosensors were tested in Bacillus anthracis spore solutions 

with concentrations from 10
2
 to 10

8
 cfu/ml.  The detection limits and sensitivities of the 

sensors were determined based upon resonance frequency measurements.  The study on 

the binding kinetics have shown that the dissociation constant (Kd) and the binding 

valency in Bacillus anthracis spore solutions are 193 cfu/ml and 2.32 for sensors of 

500×100×4 µm, and 102 cfu/ml and 1.95 for sensors of 200×40×4 µm.  To explore the 

possibility of the ultimate goal of single spore detection, a microfluidic chip was 

designed, fabricated and tested together with 200 × 40 × 4 µm sized magnetoelastic 

particles.  This phage-coated magnetoelastic particle was introduced into the test chamber 

of the microfluidic chip and spore capturing experiments were conducted in the chamber.  

The change in the resonant frequency and the surface SEM micrographs of the particle 

confirmed the binding and detection of small numbers of spores.  In summary, a rapid, 

specific and sensitive biosensor based on the techniques of magnetoelastic material and 

filamentous phage was investigated and demonstrated to be suitable for continuous 

environmental monitoring.  With further developments in the fabrication techniques for 

nanoparticles, this sensor platform may be able to detect single spore. 
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An external pressure source was used to control the velocity of spore solution 

through the chip.  The pressure was adjusted to about 0.13 psi to obtain the desired liquid 

velocities.  After the reaction chamber was filled with spores, all the valves were closed 

to stop the spore flow.  The MEP was then agitated using a magnetic field to promote 

spore binding to the sensor surface.  It was observed that some spores bound to the MEP 

instantly.  It was also observed that spores were bound to the edge of the MEP easily.  

Spores also bound to the upper surfaces of the MEP which is not visible by the inverted 

Microfluidic 

chip

 
 

 
Fig. 6.4 Schematic of the testing platform.  The microfluidic chip was mounted on an 

inverted microscope for visualization.  Only the bottom side of the MEP could be 

imaged. 
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microscope.  After 5 minutes, the valves for spore inlet and outlet were opened to flush 

the test chamber with buffer solutions.  The MEP was washed by the buffer solutions for 

about 30 seconds at a pressure of 0.13 psi.  It was found that most of the bound spores 

remained bound to the sensor after washing.  Fig 6.5 shows the photograph of an MEP 

before and after spore binding.  In Fig. 6.5 (a), the reaction chamber was filled with spore 

solutions and the MEP sat at the bottom side of the chamber without agitation. Very little 

spore binding was observed.  After the MEP was agitated using a magnetic field for about 

5 minutes, it was clearly seen that spores bound to the edge of the MEP.  Fig. 6.6 shows 

the optical micrographs taken by the same inverted microscope of the same MEP.  
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(b) 
 
Fig. 6.5 (a) Before MEP agitation, spores have been introduced into the chamber. No 

spore binding to the MEP is observed. (b) After MEP agitation, spores have been 

captured at the edge and also on the surface of the MEP.  (MEP size: 200 × 40 × 4 µm).  

Circled regions show spore attachment. 
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After the washing procedure, the MEP was transferred to a capillary tube that was 

inserted into the slot on the substrate glass slide.  Fig. 6.7 shows an MEP being 

transferred into a capillary tube with an inner diameter of 180 µm.  After that, the 

 
 

 
 
Fig. 6.6 Optical micrograph of the MEP (200 × 40 × 4 µm) in the chamber. Spores 

were not lost during buffer solution wash.  Circled regions show spore attachment.  
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capillary tube was pulled out from the chip and the resonant frequency of the MEP was 

measured.  

 

 

 

 

 

 

 

 

 

 

 

 

A frequency shift between 1 kHz to tens of kHz was generally observed.  It was 

found that not only did the resonant frequency shift downward, but the amplitude of the 

signal peak was also damped.  Fig. 6.8 shows a resonant frequency shift of 15.3 kHz of 

an MEP and a SEM photomicrograph of the MEP’s surface.  The total number of spores 

attached on the surface was counted to be 571. Most of the spore binding for this sensor 

is on the surface and not at the edge.  If the number of captured spores is assumed to be 

the same for each side of the MEP, then the total number of captured spores is 1142.  Fig. 

6.9 shows another sensor’s frequency shift and surface SEM image. About 7.56 kHz’s 

frequency shifts were observed and 251 spores were counted from the SEM image.  

