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ABSTRACT 

Rapid E.coli Detection Using Thickness Shear Mode (TSM) Biosensors 

 

Tao Tao                                                   Advisor: 

University of Guelph, 2013                                   Professor Edward McBean 

 

      This thesis focuses on the development and improvement of fast pathogen detection 

methods involving TSM biosensors. The approaches introduced in this thesis consist of two 

main parts. The first part involves two constructed TSM biosensors, which are used for 

pathogen detection based on density and viscosity change of the test media along with the 

growth of E.coli. This thesis attempts to optimize the test media and determine the functional 

components affecting the oscillation frequency and shortening the initial growth phase of 

E.coli – the lag phase. In the lag phase, E.coli cells adjust to the ambient environment, absorb 

the nutrients in the test media and increase in mass, but don’t divide. The second part of the 

experiments is based on a constructed immunoassay TSM system. The crystals used in these 

experiments are coated with anti-E.coli antibodies with PCDA vesicles and gold 

nanoparticles. As the combination of E.coli cells and anti-E.coli antibodies leads to a mass 

loading on the crystal, the oscillation frequency would decrease. Therefore, this thesis 

explores whether the combination of E.coli and anti-E.coli antibodies can lead to a 

measurable frequency shift, and how the initial E.coli concentration in water samples affects 

the output results. 



 

 

      This thesis concludes that a mixture of 3g/100ml mFC broth with 0.6g/100ml gelatin 

may be a successful test media, which has a detection limit of E.coli in the range of 

                 ~                   . In applications using this test media, the 

frequency shift can be up to 1800 Hz in 6 hours when E.coli concentrations reach 6.889 x 10
9 

CFU/100ml; however, procedures to shorten the lag phase, which accounts for the majority of 

the entire detection time, are needed to be resolved in future research. For the constructed 

immunoassay TSM system, a measurable frequency shift was determined to occur only when 

the E.coli concentration is high enough and up to the magnitude of 10
7
 CFU/100ml. 

Therefore, the approaches based on immunoassay principle need to be modified and 

optimized at areas of future research.
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Chapter 1 Introduction 

      In order to ensure that drinking water and food supplies are reliable and safe, serial 

detection indices are applied to the drinking water and food safety testing. One of the most 

important and necessary indices is the quantity of food- and water-borne microbial pathogens. 

As the number of the reported food- or water-borne disease outbreaks increases, to detect the 

food- and water-borne pathogens is an urgent issue worldwide.  

      Recently, conventional and emerging pathogen detection approaches have 

significantly advanced the precision of detection; however, there are also numerous obvious 

limits, such as the degree of time and labor, lack in portability and difficulty of operation. 

There is interest in improving abilities for food and drinking water testing in less than one day. 

Therefore, new pathogen detection approaches need to be developed to not only shorten the 

test time, but also improve the level of accuracy.  

      This research will contribute to development of a novel pathogen detection approach 

involving the TSM biosensors, and a better understanding of the crystal oscillation frequency 

shifts associated with the growth of E.coli in certain defined testing media. In addition, 

understanding how the essential additives and media components affect the crystal response 

will help the optimization of the testing media and enhance the sensitivity and accuracy of 

this pathogen-detecting approach. Furthermore, in the application of the constructed 

immunoassay TSM sensor and the crystals coated by anti-E.coli antibodies, the relationship 

between the concentration of E.coli in water samples and the frequency shift need to be 

studied. 

      The work described in this thesis tested the following hypotheses: 1. The growth of 
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E.coli in defined testing media, such as Tryptic Soy Broth (TSB) and mFC broth may cause a 

change in the density, viscosity and other properties of testing media. The changes in the 

properties of testing media may influence the oscillation frequency of the crystal employed. 2. 

