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Abstract 

 
 

Food products can be contaminated by Salmonella anywhere along the food supply 

chain, so that serious foodborne illnesses, hospitalizations, and even death are caused. The 

conflict between the fast food-supply requirement and the long-time sample preparing process 

of the conventional Salmonella detection method cannot be settled. A wireless Salmonella 

sensing technique based on magnetoelastic/magnetostrictive (ME) biosensors was developed 

to provide a low-cost, portable, label-free, on-site detection to ensure the safety of our food. 

In this dissertation, utilizing the newly developed planar spiral coil, fast detections of 

Salmonella Typhimurium on sample surfaces were demonstrated. At first, a methodology for 

the rapid and sensitive detection of Salmonella on plastic food processing plates using ME 

biosensors was developed. With the application of the microfabricated planar spiral coil and 

1 mm long ME sensors, real-time and in-situ detection of S. Typhimurium on plastic surface 

without sample preparation and/or enrichment in the testing process was achieved with a 

sensitivity lower than 150 CFU/mm2. Based on this direct surface measurement method, a 

new approach to monitor the Salmonella in a large volume of water using a membrane filter 

was also developed. By passing the Salmonella suspension through a membrane filter, almost 

all target cells were isolated on the filter surface. With this method, a detection of bacteria in 

liquid was transformed into a surface detection. The concentration efficiency of bacteria on 

the membrane filter was almost 100%, and the limit of detection of this measurement system 

was found at 54 CFU. Furthermore, swabs and gelatin are also employed and compared as 
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new large-scale surface sampling technologies. Widely used in hospitals, labs, and food 

supply chains, the swab is an essential sampling tool for microorganisms. However, for the 

surface detection, it only covers a small area. Gelatin is a translucent, colorless, flavorless 

food additive that was derived from collagen obtained from various animal body parts. 

Gelatin solution was directly sprayed onto a surface of interest to form a solid film that could 

be peeled off from the surface and removed the bacterial cells from the surface. Therefore, 

the gelatin can be used to cover a large area. The gelatin film with target bacterial cells was 

then dissolved in water so that the technologies for detecting bacterial cells in water could be 

used to detect the bacteria cells. It was experimentally demonstrated both swabs and gelatin 

are great candidates for bacteria sampling from sample surfaces. In this research, the detection 

methods by using the ME sensing system was demonstrated. 
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Chapter 1. Introduction 

1.1 Importance of pathogen detection for food safety 

 In the 21st century, food safety problems are still a major public health concern [1]. Food 

products can be contaminated with bacteria, spores, viruses, and other pathogens at any point 

in the farm-to-table continuum causing foodborne illnesses. Every year, 48 million foodborne 

illnesses and 3000 deaths were reported by the Centers for Disease Control and Prevention 

(CDC) in the U.S. [2]. Among all these cases, Salmonella causes 1.2 million foodborne 

illnesses which lead to 19 thousand hospitalizations, and 450 deaths [3]. Considering the local 

public health conditions, people who live in developing countries are threatened by 

pathogenic foodborne illnesses [4].  

Salmonella, a genus of motile Enterobacteriaceae, is one of the primary pathogens for 

humans. It causes Salmonellosis, such as food poisoning, enteric inflammation, fever or even 

death [5], [6]. Salmonella has two species - Salmonella enterica and Salmonella bongori and 

it further divides into more than 2600 serotypes [5], [7]. It widely exists among warm-blood 

animals, such as humans, pigs, and chickens, and it can spread through the whole food supply 

chain. Usually, humans get Salmonellosis through eating or drinking eggs, meat, and milk, 

which are contaminated by Salmonella or even polluted vegetables. In most of these cases, 

Salmonellosis only causes weak symptoms for adults, and patients can recover themselves 
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without hospitalization. However, in some individual cases, such as when children and 

seniors are poisoned under an outbreak of Salmonella, severe dehydration caused by the 

disease can lead to death [1], [5]. 

 Table 1.1 summarized the food related Salmonella outbreak investigations selected by 

CDC in the past two years (2018/2019). According to the investigation records, Salmonella 

contaminations frequently originate from fresh cut fruits or vegetables, ground or cut meat 

products, eggshell, etc. [2] Since cutting and washing are common processes in the processing 

of these foods, Salmonella is likely to be spread by food preparation surfaces and wash water. 

According to the guidance from U.S. Food and Drug Administration (FDA) [7], all producers 

and food processors who manufacture, process, pack or hold foods should strictly have the 

Salmonella tests. A fast, in-situ Salmonella measurement method is required for the detection: 

1) on food preparation surfaces, such as: plastic chopping board, stainless steel food 

processing stage, etc.; 2) in water or other liquid. A suitable sampling method is also needed 

for large scale sampling from targeted surfaces with different materials or different roughness. 
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Table 1. 1 Investigations of food safety related Salmonella Outbreaks by CDC in 2018 / 2019  
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1.2 Current methods for pathogenic bacteria detection 

 The polymerase chain reaction (PCR) method, which is currently considered as the 

golden standard for microbial detection [29], amplifies small quantities of genetic material to 

determine the presence of bacteria [30]. It can offer very high sensitivity for pathogen 

detection while it requires a rigorous sample preparation, complex reactive components with 

limited shelf life, precise temperature regulation, complicated detection process and trained 

personnel. A schematic of the PCR thermal cycle which illustrates the processes of 

denaturation (30 s at 95 °C for double-stranded DNA separation), annealing (20-40 s at 50-

65 °C for primers to form hydrogen bonds with single-stranded DNA), and elongation 

(several minutes at 70 °C for DNA synthesizing) is shown in the Fig. 1.1. Normally totals for 

20-40 cycles are needed for the measurements to get enough DNA copies. The recent 

advances in PCR technologies, such as the real-time PCR [30], digital PCR [31], and 

microfluidic PCR [32], could provide better performance in terms of assay time, reagent 

volume, and cost. However, these PCR variants additionally require the use of reporter dyes 

and/or fluorescent-labeled probes, resulting in an increase in the total assay cost and 

complexity. 
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Figure 1. 1 Schematic illustration of the PCR cycle. [33] 

 As an alternative, the enzyme-linked immunosorbent assay (ELISA) has been developed 

and widely used for the detections of food safety [34]. The ELISA is an immunological 

technique that employs two kinds of antibodies with an enzyme. After a target antigen is 

captured by a primary antibody immobilized on an ELISA plate and linked to the enzyme by 

a secondary antibody, optical signals can be generated through biochemical reactions between 

the enzyme and a chromogenic substrate that is subsequently added [35]. Although the ELISA 

can reduce assay time and cost, it still takes hours of assays. The relatively lower sensitivity 

(104-106 Colony Forming Unit (CFU)/mL, compared with 103 CFU/mL for PCR) makes the 

ELISA difficult to become a real alternative [36]. 
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 Current methods for pathogenic bacteria detections normally ask for a pre-enrichment 

process so that the target bacteria can grow into a detectable population. As shown in Table 

1.2, a normal assay time for traditional PCR takes 24-48 h prior to detection [36], [37]. Even 

for more advanced real-time PCR, it still takes 10 h for the incubation. This process leads to 

an advantage of these technologies that even if the number of target pathogens is minimal, a 

colony with defined population can be derived slowly. However, the disadvantage also comes 

from this process that it takes time, and it is costly due to specialized trained labor.  

Table 1. 2 Comparison between PCR, ELISA and biosensors on Salmonella measurements 

Detection method Concept Advantages Limitations LOD 
(CFU/mL) Reference 

Nucleic acid-
based 

Traditional 
PCR 

Measure the amount 
of the final PCR 
product at the end of 
the PCR cycles 

• High sensitivity 
• High specificity 
• Automated 
• Reliable results 

• Long assay time 
(24-48 h) 
• non-quantitative 

103  [37] 

Real-time 
PCR 

Measure the 
accumulating of PCR 
products during the 
cycles 

• High sensitivity 
• High specificity 
• Rapid cycling 
• Reproducible 
• Real-time 
detection 

• High cost 
• Long assay time (10 
h) 
• Complex sample 
preparation 
• Requires trained 
personnel. 

5×103  [37] 

Immunological 
based ELISA 

Measure the optical 
signal from the 
interaction between 
antibody & antigen 

• High specificity 
• Automated 

• Low sensitivity 
• False negative 
results 
• Limited quantitate 
ability 

104-106  [36] 

Biosensor-
based 

Optical 

Measure the optical 
signal from the 
interaction between 
biorecognition 
element & sample 
targets 

• High sensitivity 
• Real-time 
monitoring 
• Small size 

• High cost 104 [38], [39] 

Electro-
chemical 

Measure the electric 
signal from the 
electro-chemical 
reaction 

• High throughput 
• Automated 
• Label-free 

• Low specificity 
• Low sensitivity 105  [40] 

Acoustic 
wave 
based 

Measure the mass 
change from the 
signal of a 
piezoelectric crystal 

• Cost effective 
• Easy to operate 
• Label-free 
detection 
• Real-time 
detection 

• Low specificity 
• Low sensitivity 
• Long incubation 
time of bacteria 

105  [41] 

 A biosensor is a device for detecting an analyte by using a combination of biological 

elements and physicochemical detection elements. It normally consists of three parts: 1. 

Biological recognize probe (biological materials such as antibodies, phages, nucleic acids, 

etc.); 2. Sensor platform (operated by optical, electrochemical, acoustic wave based, etc.); 3. 
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Readout systems which analysis signals and process data. An advantage of biosensor system 

is non-pathogen-labeling which makes the detection process fast. Rapid detection method 

using biosensors provide various advantages according to their detection methods (optical / 

electrochemical / mass-based). Their characteristics and limit of detections (LOD) are also 

summarized in Table 1.2. 

 Optical biosensors are based on detecting optical index changes according to the reaction 

between biological probes and target pathogens [38]. As the most widely used optical 

biosensor, a surface plasmon resonance (SPR) biosensor measures resonances produced by 

electromagnetic radiation in the electron cloud of a gold thin film. When target pathogens 

were absorbed onto the metal surface, this interaction changed the wavelength of the electron 

resonance [38]. Compard with other biosensors, SPR is successful on its real-time, continuous 

measurements with high sensitivity and specificity. For the detection of DNA samples, LOD 

of SPR test systems can be 2-6 nM [42], and can even reach 20 fM with the aid of an 

enzymatically amplification [43]. However, a detection of Salmonella in milk using SPR was 

demonstrated by Mazumdar et al., and the LOD was found at 1.25×105 cells/ml [44]. By the 

analysis of Liu et al., combined with antibody functionalized magnetic nanoparticles, the 

sensitivity of SPR on Salmonella increased by 4 orders of magnitude to be 14 cfu/mL [39]. 

SPR’s relatively lower sensitivity in bacteria detection (without the application of amplifiers) 

is because compared with DNA and protein molecules, bacteria has much larger size, lower 

concentration, and fewer binding sites. What’s more, the widespread use of SPR is also 

limited by the expense of sensor chips and instruments and the meticulously designed 

experiments [45]. 
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Figure 1. 2 Schematic illustration of SPR. SPR detects the change in refractive index that is 

caused by the combination of biomolecules and antibodies near the gold layer on the sensor 

chip surface, which in turn causes the SPR angle to change (from I to II in the figure). [46] 

 Electrochemical biosensors are biosensors that detect current, voltage, or impedance 

changes caused by antigen-bioreceptor interactions (Fig. 1.3). Glucose, uric acid and 

cholesterol are the most commonly antigens measured by electrochemical biosensors. 

Utilizing a microfabricated organic electrochemical transistor, Wang et al. performed a highly 

sensitive (LOD: 1 nM) and rapid detection of dopamine [47]. Zhou et al. combined the optical 

(SPR) and electrochemical biosensors into one in-situ monitoring system [48]. Through 

cross-validation of the three simultaneously generated signals (SPR, fluorescence, and 

electrochemistry), they have performed highly reliable monitoring of the dynamic changes of 
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the components involved in the interface binding. In the test of pathogens, electrochemical 

biosensors have the advantages of high throughput, easy miniaturization and automation, but 

at the same time, because they are easily interfered by other factors in the environment, poor 

selectivity often affects people’s choices for it [40]. 

 
Figure 1. 3 Schematic illustration of electrochemical biosensors detecting Salmonella using 

biological probes (transducer, amplification layers, bioreceptor), with different detection 

modes (label-based or label-free) and electrochemical transducing techniques (voltammetry, 

amperometry, potentiometry and impedimetry). [49] 
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 Acoustic wave based biosensors are detecting mass changes caused by target pathogens. 

According to the actuating/sensing mechanism, acoustic wave based sensors can be separated 

into three types: magnetostrictive sensors, silicon-based microcantilevers, and piezoelectric 

microcantilevers. Among them, the piezoelectric microcantilevers and magnetostrictive 

sensors are active, while the silicon-based one is inactive. Although silicon-based can be 

extremely miniaturized to achieve a good detection limit, its passive nature makes it necessary 

to be equipped with a large readout system [50]. For active sensors, the piezoelectric 

microcantilevers can minimize the readout system, but it needs a wire connected to the 

sensors to make detection [51]. The ME sensor can have a similar size readout system with a 

piezoelectric sensor, and it does not have to have a wire connected. Therefore, the ME sensor 

has some unique advantages.  

1.3 Magnetoelastic/magnetostrictive (ME) sensor in the recent decade 

1.3.1 Fundamental of ME sensor platforms 

In the presence of an AC magnetic field, the ME platform undergoes a corresponding 

oscillating shape change that gives rise to mechanical vibrations. This mechanical vibration 

consequently causes the emission of a magnetic flux from the platform that can be wirelessly 

detected by an electromagnetic coil. When the magnetostrictive material forms a strip, in 

which the length (L) is larger than the width (W) and much larger than the thickness (t), the 

shape change would be mainly longitudinal (oscillating along the length direction) (Fig. 1.4). 

This vibration, which happens in the core of the solenoid coil detector would generate a 

magnetic flux, so the signal can be detected by the detection coil wirelessly. 
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Figure 1. 4 Schematic illustration of an ME platform with the dimension of t×L×W. 