 
 

Fig. 6.7 An MEP (200 × 40 × 4 µm) was transferred to a capillary tube by magnets.  

The capillary tube was inserted into the machined channel on the substrate glass slide.   

Machined channel 
on the glass slide.  

The capillary tube 
inserted into the channel  
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Fig. 6.8 (a) A resonant frequency shift of 15.3 kHz is observed after an MEP (200 × 

40 × 4 µm) was exposed to spore solutions. (b) Surface SEM graph of this MEP. 

There are about 571 spores counted on the surface.  

(a) 

(b) 
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Fig. 6.9 (a) A frequency shift of 7.56 kHz was observed for an MEP (200 × 40 × 4 

µm). (b) Surface SEM micrograph of the MEP. 251 spores were counted from the 

graph. 

(a) 

(b) 
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It was observed that for most of the MEPs, about 100 to 800 spores were bound to 

the sensor surface.  For some MEPs, less than 50 spores were observed on one side of the 

sensor surface.  The mass sensitivity of the 200 × 40 × 4 µm sensors was not sufficient to 

detect a downward shift in resonance frequency for such a small number of bound spores.    

The same experimental procedure was conducted using control sensors which 

were not coated with the binding agent of phage.  The resonant frequency of the sensor 

shows a minor shift of less than 1000 Hz in Fig. 6.10 which is negligible compared with 

the frequency shifts observed in the measurement sensors.  SEM photomicrographs of the 

control sensor in Fig. 6.10 confirmed there is almost no spore binding.  
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Fig. 6.10 (a) The resonant frequency change of a control MEP before and after spore 

solution exposure.  The frequency showed negligible difference before and after 

spore solution exposure. (b) SEM photomicrograph of a control MEP sensor surface. 

Almost no spore binding was observed for the control sensor.  Circled regions show 

nonspecific binding. 

 

(a) 

(b) 
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The spore detection experiments were conducted on 11 microfluidic chips and 

experimental MEPs.  For MEPs of 200 µm × 40 µm × 4 µm, frequency shifts between 

several kHz to 16 kHz were observed depending on the number of bound spores.  The 

spores on the surface of the MEPs were imaged by SEM and the number of bound spores 

counted for each MEP.  Table 6.2 shows the data for the 11 tests.  Similarly, it was 

assumed that there was equal number of spores on the top and bottom side of the MEPs.  

Fig. 6.11 is a plot of the recorded frequency shifts as a function of number of bound 

spores.  A mass sensitivity of 12 Hz/spore was observed.  The mass of a single spore can 

be calculated using equation 3.4 introduced in Chapter III based on the frequency shifts, 

the mass of the MEP and the total number of bound spores.  Table 6.2 shows the 

calculated spore mass for each MEP and the average spore mass is about 0.923 pg.  

McCormick and Halvorson [46] have reported that the mass of a Bacillus cereus spore is 

approximately 1.5 pg.  Based on different water contents of a spore, and different species 

and cultures of spores, spore masses between 0.3 pg to 1.5 pg have been reported [46-48].  

Our result of spore mass fits into this range.  The actual sensitivity of these MEPs is 

averaged to be 17.05 ± 1.33 Hz/pg.  It should be noted that it was assumed that there are 

equal amounts of bound spores on both sides of the MEPs. This leads to some uncertainty 

in the measurements.  
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Table 6.2.  The calculated mass of a Bacillus anthracis spore from the experimental data 

of frequency shifts, total number of bound spores and original resonance frequencies of 

the MEPs.  The calculation is based on Equation 3.4 from Chapter III.  The length, width, 

and thickness of the MEPs used in the calculation were 200, 40 and 4 µm.  A density of 

7.9 g/cm3 was assumed for the MEP material.  The average spore mass from the 

calculation is about 0.93 pg.  

 

 Frequency 

shifts (Hz) 

Number of 

bound spores 

Original 

frequency (kHz) 

Spore mass 

(pg) 

MEP201 6890 238 10458.829 1.39947 

MEP202 3299 282 10222.528 0.5786 

MEP203 2865 124 10324.829 1.1314 

MEP204 8270 534 10031.915 0.7805 

MEP205 12390 562 10324.844 1.0796 

MEP206 1993 106 10069.89 0.944 

MEP207 15299 1142 10764.299 0.6292 

MEP208 3968 296 10654.768 0.6361 

MEP209 7562 502 10818.063 0.704 

MEP210 5739 236 10481.552 1.173 

MEP211 8768 378 10726.733 1.0933 

Average    0.9227 

SD    0.27247 
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Table 5.1 in Chapter V shows the theoretical predictions of resonant frequency 

shifts as a function of number of bound spores.  Compared with the experimental data in 

Fig. 6.11, the predicted resonant frequency shifts are larger than what we measured 

experimentally.  This can be attributed to differences between the actual and theoretical 

weight of spores (1pg vs. 2pg).  The experimental results suggest that if sensors as small 

as 50 µm × 10 µm × 4 µm were used in the microfluidic chips and similar experiments 

conducted, then very few spores or even single spore detection would be anticipated.  