The oscillation frequency shift is associated with the E.coli concentration in the water sample 

transferred onto the surface of crystals. 3. The addition of thickeners, such as gelatin and agar, 

may act as an amplification process of crystal oscillation frequency shifts, which can be 

converted into measurable and detectable signals. 4. The additives, such as Casamino acids 

may shorten the lag phase of E.coli in testing media, which may cause the pathogen-detecting 

time to be shortened. 5. With modification by anti-E.coli antibodies on the crystal surface, the 

E.coli cells in the water samples may be captured by antibodies on the crystal surfaces, which 

may result in an increase in frequency shifts.  

      In this thesis, Chapter 2 provides insight into the importance of the detection of E.coli, 

especially E.coli O157:H7 as one of the most dangerous microbial pathogens causing serious 

food- and water-borne diseases, and the theoretical basis of TSM biosensors. In chapter 3, the 

detailed methodology is introduced and the constructed TSM biosensors are described. The 

main results of this research are demonstrated with discussion and explanation in Chapter 4. 

In Chapter 4, the results of serial testing media are processed and compared for optimization 

of testing media and definition of functional components in testing media; and water samples 

in serial concentrations were tested using the immunoassay TSM sensor and the modified 

crystals coated by anti-E.coli antibodies. Chapter 5 provides general conclusions and 

recommendations for future studies.  
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Chapter 2 Literature Review 

2.1 Microbial Contamination of Drinking Water 

2.1.1. Introduction  

Ubiquitous microbes are vital components of nature, including archaea, bacteria, 

fungi, protista, viruses and microbial mergers. Microbes are essential to natural ecosystem 

cycling and sustainability of all living things. It is expected that as many as        

bacteria in total, exist on earth (Whitman et al. 1998). A single human being carries more than 

150 species of bacteria on average (Constantine et al. 2003; Madigan et al. 1997). The 

majority of microbes are in beneficial relationships with nature (e.g. fixation of nitrogen) and 

living beings (e.g. maintenance of metabolism). Nevertheless, microbial pathogens are 

detrimental to living beings health. Microbial pathogen contamination of public drinking 

water supply was a significant concern in the 1920’s through 1960’s (Craun 1986). Previously 

unidentified microbial pathogens continue to be discovered, and a myriad of potential 

microbial pathogens are considered as not yet having been categorized (McNamara 1998; 

Slutsker et al. 1998). If the environment meets the requirements for the growth of microbial 

pathogens, they can multiply via a variety of means and at a considerable rate.  

To date, among 1407 species of infectious human pathogens, newly-identified and 

reappearing ones account for approximately 170 species (Woolhouse and Gowtage-Sequeria 

2005) and ones resulting in food-borne contagions are over 200 species approximately 

(Buzby and Roberts 2009). Typically, seven of the most common species of food- and water- 

borne microbial pathogens - Campylobacter jejuni, Clostridium perfringens, Escherichia coli 
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O157:H7, Salmonella, Staphylococcus aureus, Listeria monocytogenes and Toxoplasma 

gondii are the major concerns in the United States and worldwide (Buzby and Roberts 1997). 

The coliform bacteria, such as E.coli are the main concern to water contamination. In the 

United States, via consumption of food products and drinking water contaminated with 

microbial pathogens. 5400 in approximate 76 million infected by food- and water-borne 

microbial pathogens would die annually (Mead et al. 1999). Each year, the medical expenses 

and loss of productivity due to infections from the seven major species of food-borne 

microbial pathogens are in the range of $6.5 to 34.9 billion in the United States (Buzby and 

Roberts 1997). In the United Kingdom, over 5000 people die from infections from severe 

food-borne microbial pathogens and the annual expenses of the National Health Service are 

about £1 billion (Buxton 2001). The situations are much worse in developing countries 

(Ivnitski et al. 1999). Worldwide, severe infectious food-borne diseases threaten nearly 300 

million people (Brecher and Hay 2005; Shorten et al. 2006), and are responsible for the death 

of 2 million children, annually (Ford and Colwell 1996). Up to 91% of contagious outbreaks 

can be attributed to food- and water-borne microbial pathogens (Beran et al. 1991; Potter et al. 