For ME platforms whose L>W>>t (as shown in Fig. 1.4), the ME platform vibrates 

longitudinally in its first order mode with a resonant frequency (𝑓). In this case, the resonant 

frequency of an ME resonator can be calculated as:  

𝑓 =
1
2𝐿 𝑢

'1( 

where 𝑓 is the resonant frequency, 𝐿 is the length of the ME platform, 𝑢 is the acoustic wave 

velocity of the ME material. The acoustic wave velocity is dependent on the elastic properties 

of the ME material: 

𝑢 = )
𝐸

𝜌(1 − 𝜗)
'2( 

where 𝐸 is the Young's modulus of elasticity, 𝜌 is the density, and 𝜗 is the Poisson's ratio of 

the ME material. By the research of Ong [52], once a mass of 𝛥𝑚 is loaded on to the resonator, 

the resonant frequency changes for the reason that the density of the resonator increases by a 

factor of 1 + Δ𝑚 ⁄𝑀. In this case, the mass-loaded resonant frequency (𝑓!) can be calculated 

as: 

𝑓! = )
1

'1 + Δ𝑚 𝑀6 (
𝑓" '3( 
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From the equation, the shift of resonant frequency ∆𝑓 caused by the mass loading can be 

easily calculated as ∆𝑓 = 𝑓! − 𝑓" , where 𝑓"  is the initial resonant frequency before mass 

loading. It is obvious that ∆𝑓 would be smaller than 0. 

According to the basic theories above, the sensitivity of an ME platform is defined as the 

change of resonant frequency (∆𝑓) based on the amount of mass (∆𝑚) loaded onto the sensor 

surface. The mass sensitivity (𝑆!) is a critical parameter which describes the ability of an ME 

sensor to detect its target. When the mass attachment on the ME sensor is uniform, 𝑆! is 

calculated by the following equation [53]:  

𝑆! = −
∆𝑓
∆𝑚

=
𝑓#
2𝑚

	(∆𝑚 ≪ 𝑚) '4( 

where 𝑚 and 𝑓# are the mass and fundamental-mode resonant frequency of the ME platform. 

For ununiform mass attachment, Zhang et al. discussed the influence of the mass sensitivity 

(𝑆!) due to the position of mass loading and the resonance modes theoretically [54], [55]. It 

was found that, under the 1st resonance mode, 𝑆! demonstrates a larger value on the two ends 

of ME sensor and it goes down to 0 when the mass loaded on the center of the sensor. A total 

of 5 resonance modes were also compared and found that all had a response to the viscosity 

change by Cheng et al. [56] The 1st resonance peak showed a better resolution while the higher 

resonance modes showed larger frequency shifts.  

The most common ME sensors were fabricated into rectangular metallic glass platforms 

by microelectronic dicing or laser cutting a Metglas 2826MB strip [57]. For years, the 

development of the ME sensor structure was based on reducing the size, since the sensitivity 

of this rectangular sensor is exponentially related with its size. The problems such as edge 

effect, hard-to-handle, and low signal intensity come out with the decrease of sensor size. 
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Other solutions are required for the improvement of sensitivity of ME sensors. To perform an 

in-vivo and in-situ monitoring of blood viscosity, an integrated rectangular sensor array with 

three difference sizes was fabricated by Green et al. [58] 

In addition to the commonly used rectangular sensors, the use of new geometries for 

better detection is also a development path. Tang et al. used a microelectronic fabrication 

method to build a hexagonal sensor [59]. This sensor has a size 100 times smaller than 

commercial sensing tags and a signal 75 times stronger than similar size normal sensors. 

According to Pacella et al. [60], by a geometrical modification from rectangular to triangular, 

the sensitivity of sensors can be improved by 3 - 11 times. It was found that by applying 

samples to the tip of the triangular sensor, the sensitivity can be even higher. A detector disc 

assembled by multiple triangular sensors was designed and fabricated for multiple target 

detections in the same time [60]. Based on the triangular structure, an arched triangle (Fig. 

1.5) with a sensitivity of 435% higher than a similar size rectangular sensor was designed, 

while the improvement of the triangular sensor is only 270% [61]. 

 

Figure 1. 5 Scheme (upper) & Top view (lower) of the rectangular, triangular and arched 

triangular shape ME sensors [61]. 

Due to the size effect, the physical properties of thin films are often better than bulky 

materials. In Kittmann’s research [62], a thin layer of amorphous metal was coated on the 
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interdigital electrode, and the so-called love magnetic field is measured by the magnetoelastic 

coupling of surface acoustic waves. Not only single layer thin film metallic glass was used, 

multiple-layer thin film, with a composition of Fe32Co44Hf12N12/Ti50N50, was fabricated and 

applied for the detection of stress [63].  

Like thin films, microfilaments can also take advantage of their size effects to obtain 

special characteristics and applications. FeSiB microwires with very high magnetostriction 

under certain DC bias magnetic field were synthesized and utilized for the detection of liquid 

viscosity [64]. Based on the capability of fluid pressure detection, ME microwires were 

applied as sensors for the cardiovascular local diagnosis [65]. By synthesizing and analyzing 

the ME microwires (Fe73Si11B13Nb3), Herrero-Gomez found a key feature of such microwires 

can perform magnetoelastic resonance without the application of a DC magnetic field. This 

is different from regular ribbon-based ME sensors [66]. With the principle of 

magnetoelasticity, small oscillations can be detected. Therefore, a new type of sensor for non-

invasive pulse wave detection was demonstrated by using Co68.18Fe4.32Si12.5B15 microwires 

[67]. A similar pulse wave tester was fabricated using a novel nanocrystalline 

Fe73.5Cu1Nb3Si13.5B9 (FINEMET) microwire with enhanced soft magnetic properties to 

achieve a higher sensitivity than Co68.18Fe4.32Si12.5B15 [68]. 

1.3.2 ME platform materials 

As a well commercialized magnetostrictive material, Metglas 2826MB is most 

commonly used for ME sensor fabrication. This material with a saturation magnetostriction 

(𝜆$) of 12 ppm is normally produced as rolls of ribbons with a composition of Fe40Ni38Mo4B18 

[69]. The alloy exhibits high permeability, low resistivity, high mechanical tensile strength, 
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and most importantly, high magnetostriction coefficient. It has been widely used for the 

detection of bacterial [70], inert gas [71], mechanic properties [72], etc. 

Metallic glass alloys with compositions different from the Metglas 2826 alloy are also 

used for ME sensors for their good magnetostriction properties. For example, CoFe thin films 

(Co68Fe32) [73] and FeNiMoB thin films [74] were fabricated as MEMS for the stress 

reconfiguration. Its magnetostrictive properties are further analyzed under magnetic field and 

pressure [75]. FeCo based ribbon (Fe74.4Co21.6Si0.5B3.3Mn0.1C0.1) [76] was also analyzed by 

clamping it on both ends and exciting with a Pb(Zr,Ti)O3 (PZT) element. FeCo based alloys 

(for example, Fe59Co16Si15B10 [77]) and FeNiMoB based alloys are composite with 

Polyvinylidene fluoride (PVDF) to form bilayer or three-layer sandwich like structures for 

various sensing applications [78]. Fe83Ga17 (Galfenol) is also a good candidate for ME sensing 

applications, such as microwires [79] and thin films [80]. Fe80Al20 was produced into whisker 

sensors which just like the Metglas2826 sensors, the influence of film thickness has been 

analyzed by Na et al. [81] 

Cobalt ferrite (CoFe2O4), which has a spinel crystal structure, has been chosen to be a 

candidate of ME materials with high magnetostriction parameters at low magnetic fields [82], 

[83]. It is one magnetostrictive material with a maximum magnetostriction strain (𝜆!%&) of 

500-600 ppm with a single crystal structure. Just like other ceramic materials, sintered 

polycrystalline cobalt ferrite with a basic 𝜆!%& at 150 ppm is studied for its much lower cost 

and more practical usage. By optimizing the sintering method, either liquid-phase [82] or 

low-temperature (1100 °C, comparing with 1450 °C) [84], it can reach higher 

magnetostriction properties. By doping a small amount of Mg to substitute Fe, it can achieve 

a 140% higher 𝜆!%&  and a better strain sensitivity without affecting the magnetostriction 
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coefficient [83]. A similar doping effect was also reported by Monaji. By doping Zr into 

CoFe2O4, the material can achieve a larger saturation magnetization (Ms), and the 

piezomagnetic coefficient d𝜆/𝑑𝐻 increases 300% [85]. 

To use the properties brought by heterostructures, the composites are formed between 

ME materials and polymers, glasses, and crystalline. With the great piezoelectric property, 

inexpensive processing price, and other chemical properties, PVDF has been widely used for 

tactile sensors, strain gauges, and audio transducers. The high cross-correlation coupling 

between ME materials and PVDF can cause ME coupling and help with the application of 

new sensors and actuators [78].  

Based on ME microwire sensing materials, glass-coated ME microwire with a 

composition of FeSiBCr was fabricated and studied by Klein et al. [86]. The stress 

dependence of FeNbSiB microwire with a glass coating was also analyzed by Sabol et al. and 

found that this dependency could be adjusted by the frequency of the excitation field. At low 

frequencies, the switching field is weakly dependent on mechanical stress, and increasing the 

frequency results in an increase in the stress dependence of the switching field. The slope of 

stress dependence is almost linear [87].  

ME sensor / zeolite film composites utilize the magnetic properties of ME materials and 

the porosity and ion exchange properties of zeolites, enabling many novel detection practices. 

For example, in the work of Baimpos et al., the ME sensor was used to combine four different 

zeolite membranes, FAU, LTA, MFI and b-oriented MFI, to measure benzene, n-hexane, n-

hexane, o-p-xylene and the six volatile substances of ethyl acetate [88]. Further using electron 

beam lithography, a zeolite film having a micron pattern is prepared on the surface of the ME 

sensor and forms a microsensor. Thus, the sensor of this ME sensor and zeolite composite 
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can have a shorter response time [89]. By coating hard clay slurries on the surface of ME 

strip, ME sensor can also be used for the analysis of drying behavior of ceramic particles [90]. 

1.3.3 ME sensors used for pathogen detection 

For pathogen detection, Metglas 2826MB, the most representative ME material, is often 

coated with Cr/Au layers to become biocompatible [91].This way, antigen recognizers, such 

as antibodies, aptamers, or phages, can bond on the gold surfaces of ME sensors better to 

form biological probes of biosensors.  

As a promising antigen recognizer, antibody is frequently used for specific binder in 

biosensors. In a research of classical swine fever virus (CSFV) detection, the ME sensor was 

immobilized with anti-CSFV IgG so that CSFV would be physically absorbed to cause a mass 

and resonant frequency change [92]. Based on this detection, whose detection limit was 0.6 

μg/mL, Guo and coworkers used E2 glycoprotein which was targeting the E2 antibody of 

swine fever virus for the measurement [93]. With the help of biocatalytic precipitant as an 

amplifier, the detection limit of this research was boosted into 2.466 ng/mL. Menti et al. added 

a layer of protein G on the surface of ME sensor to keep the antibody oriented for the detection 

of S. aureus. According to the results, comparing with non-oriented or random antibody 

coating, this specific-oriented antibody sensor provided the highest S. aureus capture rate [94]. 

Other than antibodies, aptamer-based ME biosensors are also tested for the determination 

of pathogenic bacteria. An aptamer refers to a single-stranded DNA or peptide chain that 

specifically binds to a target molecule. By applying an aptamer specific to S. aureus, ME 

sensors were able to detect 5 – 10 CFU/mL in around 6 min [95]. A silicon alkoxide 

precursors based hybrid film consists of tetraethoxysilane and methacrylate was coated on 

ME platforms for the detection of bacteria (E. coli and S. aureus) in milk [96].  
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A phage, or a bacteriophage, is a virus that specifically hosts bacteria. Considering that 

antibodies are fragile and expensive, phage is considered as an alternative to antibodies 

because its ability to survive in a wider environmental conditions (Table 1.3) [97]. By 

adjusting the protein on the phage surface, E2 phage was developed as a specific bio-

molecular recognizer for Salmonella [98], [99]. By applying E2 phage on gold coated Metglas 

2826MB platforms as probes, Salmonella was detected on the surfaces of egg shells with a 

LOD at 160 CFU/mm2 [100]. Not only on sample surface, Salmonella was also tested by ME 

sensors with phage in spinach leave broth [101] and in chicken meat [102]. Zhang et al. 

applied both antibodies (polyclonal antibody anti-E. coli and monoclonal antibodies anti-

Listeria monocytogenes) and phage (E2) on ME sensor’s gold layer for the detection of 

bacteria in water flow and found the LOD at around 100 CFU/mL [91].  

Table 1. 3 Longevity of a landscape phage and monoclonal antibody at various 

temperatures. [103] 

Temperature Landscape phage Antibody 

Room temp. > 6 months > 6 months 

37 °C 950 days (half-life) 107 days (half-life) 

50 °C 5 weeks (half-life) 5 weeks 

63 °C 6 weeks 24 h 

76 °C 2.4 days No binding activity 

 

1.3.4 Other Applications of ME sensors 

In addition to being studied as a biosensor, ME platforms are also used for the 

measurement of mechanical properties, such as force [104], stress [105], strain [106], and 
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pressure [65]. ME force sensor can be separated as: 1. Strip based unidimensional system. 2. 

Frame, array [107], or block [108] based two or three dimensional system [109]. For example: 

an ME strip was used as a tensile force sensor on a wound repair site by connecting to suture 

threads [110]. And another ME sensor was installed in the lower limb prosthesis for long-

term and real-time force mapping, which can monitor the interface force distribution of the 

human prosthesis, thereby better guiding postoperative cooperation [111]. An ME strain 

sensor is normally made based on ∆𝐸 effect as the transduction mechanism which says the 

applied strain on ME materials would cause a change of stiffness. A remote strain sensor was 

fabricated by combining two magnetostrictive strips, one for the transducer and the other for 

the resonator, plus a bias-magnet to form a sensing system [112]. Also in another strain sensor 

with similar structure, a polycrystalline (Fe0.8Al0.2)98B2 alloy was used as the transducer and 

Metglas2826MB3 was the resonator [106]. A bulk amorphous ME strain sensor can be 

attached to a bone for detecting bone plate strain and used to determine the healing state of a 

patient's fracture [113]. Because the sensor is wirelessly connected, it eliminates the need for 

battery and disassembly in the body. It can be used in the clinical practice of fracture healing 

and can also be used in the design of fracture treatment and rehabilitation equipment. Stress 

is also monitored by ME sensors. Due to an analysis, the resonant frequency changes of ME 

sensors, which were caused by magnetostrictive strain, show a strong dependence on uniaxial 

stresses [76]. By wrapping the ME detection coil around the three steel truss structures to 

form a triangular closed magnetic circuit and using the truss structures themselves as bulk 

ME elements, the stress of the whole structure was measured [114]. 