 
 

Fig. 6.11  The sensor frequency shifts as a function of number of bound spores.  The 

smooth line is a least squares fit to the experimental data (r=0.92, slope=15.684 Hz).  
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4. Conclusions 

 

A PDMS microfluidic chip was designed, fabricated, and tested with 

magnetoelastic biosensors for the detection of a small number of Bacillus anthracis 

spores.  The chip fabricated in this work has a test chamber with a volume of 4.5nl.  The 

required pressure for all valve actuation was experimentally determined to be lower than 

25psi.  Magnetoelastic micro-particles as small as 200µm long by 40µm wide by 4µm 

thick were fabricated using microelectronic procedures.  These particles were coated with 

selected phage probes and successfully transferred into and out of the test chamber.  

Small amounts of spores were introduced into the test chamber, captured by these MEP 

sensors and their resonant frequencies measured, SEM photomicrographs of the MEP 

sensor surfaces were taken and the number of spores bound to the sensor surface counted.  

The average sensitivity of these eleven MEPs was 14.3 Hz/pg.  Data from these 11 MEPs 

was used to estimate the mass of a single spore which was 0.93 pg.  The experimental 

data obtained to date show that with further improvements of the labeling techniques of 

Bacillus anthracis spores and the use of 50 × 10 × 4 µm MEPs, this technique should be 

capable of detecting a single spore. 
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CHAPTER VII 

CONCLUSIONS 

 

1. Summary and Conclusions 

 

This dissertation describes the proof-in-concept and development of a phage-

coated magnetoelastic sensor for pathogen detection that is designed to replace traditional 

detection methods that are slow, cumbersome, labor-intensive and cost-inefficient.  

Magnetoelastic sensors, both ribbon sensors and microfabricated particles, were found to 

be highly efficient and sensitive as a detection platform.  Furthermore, after coating with  

phage, the magnetoelastic sensor platform was shown to be highly adaptive and versatile 

in various biosensing applications.  The results of this research demonstrated that the 

phage-coated magnetoelastic biosensors have a much better longevity and sensitivity than 

antibody-coated biosensors.  The following general conclusions resulted from this study: 

 

1) A new type of biosensor platform, phage interfaced magnetoelastic sensor 

(PIMES) platform, was developed by combining the phage technique and magnetoelastic 

sensors.  

a) Wireless magnetoelastic sensors can be fabricated using microelectronic 

fabrication techniques.  Sizes 50 x 10 x 2 microns may be fabricated using micoelectronic 
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fabrication techniques and are predicted to be able to detect the attachment of a single 

spore or bacteria. 

b) It has been demonstrated that phage can be immobilized onto the surface of 

magnetoelastic sensors by physical adsorption and operate as molecular recognition 

probe on this sensor platform. 

c) The wireless nature of the magnetoelastic sensors make them ideal for use in 

liquids.  The sensors avoid possible liquid short circuit problems that are often 

encountered with wired cantilever and other devices.  

2) The performances of the PIMES platform were characterized with Bacillus 

anthracis Sterne spores.  Excellent binding affinity, sensitivity and specificity may be 

obtained using phage based magnetoelastic biosensors.  It has been found that phage 

retains its binding affinity much longer than the best antibodies when subjected to 

adverse environmental conditions (temperatures from 25 to 65˚C). 

a) Magnetoelastic ribbon sensors with the dimensions of 5mm × 1mm × 20 µm have 

been fabricated from commercial available material MetGlasTM.  Affinity-selected 

filamentous phage clone JRB7 was successfully immobilized onto the surface of 

magnetoelastic ribbon biosensors by physical adsorption.  Both the resonant frequency 

shifts of the biosensors and the surface photomicrographs proved that the target spores 

can be detected by phage-coated magnetoelastic biosensors.  The detection limit and the 

sensitivity of the phage-coated biosensors are 103 cfu/ml and 130 Hz/decade of spore 

concentration.  The specificity experiments show that the Bacillus anthracis spores bind 

preferentially to the MEP sensor over other Bacillus species.  Some cross-reactions with 

other Bacillus spores do exist but are much weaker than the binding to Bacillus anthracis 
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spores.  These specificity results agree with previous research results conducted by Dr. 