1997). In addition, the morbidity of diseases related to food- and water-borne pathogens such 

as Campylobacter jejuni, Clostridium perfringens, Escherichia coli O157:H7, Salmonella, 

Staphylococcus aureus, Listeria monocytogenes and Toxoplasma gondii, to name a few, is on 

the rise (Swaminathan and Feng 1994). Of those, disease outbreaks due to Escherichia coli 

infection occur at a high incidence, especially the E.coli O157:H7 strains with high morbidity 

and mortality rates (Buchanan and Doyle 1997).   
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2.1.2. E.coli O157:H7 

Escherichia coli (E.coli) is normally a Gram-negative, intestinal bacterium with the 

optimum growth rate in the range of 37  to 49  (Fotadar et al. 2005). The majority of 

E.coli strains are harmless to human and animal health. Specifically, most E.coli bacteria are 

essential components of healthy human intestinal tracts, which can generate required Vitamin 

K2 (Bentley and Meganathan 1982) and resist the intestinal invasion of harmful strains 

(Hudault et al. 2001; Reid et al. 2001). However, virulent E.coli strains may result in severe 

illness to living beings and emergency food recalls (Vogt and Dippold 2005). Escherichia coli 

(E.coli) consists of a large and diverse group of bacteria. A wide range of pathogenic E.coli 

stains may cause diarrhea, urinary tract infections, inflammation in lung and respiratory 

system, and many other diseases, which may result in death, especially for children and the 

aged (Rowe et al. 1991; Wenneras and Erling 2004). The virulent E.coli strains are classified 

as pathotypes. Shiga toxin produced by several kinds of pathogenic E.coli strains is a potent 

toxin and extremely harmful to humans and animals (Reisbig et al. 1981). Furthermore, 

E.coli strains are usually categorized based on the kinds of toxins produced and pathogenic 

types, such as Shiga toxin-producing E.coli (STEC), or enterohemorrhagic E.coli (EHEC), 

enterotoxigenic E.coli (ETEC), enteropathogenic E.coli (EPEC), to name only a few (Nataro 

and Kaper 1998). In 2011, severe diseases induced by a type of EHEC - E.coli O104:H4 

caused massive outbreaks in Europe (CDC 2012). In North America, one of the most virulent 

food-borne microbial pathogens - E.coli O157:H7 is the most common STEC (CDC 2012; 

Griffin and Tauxe 1991). Due to the high toxicity and morbidity of E.coli O157:H7, a myriad 

of other E.coli strains classified into the STEC group are called “non-O157 STECs” (CDC 
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2012). “non-O157 STECs” infection cases may be misdiagnosed or unreported due to the 

lack of public health surveillance data (CDC 2012). Based on the effects of E.coli on human 

health and the strong viability in natural environment, specific types of E.coli strains are 

commonly used as water contamination index (Feng et al. 2002; Thompson 2007).  

Basically, all species of bacteria have different types and quantities of antigens, which 

determine the specificity of bacteria to antibodies. One of the most common bacteria naming 

methods, the Kauffman scheme, is based on the quantities and types of antigens on bacterial 

surface membrane (Ojea 2012; Orskov et al. 1977). For the name of E.coli O157:H7, the 

letter “O” (somatic) represents ohne Hauch referring to the type of antigens on the outermost 

part of the lipopolysaccharide on cell membrane of gram-negative bacteria; The letter “H” 

(Hauch) represents the antigenic type of bacterial flagella shown in Figure 2.1 (Orskov et al. 

1977). Therefore, 157 of O-antigens and 7 of H-antigens respectively exist on a single 

pathogenic E.coli O157:H7 cell.  