To solve the health problems caused by the toxic heavy metals, such as Pb2+, Cd2+, Cu2+, 

etc., ME sensors were also designed to composite with some other materials so that the heavy 
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metals ions could be targeted and combined with the sensors. For the sensing of mercury ion 

(Hg2+) in liquid, an ME sensor platform was covered with graphene oxide (GO) as the 

absorbent and an aptamer as the specific probe. Unlike other ME sensor would try to bind the 

target heavy metal ion, the mechanism of this detection was to have the specific aptamer 

reacting with Hg2+ ions and bind the part without Hg2+ ion on GO surface to cause the resonant 

frequency change. To enlarge the signal, gold nanoparticles (AuNP) were used as a signal 

amplifier [115]. This signal amplification method was also applied on the detection of other 

heavy metal ions [116] and biomass [117]. ME sensors with a bovine serum albumin (BSA) 

coating would have a reaction between heavy metal ions (Pb2+ and Cd2+). In this research, a 

gold-coated ME sensor platform was fully cleaned and modified by thiol and then 

immobilized with BSA. Due to the adherence of the BSA precipitate induced by heavy metal 

ions, there was a mass increase on the ME sensor so that a resonant frequency change could 

be seen [118]. By another article from the same group, Metglas 2826MB raw material was 

used for a direct detection of Pb2+ ion [119]. The authors claimed that the replacement reaction 

between Pb2+ and Fe or Ni elements in the metallic glass would cause mass increase and 

resonant frequency decrease. 

1.3.5 Development of the interrogation unit 

As illustrated in Fig. 1.6, an ME sensing system normally consists of a DC magnetic 

field, a detection coil, a network analyzer or impedance analyzer, and an ME sensor. The DC 

magnetic field, which was normally provided by one magnet [79] or a magnet array [70], is 

set to provide the bias magnetic field. A typical coil detector is a solenoid coil that holds the 

ME sensor in the center for detection [79]. When connected with a network analyzer or 

impedance analyzer, the solenoid coil is able to generate a varying magnetic field as a driving 
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coil and accept the ME sensor resulting field as a signal-pickup coil at the same time. An ME 

sensor is often an ME resonator platform which was functionalized by phage [57], antibody 

[120], etc. for various applications. 

 

Figure 1. 6 Schematic illustration of a conventional ME sensing system. 

Once measured by a network analyzer, the reflection coefficient, 𝑆'', which describes 

the comparison results between the incident signal and the reflected signal, is a concept from 

telecommunications. The relation between the reflection coefficient (𝑆'', as shown in Fig 1.7), 

the internal impedance of the network analyzer, 𝑍$, and the load impedance, 𝑍%(, is written 

as: [121] 

𝑆'' =
𝑍%( − 𝑍$
𝑍%( + 𝑍$

'5( 

For the same ME sensor, a larger 𝑆'' value normally means a more significant signal, which 

can be optimized by adjusting the pulse current [122]. 
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Figure 1. 7 A typical signal from network analyzer 

The Q-value, so called quality merit factor, is defined as the ratio of the energy stored in 

the resonant structure to the total energy loss per oscillation cycle. A common understanding 

is that this parameter is used to demonstrate the sharpness of the formant. The larger the Q-

value, the sharper the formant, which means a more accurate measurement of ME sensor. For 

easy calculation, Q-value of ME sensors are normally experimentally determined as: 

𝑄 = 𝑓
∆𝑓)"*+,6 '6( 

where 𝑄 is the Q-value, 𝑓 is the resonant frequency of ME sensor, and ∆𝑓)"*+, is the width 

of the resonant peak at its half height. The value of 𝑓 and ∆𝑓)"*+,  can also be found and 
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determined in Fig. 1.7. According to experiments, the Q-value of a ME-based microcantilever 

in the air and liquid was around 200 and 30, respectively, which is much larger than the value 

of [123], [124]. In Chen et al.’s research, the decrease in the Q-value was used to represent 

the increase in liquid viscosity caused by an increase in shear force at the solid-liquid interface 

[125].  

The typical solenoid coil detector generates a varying magnetic field as a driving coil and 

accepts the ME sensor resulting field as a signal-pickup coil for the ME sensing system. As 

discussed above, solenoid ME sensor coil detectors were used for Pb2+ sensing [119], bacteria 

detection [91], force demonstration [110], etc. With this kind of structure, the sample can be 

placed at the center of the coil and get detected wirelessly. Since there is no physical 

connection between the coil detector and sensor, the sensor is able to attach onto bones to 

achieve in-situ strain monitoring without hurting the patient [113]. Under a continuous 

periodic measurement, this solenoid coil can also keep a real-time recording of the reaction 

between Pb2+ and the sensor in hours [119]. Cheng et al. even tried to detect multiple 

parameters of human blood by adjusting the setup of sensors in the solenoid coils to change 

the resonance modes [56].  

With the increase of application needs and accuracy requirements, the solenoid detectors 

have been developed to some new forms. Considering the influence of the earth’s magnetic 

field to the DC bias and AC signal magnetic fields, a four-layer coil system (as-coil, pickup-

coil, h-coil, and ac-coil) was designed to reduce the influence of the earth’s magnetic field by 

77% [126]. By hybrid with bacterial phages, the ME sensor has also been developed for the 

detection of pathogenic bacteria on food surfaces [70], [127]. To perform the detection on 

sample surfaces in-situ and real-time, a new cuboid solenoid coil which can provide a proper 
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AC magnetic field was designed to move sensor detection from inside (Fig. 1.8a) to outside 

(Fig. 1.8b) [70]. 

 

Figure 1. 8 a. sensor detected inside solenoid coil [70]; b. sensor detected outside solenoid 

coil [128]; c. sensor detected under planar spiral coil [128]. 

To further improve signal amplitude and detection distance, a microfabricated planar 

spiral coil has been designed to produce a much higher magnetic flux change [70]. According 

to Horikawa et al. [129], sensors were placed under different positions of the coil by the 

application of a XYZ-axis translation system and the signals show as large as a 150Hz change 

of resonant frequency.  

1.4 Sampling technologies for pathogens 

1.4.1 Current sampling methods for pathogenic bacteria 

With a newly designed planar spiral coil [128], more sensing methods were developed 

for quicker and more efficient detection in a larger area, more volume, or a lower population. 

Based on the basic theory, the smaller an ME sensor is, the more sensitivity it would provide. 

However, a smaller sensor size also means smaller sensor coverage in the direct surface 

sensing. Once assisted by an appropriate sampling method, pathogens can be efficiently 
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collected from a large surface area thousands of times larger than the area covered by ME 

sensors. 

 

Figure 1. 9 a. scrubbing [130], b. adhesive taps [131], c. contact plate sampling [132], d. 

swabbing [130]. 

There are several different kinds of microbial sampling methods that are commonly used 

to determine the existence of pathogens and evaluate the effectiveness of cleansing. As shown 

in Fig. 1.9, these include scrubbing methods [133], adhesive tape sampling [134], contact plate 

sampling [135], [136], and swab sampling [137].  

The scrubbing method (Fig. 1.9a) using sterile sponges is suggested only for the sampling 

of a large surface area (>100 cm2) by a standard, International Organization of 

Standardization (ISO) 18593:2004 [138]. The efficiency of this method was only as high as 

traditional cotton swabs [139] and the duplicability was poor due to the varying force applied 
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during the sampling process [133]. In other research, wipes were claimed as a better 

alternative to swabs due to its narrower confidence interval [140]. 

Adhesive tapes (Fig. 1.9b) were designed for pathogen collection from surfaces, while 

the limitation of this method was a flawlessly flat sample surface needed [141],[134]. 

Otherwise, the adhesive layer of the tape would not be able to contact target pathogens within 

the flaws. An adhesive sheet was invented as an improvement of adhesive tape because it 

could be used for direct counting of bacteria [142].  

In contact plate sampling (Fig. 1.9c) [135], [136], a culture plate was held face down and 

pressed onto the targeted detection area for a certain time so that the microorganisms had an 

opportunity to be immobilized on the culture medium. Then the contaminated culture plate 

was covered and incubated for later observation. In other research [143], it was found that 

Rodac plates were more sensitive to gram-positive cocci, while the swabs were more efficient 

for the capture of gram-negative bacteria. The primary disadvantage of contact plate sampling 

was similar to that of the adhesive tape technique; both methods were only suitable for use on 

a smooth, firm surface. 

Table 1. 4 Comparison between sampling methods 

 Scrubbing Swabbing Adhesive tape Contact plate 

Area >100 cm2 small <10 cm2 30-50 cm2 

Surface type Any Any Smooth Smooth/firm 

Efficiency High High Mild Low 

Sample agents Bacteria, viruses, fungi, toxins Bacteria, fungi 

Swabbing (Fig. 1.9d) is a widely used surface sampling technique which is regulated by 

ISO [138], American Society for Testing and Materials (ASTM) [144], and CDC [145]. Based 
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on these recommendations, swabs are used in hospitals not only for pathogen sampling [146], 

but also for first aid or cleaning [147]. For food safety area, it is frequently used as a 

recommended sampling tool in the food supply chain, mainly for surfaces used in food 

preparation [148]. National Aeronautics and Space Administration (NASA) also recommends 

its use as a microbiological detection tool on spacecraft [149] and even Mars [150]. 

Cotton remains the most commonly used fiber material for applicators, but rayon [148], 

foam [151], polyester [152], nylon [153], and other synthetic fibers have also been used to 

compose the tips for various purposes. In addition to the expansion of tip materials, the 

handles of swabs have evolved from wood to plastic, paper, or aluminum. The construction 

of the tips underwent a revolution from wrapped heads to flocked ones with a better release 

rate of absorbed pathogens [153], [154]. Besides the new design of swabs themselves, 

assistant wetting agents, such as Tween 20 [155] and Tween 80 [156], are utilized in the 

sampling and transportation system to improve the recovery rates of pathogens and sensitivity 

of measurements.  

1.4.2 Development of swabbing as a sampling technology 

1.4.2.1 Construction fibers and structures of swab tips 

With the same structure as it was invented, cotton swabs (Q-tip) which consist of a cotton 

bud on a wood or plastic rod, are the most common swabs in the markets. Even though the 

applications of them have been evolved to cosmetic usage or painting, the main functions are 

still medical applications such as cleaning, sampling and first aid. As the complexity of the 

sampling environments continues to increase, as alternatives of conventional cotton swabs, 

rayon [148], polyester [152], foam [151], nylon [153], and other synthetic fibers have begun 

to be used for a variety of purposes. 
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For characteristics of absorbance, softness, low cost, and safety, cotton swabs are still 

widely used in almost every area from basic patient care to crime scene investigation. The Q-

tip, a ubiquitous cotton swab brand in the U.S., was established by Leo Gerstenzang [157], 

the swab inventor. SEM images of a Q-tip used for pesticide screening were taken by Gong et 

al. [158] In these images, the cotton fibers of a blank Q-tip swab were rough and twisted, at 

around 10-20 µm in diameter. According to Scherer et al. [159], a cotton swab was moistened 

with PBS solution and then moved across the virus particles contaminated area. After the virus 

particles were released into a clean PBS solution, the recovery rates were tested by real-time 

PCR. Based on their tests of four contaminated environmental surfaces (stainless steel, 

ceramic plate, polyethylene, wood), the recovery rates vary between 26 and 52% (norovirus) 

and between 10 and 58% (rotavirus). 

Rayon, the first invented synthetic fiber [160], has properties similar to cotton fibers. It 

is also commonly used for diagnostic specimen collection and patient care because of its 

softness and cost efficiency. In 2007, Brown et al. evaluated the sampling validity of rayon 

swabs for bacillus spores from nonporous surfaces [148]. In their research, sterile rayon swabs 

wetted by de-ionized water were used to pick up the spores from stainless steel and painted 

wallboard surface. After extraction and calculation, the researchers found that the recovery 

rate of spores were 41.4% from stainless steel surfaces and 40.5% from painted wallboard 

surfaces. In this paper, it was also mentioned that when using a low population of target 

pathogens, the swabs would show a decrease in efficiency. When researchers compared 

traditional wound swabs and flocked swabs, rayon was a more commonly used material in 

traditional ones [153], [154], [161], [162]. This demonstrates that the rayon-tipped swabs are 

a type of widely used traditional swab. 



 29 

A polyester swab is a synthetic spun fiber with excellent collection and release properties 

validated for use in microbiology, rapid test diagnostics, and PCR analysis. Crawford et al. 

examined the performance of polyester swabs for rapid screening of pesticides present on the 

surfaces of fruits and vegetables [163]. The results showed that cotton swabs and polyester 

swabs were able to detect pesticide from fruits at a LOD of 3 ppm, which is 10 to 100 times 

more accurately than the U.S. Environmental Protection Agency (EPA) standard. 

Foam and sponge swabs do not have long fibers wound around the tips of handles, but 

they are made by wrapping the material, a small piece of polyurethane or sponge, around the 

heads of sticks to form the swabs. In a comparison between macrofoam swab with cotton, 

rayon, and polyester ones [164], the macrofoam one has the highest recovery rate in all the 

tested circumstances. For the optimal procedure in this research, which includes a pre-

moistened swab with vortexing, the recovery rates of the swabs were 43.6% for macrofoam, 

41.7% for cotton, 9.9% for polyester and 11.5% for rayon (Table 1.5). The foam performs 

better due to its unique honeycomb structure. Suggested by Laboratory Response Network 

(LRN), the protocol of swabbing using macrofoam swabs was studied by Hodges et al. [165], 

[166]. The detection of Bacillus spores was performed using macrofoam and contact plate 

methods [167], for different environmental surfaces. The LOD for swabbing was superior to 

the contact plates, ranging from 2-500 per coupon. 