Petrenko.  In longevity tests, phage-coated biosensors were shown to maintain high 

binding abilities even after 3 months’ storage at 65ºC.  The antibody-coated biosensors 

lost nearly all binding affinity after five days of exposure at 65ºC.  A preliminary in-

liquid test was conducted in Bacillus anthracis spore suspensions.  The wireless signal 

transmission and good signal quality in liquid make the magnetoelastic sensor platform a 

very promising candidate for in-liquid pathogen detection.   

b) Magnetoelastic particles as small as 500 × 100 × 4 µm and 200 × 40 × 4 µm have 

been successfully fabricated using standard microelectronic semiconductor fabrication 

processes.  It has been demonstrated that magnetoelastic particles can be coated with the 

selected phage clone to form a biosensor for the detection of Bacillus anthracis spores.  

The small size and large number of sensors that can be fabricated using microelectronic 

fabrication techniques make these magnetoelastic biosensors ideal for the detection of 

low concentrations of bio-warfare agents.  The small size of the sensors used in this 

research (500×100×4 µm and 200×40×4 µm) provided high sensitivity as well as good 

signal quality factors (Q).   Biosensors with dimensions of 500×100×4 µm were found to 

have a detection limit of 103 cfu/ml and a sensitivity of 6.5 kHz/decade.  A detection limit 

of 102 cfu/ml and a sensitivity of 13.1 kHz/decade were achieved for 200×40×4 µm 

sensors.  Specificity tests were performed in mixed spore solutions of different Bacillus 

species.  It has been shown that in a liquid environment, Bacillus anthracis spores bound 

preferentially to the MEP sensors over other Bacillus species.  SEM studies confirmed 

that the measured frequency shifts were due to the attachment of spores to the sensor 

surface.  The binding kinetics of MEPs in liquid was also characterized.  It has been 
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shown that the dissociation constant (Kd) and the binding valency for the sensors of 

500×100×4 µm in Bacillus anthracis spore solutions are 193 cfu/ml and 2.32.  The 

dissociation constant and the binding valency for the sensors of 200×40×4 µm in Bacillus 

anthracis spore solutions are 102 cfu/ml and 1.95. 

c) A microfluidic chip, which was designed to host the spore binding processes, has 

been fabricated, tested and demonstrated to be a promising platform for the detection of 

small numbers of pathogens or even a single spore.  The chip has a test chamber with a 

volume of 4.5nl.  The required pressure for valve actuation was lower than 25 psi.  

Magnetoelastic micro-particles as small as 200 × 40 × 4 µm were coated with selected 

phage probes and successfully transferred into and out of the test chamber.  Small 

numbers of spores were introduced into the test chamber, captured by the MEP sensors 

and the change in the resonance frequencies of the MEP sensors measured.  SEM 

photomicrographs of the MEP sensor surfaces showed the frequency changes were due to 

the binding of spores.  The sensitivity of these MEPs was 14.3 Hz/pg and the mass of a 

single Bacillus anthracis Sterne spore was estimated to be 0.93 pg based on experimental 

data.  With further improvements on the labeling techniques of Bacillus anthracis spores 

and the fabrication techniques of MEP sensors, it should be possible to detect the capture 

of a single spore or bacterium using the integrated microfluidic platform introduced here.  

In conclusion, the results of this research demonstrate the proof in concept and 

development of a rapid, specific, sensitive biosensor for the detection of Bacillus 

anthracis Sterne spores.   
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2. Recommendation for future work 

 

To achieve single spore detection, smaller MEP sensors in the range of 1 to 50 µm 

long are required.  The fabrication techniques of magnetoelastic particles need to be 

improved to produce straight dimensionally controlled sensors.  The manipulation of 

magnetoelastic particles which currently relies on magnetic fields needs improvement.    

The current design of the microfluidic chip is good for 200 µm long particles.  A new 

chip design with smaller chamber and narrower channels would be better for smaller 

MEP sensors.  New labeling methods for Bacillus anthracis spores would also definitely 

make the binding processes more visible.  

 
 