E.coli O157:H7 is one of the most dangerous foodborne pathogens and is a 

rod-shaped coliform bacterium that is facultative anaerobic, gram-negative, non-spore 

forming, and lactose-fermenting (Ojea 2012). A potent shiga-like toxin secreted by E.coli 

O157:H7 may cause severe food-borne disease to humans – hemorrhagic colitis and 

hemolytic uremic syndrome (Mossoro et al. 2002; Rangel et al. 2005; Su and Li 2005). In the 

year of 1975, the isolation of a patient, who suffered from hemorrhagic colitis due to E.coli 

O157:H7 infection was first recorded (Riley et al. 1983). However, E.coli O157:H7 had not 

been taken seriously until large numbers of people in Michigan and Oregon were infected  
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Figure 2.1 - Surface structure of bacteria with the positions of H-antigen and O-antigen 

 

with severe gastrointestinal disease due to consumption of beef patties contaminated with 

E.coli O157:H7 in 1982 (Riley et al. 1983). Since then, diseases associated with E.coli 

O157:H7 have been reported worldwide, including in the United States (Rangel et al. 2005), 

Europe (Mannix et al. 2007), Japan (Mermin and Griffin 1999) and Australia (Kulkarni et al. 

2002). Usually, STECs, including E.coli O157:H7, are not injurious to animals due to the 

lack of Globotriaosylceramide – the shiga toxin receptor (Boyd et al. 1993; 

Pruimboom-Brees et al. 2000; Samuel et al. 1990). Ruminant animals can carry STECs 

without symptoms, such as sheep, cattle and deer (Boyd et al. 1993). However, humans may 

be infected more easily via a variety of means including consumption of unclean, uncooked 

or undercooked food products, and in contact with animals or people carrying STECs. Almost 
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everyone is in a less risk of infection with STECs, including E.coli O157:H7, but the 

consequences are serious. Normally, E.coli O157:H7 is highly toxic to humans with an 

infectious dose as low as 10 to 100 CFU (Tuttle et al. 1999). The infection of E.coli O157:H7 

to children could cause severe complications – hemolytic uremic syndrome (HUS) and the 

kidneys fail (Abrams 2011). In addition, the patients infected by E.coli O157:H7 sometimes 

have no obvious symptom making it difficult to diagnose and often misdiagnosed. Due to 

approximately 20 L per capita, daily water consumption (WHO 2003) and the huge infection 

risks of E.coli O157:H7 to humans, development of fast, sensitive and portable methods for 

E.coli detection in water supply is of considerable importance. 

2.1.3. Current Methods for Microbial Detection 

Since the first confirmation of the bacteria-borne disease pathways in the 1800s (Pine 

and Marsee 2011) and the fast development of microbial science over the last century, it has 

been possible to make reliable and precise estimates of types and quantities of bacteria as one 

of the water and food quality testing standards. To date, the detection and identification of 

microbial pathogens is an important aspect in a range of domains, such as disease control and 

prevention, food products and water supply safety monitoring (FDA 1998), and sanitation. 

Currently, there are a variety of microbial testing approaches in laboratories and industries, 

which basically can be categorized into four main groups, including conventional microbial 

techniques, enzyme immunoassay (EIA) and enzyme-linked immunosorbent assay (ELISA), 

microscopy and polymerase chain reaction (PCR) method (Bai et al. 2010).  

Conventional microbial techniques are the most common applied bacteria detection 
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methods with high reliability and precision, including traditional methods of plating, 

culturing and enumeration (Bai et al. 2010). Generally, individual microbe cells are extremely 

small, in the range of micrometers (Whitehead et al. 2005). In food and water samples, 

various kinds of microbes may co-exist, and microbial pathogens only account for a small 

fraction. The basic principle of selective enrichment is to promote growth of target bacteria 

and inhibit others’ through nutritional components and culturing conditions (e.g. temperature, 

oxygen, humidity and pH). The selective enriched bacteria sample is then streak plated on a 

processed agar plate for isolation of target bacteria. In order to develop quantitative and 

qualitative analyses on the microbial pathogens of interest, the target pathogens need to be 

processed under serial selective enrichment, dilution and plating (Sutton et al. 2002). Then, 

through monitoring of the target bacteria metabolic products and appearance observation of 