Each swab fiber material has its own advantages which makes it suitable for specific 

applications. The characteristics of the materials are determined by its structures. The power 

of microscopy technology allows for detailed studies of different structures of swab tip 

materials. Rose’s work [164], clearly shows the SEM images of cotton, macrofoam, rayon, 

and polyester swabs. In those images, polyester, rayon, and cotton appeared to have fibers 
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similar in size and density, though polyester had more spaces closed due to irregularly shaped 

fibers. The macrofoam has a honeycomb-like structure which is more regular than the other 

three materials. The comparison results of recovery rates of pathogens using swabs with 

various fiber tips were listed below in Table 1.5.  

Table 1. 5 Recovery rates of pathogens using swabs with various fiber tips. 

Pathogens 

Recovery rates 

Cotton Rayon Polyester Macro-
foam 

norovirus GII.4-
positive [168] 29.2±17.1 18.8±6.9 16.6±2.3 43.5±21 

Bacillusanthracis 
Spore [164] 41.7±14.6 11.5±7.9 9.9±3.8 43.6±11 

E. Coli [169] 21.82±3.9 12.21±4.4 14.03±3.19 N/A 

S. Aureus [169] 7.59±1.94 3.06±1.52 6.19±2.54 N/A 

*The highest recovery rates of certain pathogens from each paper were used. 

In the last decade, a new swab fabrication method, flocking, was developed. In traditional 

wrapped swab manufacturing, differences in swabs were due to the type of fiber wound to create 

the swab head. The foam and sponge swabs, although each with different microstructures, were 

also made by wrapping the materials directly to the stick. The flocking method introduced a 

more ordered structure. The applicator was no longer wrapped and tangled but coated with 

short nylon fibers arranged vertically [170]. This improvement was promising for an increase 

in target pathogen collection efficiency, and it was quickly accepted as an improved sample 

collection tool. 
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Figure 1. 10 Schematic illustration of a. traditional wrapped swab; b. flocked swab; c. 

manufacturing of flocked swabs. 

The manufacturing process of flocked swabs, flocking, is described in detail by Copan’s 

patent [171] and Dalmaso’s paper [170]. As shown in Fig. 1.10c, short nylon fibers were 

sprayed onto an adhesive layer at the head of the swab stick. An electrostatic field was applied 

to induce the fibers to collect in one direction as an array. As a result, a perpendicular 

arrangement of swab head fibers with a stable, anchored structure could be formed. A heating 

process or a radio-frequency treatment was applied to dry the water-based adhesive layer for 

the bonding between fibers and swab stick could be firm. 

Properties of materials are determined by structure. Differences in performance between 

traditionally wrapped swabs in pathogen recovery are due to structural differences between 

the fiber types. Short fibers integrated on the handle structure [171] allow the flocked swabs 

to form a more open structure with no internal absorbent core to disperse and entrap specimens. 
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To demonstrate advantage of flocked swabs, Probst et al. [150] compared the capture/recovery 

of bacteria between a flocked swab (Copan FLOQSwab) and a traditional cotton swab by 

SEM imaging. With a higher capacity and quicker elution of B. atrophaeus spores, flocked 

swabs improved both the speed and sensitivity of pathogen diagnostic tests for a significantly 

higher efficiency in environmental surface sampling [150]. Between rayon and nylon flocked 

swabs, nylon proved a better material for detection of S. aureus [172]. Other works have 

compared flocked swabs (ESwab [162], FLOQSwab [172], [173] with traditional swabs 

confirmed that flocked swabs have a higher sensitivity than traditional ones, and that the 

flocked structure was superior in pathogen collection and detection. In a comparison between 

flocked (HydraFlock and one Copan product) swabs and traditional (rayon and macrofoam) 

swabs, the HydraFlock was found to have the highest water and protein absorption and the 

top bacterial recovery rate [174].  

1.4.2.2 Assistant wetting agents 

For increased sensitivity in pathogen detection using swab sampling, some assistant 

wetting agents including surfactants and transportation systems have been employed. 

Surfactants, such as Tween 20 [164] and Tween 80 [165] are widely used to enhance detection 

of pathogens from environmental surfaces because of their ability to isolate and release the 

target pathogens without killing them. Suitable surfactants have been used as releasing agents 

to increase pathogen collection from the environmental surfaces and transportation systems 

protect pathogen strains during transportation and storage. 

Tween 80 at different concentrations, 0.01% [148], 0.02% [150], 0.04%[140] have been 

applied in experimental processes for pathogen recovery improvement. In these works, Tween 

80 was diluted with a PBS solution as a sterile buffer and used to extract microorganisms 
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collected by swabbing. In Buttner et al.’s research [175], a 0.05% Tween 20 solution was used 

to suspend B. atrophaeus before swab tests. The high recovery rate, 73.5±3.0%, was 

hypothesized to be influenced by the low coherence between spores and the sample surface. 

By comparing 11 different solutions in a series of experiments to identify the best for swab 

wetting. Moore and Griffith showed that the high recovery rate of pathogens in the diluent 

was mainly influenced by the pick-up and release rates [169]. Although their performance 

varied, all the surfactants significantly improved the two processes, mitigated the damage to 

bacterial cells during dry swabbing, and maximized elution. 

Although surfactants are useful for removing pathogens from most surfaces, D’aoust et 

al. suggested the performance of eight commonly used surfactants didn’t contribute to the 

recovery of Salmonella from fatty food [155]. Even though surfactants used in this study may 

not help with pathogen pick-up from fatty or oily areas, no toxic effect on the pathogens was 

observed. In addition to surfactants, other wetting agents such as DI water, sterile saline, and 

sterile PBS were suggested. 

1.4.3 Concentration technology of pathogens using membrane filter 

In the process of food production, transportation, or consuming, in addition to various 

food surfaces and food-contact surfaces, the source of bacteria may also be tap water, wash 

water, milk, and other liquids [176], [177]. In the previous studies on ME sensors, the 

measurement of samples in liquids often stayed in the ME sensor directly in liquid and 

measured with a solenoid detection coil for a long time to obtain enough data [93]. In some 

cases, in order to allow the sensor to have sufficient opportunity to contact with the target 

pathogen, the sensor needs to have 1 h of rotation in the measured liquid [101]. Therefore, a 
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method that can greatly concentrate or amplify bacterial population in liquid is needed for a 

more efficient and sensitive detection. 

Membrane filtration offers this concentration/amplification strategy a possibility of low-

cost implementation. Membrane filtration is a process that allows most solvents, small 

molecules, and a small number of large solutes to pass through a membrane with a specific 

designed pore size under pressure, so that small particles in the solution could be separated.  

A variety of materials are used to make up membrane filters, including PVDF [176], cellulose 

acetate [178], cellulose nitrate [179], nylon [177], polycarbonate [180], polypropylene [181], 

Teflon [182], etc. Most membrane filters are composed of very fine fibers interwoven with 

each other to form a dense and complex network and form pores of a certain size [177], [178]. 

Polycarbonate membrane filters are unique in that their material properties allow them to 

form a series of cylindrical holes that penetrate the entire membrane filter and form an array 

[180]. In contrast, membrane filters made of polycarbonate materials have a smaller pore-

surface area , while most other membrane filters have larger filter surfaces and therefore can 

achieve greater flow rates [183]. Because of the uniformly distributed through-holes on the 

polycarbonate materials of the membrane filter, it presents a very good filtration effect on 

relatively small and uniform bacteria cells. It can effectively keep bacteria on the surface of 

the membrane filter instead on being stuck in the complex network [180]. 

Because of its smaller pore size and surface application of the filtration, membrane filters 

tend to have slower flow rates and can often become clogged. To perform a rapid filter job 

and avoid clogging, a laboratory membrane filtration system for cells often consists of a 

membrane filter with a pore size much smaller than the cell size, a suitable funnel, a flask, 

and a pump which was used to create vacuum or negative pressure. Compared with the 
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traditional measurement in liquid, using the membrane filtration method, the small amount of 

target particles contained in a large number of solutions can be highly concentrated to a point 

in a short time. Therefore, the measurement time could be greatly reduced, and the 

measurement accuracy could also be improved. 

1.5 Objectives 

The long-term goal of this project is to figure out fast detection methods of Salmonella 

using ME biosensors and to use the capability of ME sensors for real food safety detection. 

A fast, in-situ Salmonella measurement method is required for the detection: 1) on food 

preparation surfaces, such as: plastic chopping board, stainless steel food processing stage, 

etc.; 2) in water or other liquids. A suitable sampling method is also needed for large scale 

sampling from targeted surfaces with different materials or different roughness. To achieve 

this overall goal, the specific objectives are established as follows: 

1. To make the detections of Salmonella Typhimurium on a plastic board which was 

used to simulate a food preparing surface.  

Previously, detections of Salmonella Typhimurium were performed on egg shells with 

a solenoid coil detection system [100], on tomato skins with a cuboid solenoid coil detection 

system [70]. Considering the Salmonella contaminations most likely originate from fresh cut 

fruits or vegetables, ground or cut meat products, etc. [2], the monitoring on food preparing 

surface, for example plastic board in this research, is necessary. The newly designed planar 

spiral coil was used for the measurement of Salmonella on sample surfaces for the first time. 

2. To make the detections of Salmonella Typhimurium in liquid by using a membrane 

filter to transfer Salmonella cell from liquid to surface. 
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The direct detection of Salmonella in liquid using an ME sensor could reach a very high 

sensitivity at around 100 CFU/mL. However, it still could not meet the requirement of the 

Food Safety Modernization Act (FSMA). According to hypothesis, with the application of a 

suitable membrane filter, bacteria from liquid could be concentrated on the filter surfaces. 

Using the surface detection ability of ME sensor implemented in Objective 1, Salmonella can 

be transferred from liquid to surface for rapid detection. Because the membrane filter allows 

high throughput of water to pass through, even if the density of bacteria in water is very low, 

a sufficient amount of bacteria for measurement can still accumulate on the filter surface. 

3. To develop a large-scale sampling method to compensate for the small detection 

coverage caused by the size of a single sensor. 

In objective 1, the direct detection of Salmonella on food processing surfaces was 

performed with 1 mm long ME sensors. Here comes the dilemma that a smaller ME sensor 

will have a higher sensitivity but also cover a smaller surface area. It is hypothesized that by 

applying a suitable large-scale sampling method, Salmonella from various kinds of food 

processing surfaces could be accumulated and recovered into a liquid media. The most used 

surface sampling method, swabbing, and the common food additive, gelatin, will be 

compared for Salmonella sampling from surfaces. By combining the surface detection 

capability of the planar spiral coil, the ability of membrane filter to concentrate Salmonella 

onto surface, and the large-scale collection capability of the sampling method, it can achieve 

a Salmonella detection with a wider range and higher sensitivity. 
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Chapter 2. ME Sensor for Direct Detection of Salmonella 

Typhimurium on Surface of Plastic Food Processing Plates 

2.1 Introduction 

Salmonella, one of the leading foodborne pathogens of human concern, causes one in 

six people in the U.S. to get Salmonellosis every year, and further leads to food poisoning, 

enteric inflammation, fever, and even death [5], [6]. According to the CDC’s investigations 

about Salmonella in recent year [2], contaminations most likely originate from fresh cut fruits 

or vegetables, ground or cut meat products, etc. In order to prevent cross-infection and 

expansion of contamination between these pre-cut foods, the monitoring on food preparing 

surface, for example plastic board in this research, is necessary. 

For the detection of Salmonella, the lab measurement methods, such as PCR [184], [185] 

and ELISA [35], have great features on their ultra-high sensitivity. To achieve this sensitivity, 

the complicated pre-enrichment processes and sample preparations make these lab-only test 

time-consuming and expensive. For biosensor based rapid detection methods, to perform a 

highly sensitive detection, costly gold thin film for SPR sensors [48] or microfabricated 

transistor for electrochemical sensors [47] are needed. Based on this situation, new 

technology is needed to make Salmonella field analysis and real-time detection easier, low-

cost, portable, and label-free. 
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Figure 2. 1 a, solenoid coil detector with sensors measured inside; b, solenoid coil with 

sensors measured outside; c, planar spiral coil detector. 

With the development of detection technique in the last decade, the design and 

fabrication method of the detection coil in the wireless sensing system has been developed 

over several generations. By using a solenoid coil detector (Fig. 2.1a), detections of 

Salmonella Typhimurium were performed on egg shells with a LOD at 160 CFU/mm2 [100]. 

Utilizing a peristaltic pump to flow Salmonella suspension with different density of bacteria, 

Salmonella in liquid was also tested in this system with a LOD at round 100 CFU/mL[91]. A 

cuboid solenoid coil [186] was designed with the ability to provide a proper AC magnetic 

field to move sensor detection from inside the coil (Fig. 2.1a) to outside (Fig. 2.1b) and used 

for the Salmonella detection on tomato skins [70]. The LOD of the detection using cuboid 
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solenoid coil was lower than 1.5×103 CFU/mm2. Later, a planar spiral coil (Fig. 2.1c) has 

been used to provide a higher magnetic flux change, signal amplitude, and detection distance 

than previous technologies [70], [128]. In this research, this newly designed planar spiral coil 

was microfabricated and used for the Salmonella detection on a food preparing surface, a 

food-grade polyethylene (PE) board. A measurement system which could measure both 

measurement sensors (coated with E2 phage and SuperBlock) and control sensors (without 

E2 phage, coated with SuperBlock only) simultaneous was built. 

2.2 Materials and methods 

2.2.1 Planar spiral coil fabrication 

Micro-electronic fabrication methods, including photolithography, electroplating, and 

sputtering thin film deposition, were employed for the fabrication of the planar spiral coil 

detector. The micro-fabrication process is shown in Fig. 2.2. A transparent glass wafer was 

used as the substrate of the structure (Fig. 2.2a). Before the sputtering of 10 nm of Ti thin 

film and 200 nm Cu thin film (Fig. 2.2b), Ar plasma was applied for the surface cleansing for 

10 min. The pattern described above was used for the photolithography process (Fig. 2.2c) 

for the preparation of copper plating (Fig. 2.2d). After coating with a 10 µm Cu layer, the 

unwanted part of photoresist/Cu/Ti was etched by acetone (Fig. 2.2e), the copper etchant 

(HAc:H2O2:H2O=1:1:20), and Buffered Oxide Etch (BOE, mixture of NH4F, HF, and H2O) 

(Fig. 2.2f). The first layer pattern packaging (Fig. 2.2g) was followed by the alignment and 

the fabrication of a second layer, repeating the processes (Fig. 2.2h-m). The performance of 

the planar spiral coil, which was determined by the coil’s self-resistance, self-inductance, and 

self-capacitance, was controlled by the geometry of the coil. After the fabrication was 

complete, a thin layer of SU-8 photoresist was used to “package the device”, making the 
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whole device resistant to physical damage, oxidization, and contamination. A picture (Fig. 