the colonies, the presence of target bacteria can be determined (Bai et al. 2010). Theoretically, 

conventional testing methods allow the limit of detection (LOD) to be as low as one 

microbial cell per ml (Sutton 2011). However, the validated and countable colonies are in the 

range of 25 ~ 250 or 30 ~ 300 CFUs per Plate (USP 2011). The conventional bacteria 

detection methods are also labor-, time- and material-intensive, which needs approximately 2 

to 3 days for selective enrichment, streak plating and the growth of bacteria cells into visible 

colonies (Swaminathan and Feng 1994). Colony forming units (CFUs) per ml or per gram is 

an important index in detection and identification of microbial pathogens. Conventional 

microbial techniques are the most widely applied bacteria detection methods in labs and 

industries due to the extremely high sensitivity. 

      Enzyme immunoassay (EIA) and enzyme-linked immunosorbent assay (ELISA) can 



10 

determine the presence of analytes of interest (antigens) via antibodies and metachromatism. 

The basic principle of EIA or ELISA is to determine the target bacteria through analysis of 

antibody-antigen pairs due to the specificity of antibodies (Bai et al. 2010). Basically, 

enzyme-linked capture antibodies or detecting antibodies are immobilized on polystyrene 

micro-titer plates; then, samples with target bacteria are added giving the formation of 

antibody-antigen pairs. Subsequently, substances are added to create and amplify a 

biological or physical signal (color change) via enzyme. EIA and ELISA have been broadly 

applied in a variety of domains, such as human pathogen detection in food and water supply 

(Notermans and Wernars 1991), disease diagnosis – HIV test (MedlinePlus 2007) and 

discovering food allergens (FDA 2007). EIA and ELISA can be used for qualitative and 

quantitative analysis of bacteria and obtain excellent accuracy. However, in comparison with 

numerous quantitative analysis methods on pathogens detection, Miranda et al. (2011) 

introduced a technique aiming only for qualitative analysis based on the metachromatism of 

chromogenic compounds in presence of specific enzymes (Miranda et al. 2011). 

Chlorophenol red  -D-galactopyranoside (CPRG) is a colored compound which can change 

from yellow to red under catalysis of an enzyme -  -galactosidase ( -Gal) (Miranda et al. 

2011). Previously,  -Gal encased by processed gold nanoparticles (GNP) loses the 

enzymatic activity temporarily and cannot convert the color of CPRG (Miranda et al. 2011). 

When inactive  -Gal encounters pathogens (E.coli), the GNPs can adhere to the 

membranes of bacteria more stably, which reactivates the enzymatic activity of  -Gal; this, 

in turn, results in the color transformation of CPRG (Miranda et al. 2011). The ultimate 

color is highly related to the concentration of bacteria (Miranda et al. 2011). In general, the 
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EIA and EILSA are labor- and time- intensive with a relatively low detection limit 

(Swaminathan and Feng 1994). Furthermore, another limitation of ELISA is that it cannot 

differentiate between living and dead microorganisms. 

Microscopy is another easily-operated technique via microscopes to directly view 

individual bacteria cells. The combination of emerging technologies with microscopy 

spawns many new pathogens detection methods as the third group. One of the emerging 

approaches - flow cytometry is normally considered as a fluorescence light microscopy 

(Ivnitski et al. 1999). Fluorescence light microscopy was first introduced by Wolfgang 

Göhde in 1968 (Dittrich and Göhde 1971). The basic principle of flow cytometry is that the 

fluorescence compounds or fluorescence dyes attached on the target pathogens can emit 

fluorescent light under a beam of light in a range of wavelengths (Salzman et al. 1990). In 

flow cytometry techniques, microbial pathogens stained with a variety of fluorescence dyes 

are injected into a laminar water flow, which travels below a light source at certain 

wavelengths (Ivnitski et al. 1999). The emitted fluorescence light signals are gathered and 

transformed into electrical signals for more in-depth analysis (Ivnitski et al. 1999). In 

addition, different kinds of fluorescent dyes on the pathogens can emit fluorescent lights in 

different wavelengths, which make it possible to detect several kinds of target pathogens 

simultaneously. Based on flow cytometry, the basic physical and biological characteristics 

of microbial pathogens may be detected (Lloyd 1993; Salzman et al. 1990). Flow cytometry 

has obvious advantages, such as speed, easy operational, and multiple analysis on the 

parameters or properties of target pathogens.  