2.3) of as-fabricated planar spiral detection coil was taken by a microscope. The two shinny 

strips placed on the coil are the 1mm size ME platforms used in this research. 

 

Figure 2. 2 Microfabrication process for the planar spiral detection coil. 
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Figure 2. 3 An as-fabricated planar spiral coil with 1 mm ME platforms. 

2.2.2 Fabrication of ME platforms 

ME platforms were fabricated from METGLAS 2826MB alloy (Honeywell 

International Inc.). An automatic dicing saw (DAD 3220, Disco Corp, Tokyo, Japan) was 

employed to dice the metallic glass ribbon into 1×0.2×0.028 mm3 platforms. The platforms 

were cleaned with methanol and acetone, and then annealed at 220℃ in a vacuum (103 Torr) 

for 2 h to remove residual stress generated by the dicing process. Cr and Au were deposited 

onto the platform surfaces using sputtering so that the Au layer could provide corrosion 

resistance and a surface ready for bio-probe immobilization. 
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2.2.3 E2 phage immobilization and surface blocking 

Both E2 phage and Salmonella used in the research were provided by Dr. Tung-shi 

Huang's lab in the Poultry Science Department at Auburn University. The E2 phage, which 

is specific for Salmonella Typhimurium, was developed by Dr. Valery Petrenko at Auburn 

University [98]. The E2 phage suspension was diluted to 5×1011 vir/mL from 1×1012 vir/mL 

in Tris-buffered saline (TBS) solution. The ME platforms were immersed in the phage 

suspension for 1 h for physical loading. Then, the sensors were washed with deionized water 

twice to remove unbound phage and salt originating from the TBS solution. To avoid any 

nonspecific binding, the phage-loaded ME sensors were immersed into a blocking solution 

(SuperBlock™ (PBS) Blocking Buffer, Thermo Fisher Scientific Inc.) for 1 h, and then it was 

washed twice with deionized water. To compensate for environmental effects and non- 

specific binding, matched control biosensors without E2 phage were tested. Besides the 

control sensors which were on various populations of Salmonella, a series of 12 negative 

control measurements which use ME sensors loaded with phage to detect as-cleaned PE board 

surface without Salmonella was performed. 

2.2.4 Bacterial contamination on plastic food preparing surfaces  

An ultra-high-molecular-weight polyethylene (UHMW-PE) (food-grade) board was 

used to simulate the plastic food preparation plate in this work. The suspension of Salmonella 

Typhimurium with a population of 5×108 CFU/ml was diluted into 5×103 - 5×107 CFU/ml 

using deionized water. The same volume (30 μL) of pathogen suspensions were pipetted and 

inoculated onto the UHMW-PE surface, forming a contamination area, circular in shape with 

a diameter of about 3 - 4 mm. Equation 3 was used to determine the corresponding surface 

Salmonella typhimurium populations. 
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𝜌 =
𝜌#𝑉
𝜋𝑅-

'7( 

where 𝜌 is the surface population of Salmonella, 𝜌# is the population of Salmonella in the 

suspension, V is the volume of the suspension which dropped onto the surface, and R is the 

radius of the drop on the surface. Using this equation, the surface population of Salmonella 

was calculated to be 1.5×10 CFU/mm2 to 1.5×106 CFU/mm2.  

2.2.5 Real-time, in-situ surface detection process 

After 1 h of drying in a fuming hood, two ME biosensors, in which one is a measurement 

sensor loaded with phage, and the other is a control sensor all blocked with SuperBlock, were 

placed on contaminated regions on the UHMW-PE board and the sample with biosensors was 

placed in a two planar coils measurement system, shown in Fig. 2.4. A network analyzer was 

used for signal generation and data collection. Each real-time detection was performed by 

placing both measurement and control sensors on contaminated areas and about 1mm under 

detector coils for 10 min detection. Humidity was provided by a humidifier as soon as the 

measurement started, to make sure the dried Salmonella on the board surface and phage on 

the sensor could be activated and start combination [70], [128]. A LabVIEW VI (by the author) 

allowed the recording to be as fast as 10 s per data point, which is much more efficient than 

manual input. The data plots and fitted curves were generated by DataGraph 4.5.1 (by David 

Adalsteinsson). The differences between measurement sensors and control sensors (without 

Salmonella) were compared by Student’s independent t-test in GraphPad Prism7 (GraphPad 

Software, San Diego, CA, USA). Student’s independent t-test (t-test), is a statistical test to 

determine if there is significant difference between two different treatments in two separate 

sets of data. In statistical tests, P-value indicates the probability that the sample observation 

or a more extreme result obtained when the null hypothesis is true. In this research, if the P-
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value is smaller than 0.05, it means that there is a significant difference between measurement 

and control sensors. The smaller the value of P, the more significant the difference is. 

 

Figure 2. 4 The 2-coil ME measurement system 

2.3 Results & discussion 

The resonant frequency behaviors of sensors on the surface of the plastic board with 

different populations of Salmonella (1.5×106-1.5×10 CFU/mm2) were recorded as a function 

of exposure time and shown in Fig. 2.5. From the plot, the ME measurement sensors exhibit 

larger changes in resonant frequencies with the increase of populations of Salmonella. 

Indicated by the equation 2, it means that more pathogens have been bonded to the ME sensor 
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at higher population. At the same time, the resonant frequency changes of control sensors 

were constantly low, where only minimal noise (less than 100 Hz) was found. This 

demonstrates that the phage on our ME sensors can bond with Salmonella specifically and 

has no interaction with other bacteria or materials [187]. 

 

Figure 2. 5 Resonant frequency changes of measurement and control sensors as a function 

of time. 

To further confirm the results, all the sensors were stained with dye and then observed 

under an optical microscope at the magnification of 50× (Fig. 2.6). The Salmonella 

Typhimurium has a cylindrical rod-like cell with the size at about 0.5 µm × 2 µm. They are 

shown as dark rods or dots in the figures. It is apparent that the populations of Salmonella on 

the sensors drop dramatically with the drop-in population of Salmonella on the sample 
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surfaces. No obvious Salmonella CFU was found on the measurement sensor from the lower 

populations (1.5×102 CFU/mm2 and 1.5×101 CFU/mm2). 

 

Figure 2. 6 Surfaces of sensors after measuring the population of Salmonella at: a. 1.5×106 

CFU/mm2; b. 1.5×105 CFU/mm2; c. 1.5×104 CFU/mm2; d. 1.5×103 CFU/mm2. 
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Figure 2. 7 Comparison between measurement and control sensors of different population 

of Salmonella on PE boards. Asterisks in the figures indicated significant differences 

between measurement and control at the level of “*”, P<0.05; “**”, P<0.01; and “***”, 

P<0.001. “NS” means no significant difference. 

The comparison between measurement sensors and control sensors was shown in Fig. 

2.7. According Student’s independent t-test, no significant difference was observed at the 

population at 15 CFU/mm2 (P=0.5445, t=0.6184). For all Salmonella surface population 

higher than 15 CFU/mm2, significant differences were found between measurement and 

control sensors (1.5×102 CFU/mm2: P=0.0473, t=2.138; 1.5×103 CFU/mm2: P=0.0007, 

t=4.123; 1.5×104 CFU/mm2: P=0.008, t=2.997; 1.5×105 CFU/mm2: P=0.007, t=3.066; 
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1.5×106 CFU/mm2: P=0.0003, t=4.593). The observed significances confirmed that the 

change in resonant frequency is affected by the bonding of Salmonella to the sensor. Based 

on the statistical analysis, the LOD of this series of measurements was between 15 - 150 

CFU/mm2. For detection of Salmonella at this population, considering the sensor size was 

1×0.2 mm2, the average number of Salmonella cells it could bond with was only 30. 

Calculated by equation 2, the mass of 30 Salmonella cells was not supposed to cause a 

resonant frequency change as large as 100 Hz. According to Zhang’s research [55], 

comparing with a uniform attached mass, a ununiform mass coating of the ME sensor would 

be able to cause a much larger resonant frequency. 

 

Figure 2. 8 Average resonant frequency changes and standard deviations of different 

population of Salmonella on PE boards. 
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In order to determine the LOD of ME biosensors on the PE board surface, Fig. 2.8 shows 

the frequency change plot of the measurement sensors. The mean value of each population 

was shown as data points with an error bar which represents the standard error. The trend of 

the resonant frequency change with different population of Salmonella on the samples is 

replicated well. The red dash plot in Fig. 2.8 is the fitting curve by Sigmoidal function [91],  

𝑦 = 𝐴' +
𝐴' − 𝐴-

1 + (𝑥 𝑥#6 ).
'8( 

Where 𝐴', 𝐴-, 𝑥#, and 𝑝 are fitting constants, x and y are the population of the culture and 

the resonant frequency changes, respectively. In this case, 𝐴' = 	198.9, 𝐴- = 	1.84 × 10/, 

𝑥# = 78.2, 𝑝 = 3.95, and R2 of the fitting was 0.976. According to the 12 replicates of 

negative control measurements, the average standard deviation at 125.4 Hz was treated as the 

noise of the measurements. Substitute 3 times of this value as the confidence level of the 

series of measurements into the fitted equation, the LOD was calculated as 199 CFU/mm2.  

2.4 Summary 

In this research, the direct ME sensor detection of Salmonella on sample surfaces using 

the planar spiral coil was demonstrated for the first time. A measurement system with which 

both measurement sensor (E2 phage treated) and control sensor (without E2 phage) could be 

tested simultaneously was built. A food-grade PE board was used to simulate the food 

preparation plate. A series of measurement with different populations (1.5×106 CFU/mm2 to 

1.5×10 CFU/mm2) was performed, and the results were discussed. The resonant frequency of 

ME measurement sensors was found to change to a larger degree at higher populations of 

Salmonella. The limit of detection of this system was determined as 199 CFU/mm2 by 

statistics method. 
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Chapter 3. Detection of pathogens in liquid using ME sensors 

combined with membrane 

3.1 Introduction 

Estimated by CDC, in the U.S., 1.2 million foodborne illnesses and 450 deaths are 

caused by Salmonellosis every year [2]. The outbreaks of Salmonella often link to food, such 

as pre-cut fruit, ground or cut meat products, and various kinds of salads [188]. To minimize 

the impact of Salmonella, the entire food chain, including not only the surfaces of fruits [70], 

[189] and food preparation boards [190], but also the tap water, wash water or other liquid 

[176], [177], needs to be monitored. Considering the time-consuming of our gold standard, 

the PCR [184], [185], ME sensing which can do cheaper, faster, and more efficient detection 

on-site was developed.  

In previous research of ME sensors, the measurements required placing the sensor inside 

a solenoid detector to measure the initial value, and then process it before measuring the 

completed value [100],[91]. With the invention of the planar spiral coil, in-situ continuous 

measurement on sample surfaces was realized [128]. Based on the ability of direct sensing on 

surface, a hypothesis is proposed that the use of a membrane filter to transfer the target 

pathogens from liquid to membrane surface to achieve one of the biggest challenges of rapid 

detection of low concentration bacteria, pre-concentration. As a process which allows 

solvents and small molecules to pass and leave debris larger than the designed pore size, 
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membrane filtration can significantly increase the bacterial concentration. In this way, during 

the actual bacterial detection process, if the bacterial concentration required by the regulations 

is too low and the LOD of the biosensor is insufficient to meet the standard, this pre-

concentration is necessary. Since the membrane filtration method can highly concentrate a 

small amount of target particles contained in large-capacity solutions to a point in a short time, 

the measurement time can also be greatly reduced, and the measurement accuracy can also 

be improved. Based on this, a laboratory membrane filtration system for cells often consists 

of a membrane filter with a pore size much smaller than the cell size, a suitable funnel, a flask, 

and a pump which was used to create vacuum or negative pressure (Fig. 3.1). 

 

Figure 3. 1 Schematic illustration of the membrane filtration system. The top right corner 

shows a top view of the funnel with 1 mm diameter hole. ME sensors will be placed on the 

hole for further detection after filtration. 
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Figure 3. 2 Schematic illustration of an automated bacterial concentration and recovery 

system. [191] 

 Membranes are often used as components of biosensors, including mechanical support 

structures [192], transduction parts [193], pathogen filtration or concentration [191], etc. For 

pathogen concentration, polycarbonate membrane filters have unique advantages that they 

consist of arrays of series of cylindrical holes that penetrate the entire membrane [180]. In 
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this case, the uniformly distributed through-holes on the polycarbonate materials of the 

membrane filter present a very good filtration effect on relatively small and uniform bacteria 

cells. It can effectively keep bacteria on the surface of the membrane filter instead on being 

stuck in the complex network [180]. In the research of Zhang et al. [191], a ceramic membrane 

was used for the concentration and recovery of E. coli. By concentrating 500 mL E. coli 

suspension with total population around 20-80 CFU into 10 mL, 82% recovery rate was 

achieved. This way, an E. coli liquid sample with extremely low concentration became 

possible for detection. Considering the ME sensing technique equipped with a planar spiral 

coil can do detections on membrane surface directly, no back to water recovery process is 

needed, the detection limit of this system is more imaginative. 

In this chapter, the membrane filtration and ME sensors are combined to transform the 

former detection in liquid to the in-situ detection on a membrane filter surface. By hypothesis, 

to combine the surface in-situ detection method with the membrane filter sampling, the LOD 

for Salmonella in liquid could be improved. The aim of this study is to: 1) use the 

polycarbonate membrane filter to concentrate Salmonella cells from the suspension before 

the measurement with the ME sensors that was coupled with the planar spiral coil; 2) use the 

fluorescence microscopy to examine the accumulation of Salmonella on the membrane 

surface after filtration and the bacterial grasping of ME sensors after detection.  

3.2 Materials and methods 

3.2.1 Construction of the filtering system 

The filtering system consisted of a membrane filter, a funnel and a rotary pump (Fig. 3.1). 

Membrane filters (Millipore ISOPORETM) with an average pore size of 0.4 µm were 

employed to separate Salmonella cells from the liquid and expose them on the surface of 
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filters. It is a white glossy hydrophilic polycarbonate membrane filter fabricated by track 

etching on the surface of polycarbonate. This production process guarantees that the filter has 

a relatively uniform caliber (porosity 10-20%), which means it would have a good filtration 

performance on Salmonella cells whose normal size at 1-3 µm. A special plastic funnel with 

a 1 mm diameter hole was designed for this filtering experiment. During the filtering process, 

all the Salmonella suspensions passed through the single hole to make sure that all bacteria 

would be located within one spot for further measurement. Since the size of the funnel hole 

matched the size of 1 mm ME sensor, it maximized the possibility of sensors capturing 

bacteria. A rotary pump was used to create a vacuum environment so that the filtering process 

could be shortened to seconds. 

3.2.2 Filtering processes 

Both Salmonella Typhimurium and E2 phage suspension used in this research was 

provided by Dr. Tung-shi Huang’s Lab in the Poultry Science Department at Auburn 

University. The Salmonella suspension was dyed by a BacLight bacterial viability kit 

(Invitrogen™) diluted from its initial population (5×108 CFU/mL) into 5×101-5×106 CFU/mL 

with DI water. To mark the location of Salmonella, 1 µL of food dye was dropped on the 

filter so the position of the funnel hole was shown as blue. 100 µL of Salmonella suspension 

in each population was then dripped onto the marker when the pump was on. The surface 

population of Salmonella cells on filter was calculated by equation: 

𝜌 =
𝜌#𝑉
𝜋𝑅-

(7) 

where 𝜌  is the surface population of Salmonella after filtration, 𝜌#  is the original 

population of Salmonella in the suspension, V is the volume of the suspension which passed 

through the membrane filter, and R is the radius of the hole in the funnel. Take the highest 



 55 

population of Salmonella suspension, 𝜌#=5×106 CFU/mL used in this measurement as an 

example, the sample volume was 100 µL, the radius was 1/2 mm. By calculation, the surface 

population was 6.36×105 CFU/mm2. So, the tested surface populations of Salmonella on 

membrane filters were from 6.36×100 CFU/mm2 to 6.36×105 CFU/mm2. 

The whole volume of Salmonella suspension could be filtered in 10 - 30 s. The filter 

paper was then peeled off from the funnel and dried for 10 min before measurement. 

Fluorescence micrographs of Salmonella cells on membrane filter and ME sensors were 

captured with an Olympus BX51 microscope equipped with a Lumen 200 metal halide 

fluorescence light source and a fluorescein isothiocyanate (FITC) filter set (Olympus, Tokyo, 

Japan). The image processing, including time-lapse shooting and cell counting, was 

performed by the GNU Image Manipulation Program (GIMP). 

3.2.3 ME sensing system 

The planar spiral coil which was used as the wireless detector was prepared by micro-

electronic fabrication methods, including photolithography, electroplating, and sputtering. 

The ME resonant elements were directly diced from METGLAS 2826MB alloy ribbon 

(Honeywell International Inc.) by an automatic dicing saw (DAD 3220, Disco Corp, Tokyo, 

Japan) into 1×0.2×0.028 mm3. After cleansing and annealing, Cr and Au thin film layers were 

coated for corrosion resistance and biocompatible. This way the sensors were ready for phage 

immobilization. A network analyzer (ZNC, Rohde & Schwarz) was connected with the coil 

detector to provide and receive signals. 

3.2.4 Measurement processes 

The E2 phage as a bio-probe was diluted from 1×1012 vir/mL to 1×1011 by TBS solution. 

Gold coated ME sensors were rotated in the phage suspension for 1 h, to make sure that the 
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phage was immobilized on the gold surfaces to form measurement sensor. Both measurement 

and control sensors were immobilized with SuperBlock (SuperBlockTM (PBS) Blocking 

Buffer, ThermoFisher Scientific Inc.) to prevent non-specific binding. Measurement and 

control sensors were tested on the marked spot under the planar spiral coil alternately. Data 

was collected by a LabVIEW VI every 10 s for as long as 10 min. Since food dye was used 

in this experiment as a marker, one more negative control with food dye and 0 CFU/mL 

Salmonella suspension (DI water) was performed to check the influence of the dye on the 

measurements. In order to demonstrate the detection, a series of experiments with 6 replicates 

were done and analyzed. The LOD was calculated and compared with the previous in-situ 

detection on plastic board. 

3.3 Results & discussion 

Due to the smooth surface of the polycarbonate material, fluorescently labeled 

Salmonella cells can be easily observed through a microscope as small green rods (Fig. 3.3) 

after the filtration process. And because the Salmonella separated by the filter from the 

suspension was collected on the smooth surface, it also facilitated the further detection by the 

ME sensors. The sensor sheet will have a greater chance of meeting Salmonella cells within 

the marked area. In addition, because of the smooth polycarbonate surface, the membrane 

filter is not easily contaminated, so unnecessary interference can be reduced during the 

experiment. The non-hygroscopic nature makes it easy to dry, which can also shorten the test 

time. 
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Figure 3. 3 The fluorescence images of Salmonella on filters with different populations: a, 

6.36 CFU/mm2, b, 6.36×101 CFU/mm2, c, 6.36×102 CFU/mm2, d, 6.36×103 CFU/mm2, e, 

6.36×104 CFU/mm2, f, 6.36×105 CFU/mm2. 
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Fig. 3.3 shows the fluorescence images of the Salmonella on filters with different 

populations. The population of the Salmonella suspension used in the experiment was diluted 

from the initial number, 5×108 CFU/mL, to a minimum of 5×101 CFU/mL. The lower six 

populations were used for the filtration, because the filtration of 100 µL of Salmonella 

suspension whose population higher than 5×106 CFU/mL would take a much longer time than 

60 s which was not time efficient. Also, the Salmonella suspension with a population higher 

than 5×106 CFU/mL will show a clear sense of translucency and can be separated from the 

clean water by the naked eye without any food safety measurements. According to Fig. 3.3, 

as the Salmonella population increases, the number of bacteria on the filter increases 

exponentially. Fig 3.3 c-f show that Salmonella cells located on filters mostly clustered in 

circles. Fig. 3.3 a & b show 5 and 51 Salmonella cells respectively. Comparing with the 

nominated numbers of 5 and 50, almost 100% concentration rate was done by the membrane 

filter to the Salmonella cells. These results evidently indicate that most of the Salmonella 

cells from suspensions were concentrated on the experiment designed spot. Therefore, the 

nominated population of Salmonella on membrane filters (5×100-5×105 CFU) will be used in 

following figures and discussions. 

Fig. 3.4 demonstrates the behavior of the resonant frequency over time for a set of 

sensors when measured at different Salmonella populations (5×100-5×105 CFU). In the 

negative control with no Salmonella (0 CFU/mL) (Fig. 3.4 white dots), the resonant frequency 

was stable, without a decreasing trend. Most of the measurements start their resonant 

frequency drop shortly after the measurement start and soon get stable after 3-5 min. The 

resonant frequency change increased according to the Salmonella population increase from 

5×100 CFU to 5×104 CFU, while in the 5×105 CFU population measurement, the change in 
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resonant frequency didn’t increase with the increase in the population. This phenomenon may 

be caused by several reasons: 1. Due to the excessive amount of Salmonella concentrated at 

the same point, the ME sensor floated above the bacteria during the testing process. The 

decrease in viscosity during floating and the loss of friction between the sensor and the 

membrane filter may bring new influencing factors to the measurement and prevent the 

resonant frequency from decreasing as expected. 2. The large number of Salmonella may also 

be attached to the ME sensor in layers, and the outer layers of Salmonella didn’t contribute 

to the decrease of resonant frequency due to it was not attached to the ME sensor itself. 

  

Figure 3. 4 resonant frequency changes of a group of measurements. 

In order to check the bacterial adhesion effect of the measurement sensors after the test 

was completed, each sensor was observed under a fluorescence microscope and recorded as 

Fig. 3.5. As shown in Figure 3.5a, after ten minutes of reaction with the highest population 
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(5×105 CFU), the sensor surface showed large patches of green. The amount of Salmonella 

stuck on the sensor was large, and it was impossible to separate individual green rod-like 

Salmonella cells. This proves the possibility of the sensor floating above the Salmonella cells. 

In Fig. 3.5b, c, and d, measurement sensors which detected lower populations are attached 

with hundreds, dozens, and several bacteria, respectively. This decreasing trend is 

compounded by the expected decrease in the number of bacteria on the surface of the 

membrane filter. But comparing the bacteria captured by the sensor itself and the bacteria 

present on the surface of the filter, this number seems to be about 1-2%. On the sensor that 

responded to be the penultimately lowest population (Fig. 3.5e 5×101 CFU), only one 

Salmonella cell (shown as the green dot in the red circle) was found, and none at the lowest 

population (Fig. 3.5f 5×100 CFU). 
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Figure 3. 5 The fluorescence images of Salmonella on sensors with different populations: a, 

5×105 CFU, b, 5×104 CFU, c, 5×103 CFU, d, 5×102 CFU, e, 5×101 CFU, f, 5×100 CFU. 
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Figure 3. 6 Comparison between measurement and control sensors of different populations 

of Salmonella on membrane filters. Asterisks in the figures indicated significant differences 

between measurement and control at the level of “*”, P<0.05; “**”, P<0.01; “***”, 

P<0.001; “****”, P<0.0001. “NS” means no significant difference. 

In order to study the performance of the membrane filter-assisted ME detection system 

for detecting Salmonella in suspensions of different populations, 6 groups of measurement 

biosensors and control biosensors were tested on the marked positions alternatively. As 

shown in Fig. 3.6, the lengths of bars are the mean value of resonant frequency changes; the 

error bars indicate standard deviations. According to a total 6 repeats of negative controls 

(Fig. 3.6 0 CFU), the average resonant frequency change (0 Hz) and the standard deviation 
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(66.3 Hz) indicate that the noise of this measurement system was limited to 199 Hz. In this 

case, the dye marker was safe to use for the detection. For the measurements from low to high 

populations (5×100-5×104 CFU), the frequency changes also vary from small to large, which 

accords with the tendency of the weight increase. According to Student’s independent t-test, 

for the comparison between measurement and control sensors, the populations at 5×100 CFU 

(P=0.0018, t=4.203) showed significant difference and 5×101 CFU (P=0.8003, t=0.2598) 

didn’t. However, the resonant frequency changes of 5×100 CFU were in noise level. For all 

Salmonella population on membrane filter higher than 5×101 CFU, significant differences 

were observed (5×102 CFU (P=0.396, t=2.405), 5×103 CFU (P=0.0001, t=6.109), 5×104 CFU 

(P<0.0001, t=8.098), 5×105 CFU (P=0.0544, t=2.179)). Therefore, the LOD of this 

measurement system is lower than 5×102 CFU or 6.36×102 CFU/mm2. 

The anomaly is still shown in Fig. 3.6 that the mean value of the frequency change at 

the highest population (5×105 CFU) is smaller than the lower populations. This has also been 

reflected in the discussion of Fig. 3.4 above. This may be due to the excessive influence of 

Salmonella on the real-time measurement process of the membrane filter surface. We 

proposed a solution to try to solve this problem: to record the resonant frequency of the clean 

sensor on a Salmonella-free spot of the membrane filter before test, and to record the resonant 

frequency of the contaminated sensor by flipping it around, so the side without Salmonella 

attached on to the Salmonella-free spot of membrane filter. This way, the variables can be 

controlled as small as possible and the mass of Salmonella should be the only factor which 

influenced the resonant frequency. According to Fig. 3.7, the resonant frequency changes of 

measurement sensors (1378±400 Hz) and control sensors (-78±310 Hz) are observed 

(P<0.0001, t=7.039). The results of measurement sensors in this test are used to replace the 
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test results of the same population in previous series direct measurements to obtain the 

resonant frequency trend chart in Fig. 3.8. In Fig. 3.8, the surface population x-axis was log 

transformed and presented as 𝑙𝑜𝑔'#𝑥 . It was found that this curve is a compound linear 

regression and could be fitted by linear function (𝑦 = −312 + 296.1 ∗ 𝑥). Considering the 

noise level of this measurement system was 199 Hz, substitute it into the fitted equation, the 

LOD of the membrane filter-assisted ME sensing system was determined as 54 CFU (6.9×101 

CFU/mm2 on membrane surface or 5.4×102 CFU/mL in original suspension). 

 

Figure 3. 7 Corrected comparison between measurement and control sensors of different 

populations of Salmonella on membrane filters. Asterisks in the figures indicated significant 
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differences between measurement and control at the level of “*”, P<0.05; “**”, P<0.01; “***”, 

P<0.001; “****”, P<0.0001. “NS” means no significant difference. 

 

Figure 3. 8 The resonant frequency changes according to a different population of Salmonella 

on membrane filters. 

 Limited by lab experiments, 100 µL was chosen as the sampling size in this research. 

For real detections of water quality in real daily life, the bacterial concentration will be 

extremely low, and the sample volume and the filtration time can be very sufficient. Referring 

to Zhang’s research [191], an E. coli suspension with an initial bacterial concentration as low 

as 0.1 CFU/mL could be recovered at around 80%. For the membrane filter assisted ME 

sensing, as long as the water sample amount can be larger than 540 mL, the detection is 

possible. 
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3.4 Summary 

In this research, the membrane filter was applied to the ME sensing system for the first 

time, and it helped to transfer the former detection of Salmonella from liquid to membrane 

filter surface. The surface in-situ detection method of ME sensing system with planar spiral 

coil built-in can offer its fast and accurate characteristics for the detections of Salmonella in 

liquid. Based on the design of the funnel, most of the Salmonella in the suspension can be 

concentrated into a small circle to fit the size of the sensor, so the possibility of the sensor to 

get contaminated with the target pathogen was maximized. According the results and analysis, 

the detection limit of this system can reach 54 CFU (6.9×101 CFU/mm2 on membrane surface 

or 5.4×102 CFU/mL in original suspension). Comparing the traditional ME sensor detection 

in solenoid coil, this system can make the detection of Salmonella in liquid faster (10 min vs 

1 h), and more accurate (5.4×102 CFU/mL vs 5×103 CFU/mL) [194]. Since the filtration 

capability of membrane filters does not necessarily limit to 100 µL as tested in this research, 

as long as enough volume of tested liquid passed through the membrane filter, the LOD of 

Salmonella population in the liquid can be even lower.  
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Chapter 4. Swabs and peelable gel as large-scale sampling 

methods of Salmonella Typhimurium 

4.1 Introduction 

People suffer from foodborne diseases caused by microorganisms because food can be 

contaminated at any stage of the food supply chain. Salmonella, which we target in this 

research, is one of the main pathogens that causes food poisoning, fever and even hundreds 

of deaths every year [5], [6]. To prevent the Salmonella outbreaks, an ME biosensing system 

which consists of a wireless acoustic wave sensor platform [195] and a coil detector [70], 

[186] was employed for real-time, low-cost, and portable Salmonella detection on site [196]. 

Due to the basic theory of the acoustic wave sensor platform, a higher sensitivity could be 

offered by a smaller sensor [33]. Here comes the dilemma that if the sensor size is too small, 

the detection area it could touch would also be small. Even though the multiple sensors fast 

measurement can provide very good information of the existence of targeted pathogens by 

statistics [197], a sampling method which can cover the whole desired area may serve as an 

simpler alternative. 

After its invention around a century ago [157], the swab soon became one of the most 

useful surface sampling techniques. Due to the characteristics such as low cost, easy-to-use, 

and highly efficient, the swab has been widely used in hospitals, labs [146], and homes for 

the pathogen collection. With the development in the past decades, Q-tips with cotton fibers 
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wrapped around the head of wooden rods are no longer the only architecture of swabs. 

Different synthetic fibers, such as rayon [148], foam [151], polyester [152], and nylon [153] 

have been synthesized and used for the applicators of swabs. These applicators usually have 

excellent water absorbability which helps them by collecting the particles from sample 

surfaces. Besides the application of new materials, the construction of the applicators also 

experienced a revolution from the wrapped structure to a flocked one [153], in which a large 

number of short nylon fibers stand perpendicular to the handler tip and form a head. This 

fabrication method provides a more ordered structure of the applicators. Tightly aligned fibers 

can act as brushes on the sample surfaces and then hold liquid samples by its strong capillary 

effect. This flocked structure was claimed to have better ability to collect cells from surfaces 

and have a faster elution rate back into liquid [153]. 

Swabs wetted by DI water can pick up and recover more pathogens than using swabs 

only [148]. To enhance the Salmonella recovery rates from dry surfaces, we need a better 

wetting agent than DI water which can help us pick up more pathogens. So, this wetting agent 

should have the following abilities: 1. It should be able to lower the surface tension between 

the pathogen and sample surface; 2. It should be able to offer stable oil-in-water emulsion; 3. 

It should be widely accepted for the usage in the biology lab; 4. It should be safe for food 

applications. Comparing with DI water, Tween 20, which is a nonionic detergent widely used 

in biochemical applications, fits these requirements. In Buttner et al.’s research [175], a 0.05% 

Tween 20 solution was used to suspend B. atrophaeus before swab tests. The high recovery 

rate was hypothesized to be influenced by the low coherence between spores and the sample 

surface. By comparing 11 different solutions in a series of experiments to identify the best for 

swab wetting, Moore and Griffith showed that the high recovery rate of pathogens in the 
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diluent was mainly influenced by the pick-up and release rates [169]. Although their 

performance varied, all the surfactants significantly improved the two processes, it mitigated 

the damage to bacterial cells during dry swabbing, and maximized elution. 

Instead of collecting particles in a mechanical way, a method of applying a peelable gel 

to sample surfaces to remove Salmonella was proposed. By hypothesis, we should be able to 

find a gel that can be spread evenly over a large surface area. The gel should be able to form 

a thin film and pick up bacteria from sample surfaces. The gel film should be able to keep 

bacteria alive and then easily peel off from the surface. It also should be able to dissolve into 

water in a short time, so that the pathogen collected by the gel can be recovered quickly.  

Regarding the choice of peelable gel, the first consideration is the safety to bacteria and 

operators. Commonly used edible gels are generally natural products and considered as safe. 

Among them, agar and carrageenan are seaweed extracts with high gelling and melting points 

(85 °C), so they cannot be spread on the sample surface at room temperature. Also, because 

their water-soluble temperature is too high, Salmonella would be killed at a temperature 

higher than 71 °C. Even if in some way the bacteria were picked up by these gels, it cannot 

be restored to water. Gum arabic (acacia gum) is an exudate obtained from the bark of African 

legumes. Because of its suitable viscosity, it is often used to make fudge. In the preliminary 

tests, we found that gum arabic can dissolve well in water at room temperature and form a 

viscous and odorless gel. However, the dried gum arabic film is very fragile and easy to break 

and cannot be peeled off from the sample surfaces.  

Gelatin, derived from various animal by-products, is a commonly used translucent, 

colorless, flavorless food additive. At around 30 °C, it transforms between a semi-solid phase 

and a liquid-like one. This melting point of gelatin is a little lower than the incubation 



 70 

temperature (37 °C) and much lower than the killing temperature of Salmonella (71 °C), so 

the melting process of the gelatin won’t hurt the pathogen. According to an FDA study [198], 

Salmonella can survive in gelatin gel and recover by a certain incubation process. Not only 

can gelatin keep Salmonella alive in it [199], it also allows the micro-organisms to break it 

down into smaller molecules [200]. Based on Brocklehurst’s research [201], the Salmonella 

Typhimurium can even grow in gelatin gel under a suitable environment. In this case, gelatin 

is chosen for the peelable gel test. 

The goal of this study is to find the most suitable large-scale sampling method of 

environmental surfaces. To simulate a real food processing environment, three normal food 

processing plate materials were selected: a food grade PE board (with different roughness), a 

stainless steel sheet, and glass slides. Five commercially available swabs (Fig. 4.1 a. Rayon; 

b. Cotton; c. Purflock; d. Hydraflock; e. ESwab) were compared by their structures, water 

capacities, and Salmonella Typhimurium recovery rates from both wet and dry surfaces. The 

effect of a wetting agent for swabs, Tween 20, was tested for improving the Salmonella 

sampling efficiency from dry surfaces. Finally, gelatin was compared with swabbing for 

Salmonella recovery in different roughness of PE boards and from various kinds of sample 

surfaces. 

4.2 Materials and methods 

4.2.1 The selection and treatment of swabs and gelatin 

The five typical swabs, which represent different applicator fibers and structures, are 

traditional rayon swabs (Fig. 4.1a) and cotton swabs (Fig. 4.1b), the Purflock (Fig. 4.1c) 

swabs and Hydraflock swabs (Fig. 4.1d) (Puritan Medical Products, Lenexa, KS), and the 

eSwab (Fig. 4.1e) (Copan Diagnostics, Murrieta, CA). All the swabs used in this work were 
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sterile and single packaged. Photos and SEM images were taken to demonstrate the fibers, 

structures, and characteristics of the different applicators. Tween 20 was provided by Dr. 

Tung-shi Huang’s lab with a concentration of 0.1% and diluted into a lower concentration of 

0.05% for the comparison. 

 

Figure 4. 1 Swabs used in this research. a. Rayon; b. Cotton; c. Purflock; d. Hydraflock; e. 

eSwab. 
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Gelatin (Knox, Englewood Cliffs, NJ, Fig. 4.2a) with different concentrations (0.025 

g/mL, 0.05 g/mL, 0.075 g/mL, and 0.1 g/mL) were prepared for optimization. All the gelatin 

solution was prepared and kept at the Salmonella incubation temperature (37 °C). A water 

bath (Thermo NESLAB RTE 7, Newington, NH, Fig. 4.2b) was used to heat the mixture and 

maintain a precise temperature. 

 

Figure 4. 2 a. box of unflavored gelatin, b. water bath heater. 

4.2.2 Salmonella sample preparation 

A food grade PE board, a 304 stainless steel sheet, and glass slides were used to simulate 

the environment of food preparation surfaces. The PE board was diced into 3×3 cm2 squares 

by a band saw; and the stainless steel sheet and glass slides were cut into the same size by 

wire cutting and diamond blade, respectively. Three surface roughness of PE plates were 

prepared using sandpapers with grits at 120 (120PE), 320 (320PE), 600 (600PE) to 
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correspond to the long-term used, mild used, and brand-new plastic food cutting board. The 

corresponding roughness of each PE plate was expressed as 115 μm, 36 μm, 16 μm, 

respectively. The suspension of Salmonella Typhimurium with a population of 5×108 CFU/ml 

was diluted into 5×104 - 5×107 CFU/ml using deionized water. Five drops of a Salmonella 

suspension, 20 μL per drop, were loaded onto each PE square. Calculated by equation 7, the 

surface population of Salmonella in this research range from 5 CFU/mm2 to 55000 CFU/mm2. 

For wet surface tests, swabbing was carried out on the samples immediately, while for the 

dry surface tests, all the samples were located in the hood for a drying time of about 2 h.  

 

Figure 4. 3 The sample preparation process: a. 5 droplets on sample surface; b. Salmonella 

suspensions dried in the hood. 

4.2.3 Sampling and recovering process 

Swabbing:  

First, a preliminary test to measure the water absorption capacity of different kinds of 

swabs was conducted (Fig. 4.4) to determine the volume of water should be used in the 

following tests. Three replicates were done by dipping each fresh swab into water and 

measure the weight loss of the water tank. It was found that the rayon and cotton tipped 

traditional swabs can absorb more water than the flocked ones. All the five kinds of swabs 

could take more than 100 μL DI water. 
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Figure 4. 4 Water capacity (mL) of the different swabs. 

100 μL DI water was loaded onto the PE squares. Immediately afterward, a swab was 

applied to absorb the moisture so dried Salmonella is picked up by the humidified swab as 

much as possible. The swab was then pressed down so its tip could fully contact the board 

surface and move in the three directions illustrated in Fig. 4.5, 30 times per direction. Each 

movement was as uniform as possible to make sure that the swab covered the sample surface 

evenly. The swab was rotated about its axis by 90 degrees after swabbing on each direction, 

so that the pathogen capture rate can be maximized. The swab tip was then submerged in 900 

μL DI water in a plastic tube, followed by 15 s vortexing. After that, the suspension was 

diluted by factors of 101,102 and 103, and each population was marked on petri dishes as -1/-

2/-3. For each population 2 drops of 10 μL were placed on to the petri dish and formed a line 
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by slipping down. After 16 h of incubation at 37 °C, bacteria colonies grew and were suitable 

for plate counting. 

 

Figure 4. 5 The sampling processes: swabbing and rotation. 

Peelable gel: 

The same boards which were used in swab tests were also used as sample surface in the 

gelatin test. The cleaning, Salmonella dropping, and drying procedures were also following 

the procedures used in the swab tests. 100 µL of fully dissolved gelatin solution was then 

pipetted onto sample plates and dried for 2 h. The thickness of each gelatin film which formed 

from different concentrations was measured by a height meter. 0.05 g/mL was the 

concentration which could form the thinnest film with a complete and uniform structure. After 

the gelatin dried on the Salmonella contaminated surface, it could easily be peeled off by 

tweezers. 

The peeled off gelatin film was dissolved in 1 mL of DI water, heated by the external 

water bath controlled at 37 °C. This temperature was used to decrease the time to dissolve the 

gelatin without killing the bacteria. The plate count procedure also follows the swab testing. 
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4.3 Results & discussion 

4.3.1 Photo and SEM observation of swabs and structure analysis 

 

Figure 4. 6 Swabs used in this research. a. Rayon; b. Cotton; c. Purflock; d. Hydraflock; e. 

eSwab. 

Photos of all the five swabs with different tip materials and their isolated sterile packages 

are shown in Fig. 4.6. The variations of swab sizes are controlled in a small range (5 ±

0.2	𝑚𝑚 in diameter / 16.5 ± 1	𝑚𝑚 in length) to keep the capture ability and recovery rate 
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only depend on the architecture of applicators. Observed by the naked eyes, rayon & cotton 

swabs are traditional ones whose fiber was twined around one head of the plastic handles to 

make the tips, while the other three are flocked designs, where all the fibers stand as arrays 

on the heads to make tips.  

To further determine the microstructures of these swabs, the SEM images (Fig. 4.7) were 

taken. The SEM magnification of rayon and cotton swabs (Fig. 4.7a and 4.7b) reveals that 

the fibers tangle together since they are wrapped around the head of the handle. The rayon 

fiber seemed very smooth and uniform, with an average diameter at 13.28 µm. Quite different 

from the rayon one, the cotton fibers were rough, flat, and always twisted. The width of cotton 

fibers varied a lot, ranging from 5-13 µm. As is called, the Purflock swab had very clean, 

smooth, and uniform fibers, whose average diameter was 18.29 µm, flocked around the head. 

The microstructure of the Hydraflock swab was quite unique. Its special 3D design not only 

makes the fibers flocked around the head of handle, but also keeps branching very uniform 

on top of each fiber. The average diameter of the Hydraflock swab fibers was 17.2 µm, while 

the diameter of each branch was around 2.52 µm. The structure of eSwab is very similar with 

the Purflock’s, but the surface of the fibers seems to be very unsmooth. It might be caused by 

the protein added by Copan on this swab.  
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Figure 4. 7 SEM images of swabs. a. Rayon; b. Cotton; c. Purflock; d. Hydraflock; e. 

eSwab. 
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4.3.2 Comparison of swabs on the Salmonella recovery from wet surfaces 

The recovery results on wet plastic surfaces quantified by plate counting are shown in 

Fig. 4.8. The recovery rates of the three flocked swabs were higher than the two traditional 

ones. Compared them in pairs by t-test, significant differences were found between Purflock 

swabs and traditional ones (Rayon: P=0.0357; Cotton: P=0.044). Significant differences also 

showed between Hydraflock swabs and traditional ones (Rayon: P=0.0184; Cotton: P=0.021). 

However, the comparison between eSwab and Rayon/Cotton didn’t show any significant 

difference (Rayon: P=0.0596; Cotton: P=0.0596). The differences in Salmonella recovery 

rate seem to be caused by the differences of tip microstructures. The wrapped fibers of 

traditional swabs may trap the bacteria, while the flocked structure would not have an 

apparent block for the pathogens. The branching tips of Hydraflock fibers was able to sweep 

more detailed than other flocked swabs, so it gets the highest Salmonella recovery rate on wet 

surface detection. 
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Figure 4. 8 Salmonella recovery rate of different swabs on wet surfaces. (Asterisks in the 

figures indicated significant differences among glass, steel, and plastic boards at the level of 

“*”, P<0.05.) 

4.3.3 Comparison of swabs on the Salmonella recovery from dry surfaces 

The Salmonella recovery rate of different swabs on dried 600PE board surfaces was 

shown in Fig. 4.9. To find out a swab that can be used for various surfaces universally, 

experiments were conducted on three different surfaces – steel, glass and PE board. Across 

all swabbing methods, eSwab has the highest recovery rate on plastic surfaces but the lowest 

on the glass ones (P=0.01). The Hydraflock swab showed similar levels of recovery rates 

(P=0.32) for all the three surfaces. When compared with other swabbing methods, it presented 

similar or relatively higher recovery rates. Similar with eSwab, Purflock swab also showed a 

significant difference (P=0.04) in recovery rates among three surfaces with the plastic board 
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the highest. The two traditional swabs, rayon and cotton, showed relatively lower recovery 

rates than other methods, and no significant differences (Rayon: P=0.24; Cotton: P=0.45) 

were observed among the three surfaces. Purflock and eSwab behave very similarly on 

surfaces of different materials, which may be related to their similar microstructure (Fig. 

4.7c&e). 

 

Figure 4. 9 Comparison of Salmonella recovery rates of different swabs on 600PE boards; 

Stainless steel sheets, and glass slides. (Asterisks in the figures indicated significant 

differences among glass, steel, and plastic boards at the level of “*”, P<0.05.) 

4.3.4 Wetting agent assisted swabbing from dry surfaces 

A preliminary screening to compare the recovery rates by using the wetting agent, 

Tween 20, with different concentration (0.1% & 0.05%). When the Tween 20 modified swabs 
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were applied on the dry surface, the recovery rates of both concentrations (0.1% & 0.05%) 

were consistently higher with 0.05% on all swab methods. Further tests on both 600PE board 

and stainless steel sheet showed about 10-fold increases after adding the surfactant. 

Significant differences between with/without 0.05% Tween20 were detected (600PE: P<0.01; 

Stainless steel: P<0.01). In Moore and Griffith’s discussion about in-house swabbing 

standards [169], the addition of surfactants to wetting solutions significantly increased the 

number of recovered E. coli colonies from dry surfaces compared to solutions lacking 

surfactant. This is because the sublethal damage to the cell membrane in a dry environment 

makes the bacteria very sensitive to excessive agitation and strong shear forces [202]. The 

wetting solution containing surfactants will reduce the surface tension of the liquid on sample 

surfaces, thereby reducing the mechanical energy generated by the wiping action and 

minimizes the damage of bacteria [169]. 
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Figure 4. 10 Comparison of Salmonella recovery rates on Hydraflock swab with/without 0.05% 

Tween 20. (Asterisks in the figures indicated significant differences between with/without 

0.05% Tween 20 at the level of “**”, P<0.01). 

4.3.5 Screening data for peelable gel sampling 

The ability of gelatin to remove and recover Salmonella cells was then examined by 

fluorescence optical microscope. Fig. 4.11 shows a series of fluorescence microscopy images 

of Salmonella at 5×106 CFU/mL: a) Salmonella cells after drying on PE board; b) PE board 

surface after gelatin was peeled off. In the 0.038 mm×2 mm image-taking area, there were a 

total of 777 live Salmonella colonies counted in Fig. 4.11a and very few live Salmonella 

colonies counted in Fig. 4.11c. Obviously, gelatin does have the ability to remove almost all 

the Salmonella cells from PE board surface. It may solve the difficulty of detection on rough 

surfaces.  
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Figure 4. 11 a. Salmonella on PE board; b. PE board after gelatin treatment. 

To minimize the influence caused by gelatin on bacteria and maximize the recovery rate 

of Salmonella, using a less amount of gelatin to pick up as much as Salmonella is needed. At 

the same time, a too thin layer of gelatin won’t be smoothly peeled off completely. Various 

concentrations (0.025 g/mL, 0.05 g/mL, 0.075 g/mL, and 0.1 g/mL) of gelatin solution was 

prepared and measured after drying. 0.05 g/mL was the one which would form a thin film 

with a thickness at only 0.02 mm. 

No data was recorded for the test of gelatin on glass (Fig. 4.12) because gelatin films are 

not able to be removed from the glass surfaces. When compared between the plastic boards 

and stainless steel sheets, significant higher recovery rates (P=0.03) were observed on plastic 

boards. On the stainless steel sheets, the recovery rates by gelatin was similar with all the 

swabs (P>0.05). However, on a plastic board, gelatin had achieved relatively higher recovery 

rates than the swab sampling methods, while the differences were not statistically different 

(P>0.05). Overall, gelatin showed a good recovery rate when used as a sampling method for 

Salmonella on surface. Comparing with swab sampling, the peelable gel sampling method 

represented by gelatin has three major advantages: 1, large scale. Gelatin solution can be 

applied on any area of surfaces as the experiment designed, while the swabbing can only 
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cover a relatively small range. 2, repeatability. The bacterial recovery results of swab 

sampling are highly dependent on the operation of the experimenter, because the force applied 

on sample surfaces can be different. For the peelable gel sampling method, the application of 

gel can be much more repeatable. 3, no trained personal required. Gelatin is a commonly used 

food additive in households, its usage in bacterial surface sampling is just a repurposing 

utilization. 

 

Figure 4. 12 Comparison of Salmonella recovery rates of gelatin and swabs on 600PE 

boards; Stainless steel sheets, and glass slides. (Asterisks in the figures indicated significant 

differences among glass, steel, and plastic boards at the level of “*”, P<0.05. “NA” means 

no available for tests.) 
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4.3.6 Comparison the effect of different roughness on recovery rates of Salmonella by 

gelatin and Hydraflock swab. 

 Salmonella with surface density range from 5 CFU/mm2 to 55000 CFU/mm2 was tested 

for the recovery rates from PE board with different roughness (120PE, 320PE, and 600PE) by 

gelatin and Hydraflock swab (with 0.05% Tween 20) (Fig. 4.13). At 5 CFU/mm2 and 55 

CFU/mm2, low recovery rates were found. By gelatin sampling method (Fig. 4.13a), the 

recovery rates on 600PE were significantly higher than 320PE (P<0.01) and 120PE (P=0.0104); 

no significant difference was found between 120PE and 320PE (P=0.13) at 550 CFU/mm2. For 

5500 CFU/mm2, a similar pattern was observed with 550 CFU/mm2 (600PE vs 320PE: P<0.01; 

600PE vs 120PE: P<0.01; 320PE vs 120PE: P=0.74). However, for the highest surface 

population 55000 CFU/mm2, no significant difference was found among three surfaces 

(P>0.05). This finding indicates that the efficiency of Salmonella captured by gelatin was 

affected by surface roughness. Especially at low population, the capture efficiency on smoother 

plastic surfaces was better. 

By Hydraflock swab (with 0.05% Tween 20) sampling method (Fig. 4.13b), no 

significant difference was found on all surfaces with different roughness at any tested 

Salmonella population. This result is consistent with our previous finding that the sampling 

efficiency of Hydraflock swab was not affected by the surface materials. The perpendicular 

nylon fibers of the flocked swab served as a soft brush, which contributed to their suitability 

for the pathogen capture on flat surfaces as well as rough environmental surfaces. The well-

designed compact perpendicular fibers caused a strong capillary action and a robust hydraulic 

uptake of liquid samples, which allowed for better collection of cells or other microorganisms 

from environmental surfaces and faster elution into liquid after capture [153]. 
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Figure 4. 13 Comparison on the recovery rates of Salmonella from various populations 

among different roughness (120PE, 320PE, 600PE) by a. Gelatin; b. Hydraflock swab (with 
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0.05% Tween 20). (Asterisks in the figures indicated significant differences among different 

roughness PE boards at the level of “*”, P<0.05; “**”, P<0.01.) 

4.3.7 Comparison the effect of different materials on recovery rates of Salmonella by 

gelatin and Hydraflock swab. 

 When tested on 600PE, the only significant difference was observed between gelatin and 

Hydraflock swabs (with 0.05% Tween 20) at the highest population (55000 CFU/mm2) 

(P<0.01). However, on the stainless steel, significant differences were observed between 

gelatin and Hydraflock swabs at all tested population (P<0.01). This finding indicates that the 

efficiency of Salmonella capture by Hydraflock swab assisted by surfactant was better than 

gelatin, especially when tested with a larger population of Salmonella. The difference these 

two methods was also affected by materials. 
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Figure 4. 14 Comparison on the recovery rates of Salmonella from various populations 

between Gelatin and HydraFlock swab (with 0.05% Tween 20) on a. 600PE; b. Stainless 
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steel. (Asterisks in the figures indicated significant differences between gelatin and 

HydraFlock swab at the level of “**”, P<0.01; “***”, P<0.001.) 

4.4 Summary 

In previous research, the surface direct detection using ME sensors met a dilemma that 

smaller sensor may provide higher sensitivity but also result in a smaller detection area. In 

this chapter, five commercially available swabs and gelatin were compared and analyzed for 

their large-scale sampling ability of Salmonella from normal food processing plates: plastic, 

stainless steel, and glass. First, the microstructures of different swabs were compared by SEM. 

Considering the recovery rates of Salmonella from wet and dry surfaces, the flocked structure 

swabs, especially the Hydraflock ones, have higher performance than the traditional ones, 

because of their brush-like construction, capillary effect, and faster elution. Hydraflock swabs 

showed constantly good performance on different materials and different surface roughness. 

Gelatin was found to have a similar or better recovery ability against Salmonella on the 600PE 

board than tested swabs, while it was not compatible with a glass surface detection due to 

tight bonding. The wetting agent Tween 20 was used to assist the experiment of swabs and 

found a significant improvement in the bacterial recovery. The recovery rates of Hydraflock 

swabs assisted by Tween 20 were better than gelatin on different surfaces. Therefore, the 

Hydraflock swab with the wetting agent is the most suitable sampling method to restore large 

scale Salmonella for further ME testing. 

         Our finding provides the possibility of using gelatin as an alternative sampling method 

other than the swab. Comparing with swabbing, gelatin showed three advantages: large-scale, 

repeatability, and no trained personnel requirement. With further modifications of physical 

and chemical properties, such as changing the size of its particle, increasing its viscosity, or 
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mixing it with additives (i.e. nutrition, surfactant, etc.), its efficiency of bacterial recovery 

could be improved.   
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Chapter 5 Conclusion 

For more realistic on-site detection of Salmonella to protect our food safety, we need 

more efficient surface detection methods and the detection capability of a few colonies in 

high-throughput liquids. With the application of the planar spiral detection coil which offers 

higher magnetic flux change, a measurement system with which both a measurement sensor 

(E2 phage treated) and a control sensor (without E2 phage) could be directly tested on sample 

surfaces simultaneously was built. In order to simulate the real food processing environment, 

a food grade PE board was used as a cutting board for Salmonella surface detection. By series 

measurements, it was found that the resonant frequencies of ME measurement sensors change 

to a larger degree at higher populations of Salmonella.  

Based on the good performance of the planar spiral coil on surface direct detection, the 

method by using a membrane filter to transfer Salmonella cells from in-liquid to membrane 

surface was introduced. The result confirmed that most of the Salmonella colonies could be 

concentrated to fit the ME sensor size for detection. This process maximized the possibility 

of the ME sensor for the detection Salmonella in liquid. The LOD of 54 CFU (69 CFU/mm2) 

was achieved in this measurement. Because the detection limit at this circumstance is only 

related to the Salmonella population on the membrane surface, low concentration of 

Salmonella samples could be measured when given at a larger volume. 
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To solve the limit of small surface coverage of the ME sensor size, a large-scale sampling 

method is needed without changing the size of the ME sensor in the aim of preserving its 

sensitivity. Five kinds of swabs and gelatin sampling methods were compared on sample 

surfaces with different roughness and materials. Without adding wetting agents to swabs, 

gelatin performed similar or better efficiency than the swabs. Among all sampling methods, 

the efficiencies of bacterial recovery rates of Purflock, eSwab and gelatin were affected by 

the surface materials; constant higher efficiency was observed on PE boards than other 

materials. When tested with different roughness of PE boards, the gelatin performed better 

on smoother surfaces, while Hydraflock swabs showed no difference. After adding Tween 20 

as the wetting agent, the efficiency of Hydraflock swabs was increased and showed even 

higher efficiency than gelatin.  

The result indicates that Hydraflock swabs with a suitable wetting agent is good for 

general surface sampling, and the gelatin also showed its potential as an alternative sampling 

method. With further modifications of physical and chemical properties of gelatin, such as 

changing the size of its particle, increasing its viscosity, or mixing it with additives (i.e. 

nutrition, surfactant, etc.), its efficiency of bacterial recovery could be improved. Further 

study of the application of swabbing or gelatin onto food surfaces is required. The large-scale 

sampling methods may be a possible path to solve the detection problem caused by the 

curvature of foods.  
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Chapter 6 Future work 

 In chapter 2, a planar spiral coil was microfabricated and utilized for the detection of 

Salmonella on plastic board surface directly. There are still some issues worth optimizing. 

Although the planar spiral coil has improvements comparing with the cuboid coil on the 

signal, the distance between the sensor and the coil was still limited to about 1 mm. This poses 

difficulties for wireless detection on site. Future researchers may design new detection coils 

or test methods to increase the detection distance.  

 In chapter 4, a new pathogen sampling method by using peelable gel was introduced. 

Gelatin was selected as the representative of edible gels from agar, carrageenan, and gum 

arabic. According to M. Glicksman [203], edible gel can be divided into six categories with 

more than 60 kinds. In addition to what was mentioned above, the most commonly used gels 

are xanthan gum, guar gum, sodium alginate, locust bean gum and konjac gum, etc. Further 

research is possible on two directions: 1. To find another kind of gel which also fit the 

requirements of peelable gel to replace gelatin and achieve a higher recovery rate. 2. Referring 

to the practice of mixing additives in the food industry, future researchers may add other gels 

into gelatin to make it adapt better to more surfaces.  
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