      The fourth microbial detection method is to duplicate the DNA or DNA fragments of 
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the target microbes. Since Kary Mullis first introduced the polymerase chain reaction (PCR) 

method in 1983 (Bartlett and Stirling 2003), PCR has been widely used for the detection of 

food-borne pathogens, such as E.coli (Tsai et al. 1993), Salmonella (Rahn et al. 1992) and 

Yersinia (Ibrahim et al. 1992). The unique, duplex and stable structure of DNA is highly 

related to purine pyrimidine base pairs (A-T, G-C) and the surrounding temperature. 

Typically, polymerase chain reaction (PCR) consists of serial thermal cycling (Sharkey et al. 

1994). Through repeated cycles of temperature changing and the addition of primers and 

Taq polymerase, extremely small quantities of DNA fragments can be replicated massively, 

which greatly improves the precision of analysis of target DNAs. Basically, the limit of 

detection (LOD) of PCR is approximately 1 and 54 target genes/genome for B. atrophaeus 

and A. furnigatus, respectively (Hospodsky et al. 2010). However, the whole PCR process is 

time-consuming which needs to be conquered in future research, and cannot differential the 

living and dead bacteria.       

2.1.4. Why Rapid Detection Methods Are Needed? 

An effective approach for microbial pathogens detection should meet a rigorous set of 

criteria, such as high sensitivity, speed, and portability. Typically, the limit of detection 

(LOD) must be less than 10
4
 cells per ml in various domains, such as disease and 

environmental testing (Miranda et al. 2011; Dmitriev et al. 2005; Gerba 1996), which the 

majority of microbial detection methods can meet. The maximum limitation of the E.coli 

concentration in drinking water is zero by rules per 100ml in many countries. Although 

there are a variety of bacteria detection methods, a number of challenges also exist. For 
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conventional microbial methods, despite high sensitivity and reliability, the detractions 

include the time and labor. Basically, in a well-controlled environment, it may take 18 to 24 

h for a single microbial cell to grow into a colony consisting of 10
6
 cells (Ivnitski et al. 

1999). By selective enrichment, isolation and other preliminary steps, 2 or 3 days may be 

necessary to determine the presence of target pathogens (Swaminathan and Feng 1994). For 

emerging techniques, the sensitivity is greatly enhanced, but the detection time cannot meet 

the requirements, to be less than 5 hours. PCR is extremely sensitive to even one single 

microbial cell with various limitations, such as sample purification, lengthy preparation time 

and availability of qualified operators in microbiology (Meng et al. 1996; Sperveslage et al. 

1996) and randomly occurring false-negative and false-positive results (Baric and Dalla-Via 

2004). In general, detection time is the most challenging barrier. Currently, applied 

microbial pathogen detection methods usually require 6-48 h (Rodrigues and Kroll 1990). 

During the time to detect the presence of bacteria, the food products, vegetables and water 

sometimes have been distributed and consumed by customers, which may result in potential 

risks. Therefore, the optimum detection time needs to be controlled to 2-5 h or better, in 

real-time. Meanwhile, portability is another challenge. For the majority of detection 

methods, assorted instruments are needed with the main detection cell, such as incubators, 

humidistat, and signal analysis equipment and hence, high portability is a major issue.          

2.2 The Thickness Shear Mode Acoustic Wave (TSM) Biosensor 

2.2.1. Introduction 

For prevention of food-borne illness, the exploration of portable and fast bacterial 
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detection methods has long been intensive. Of those, chemical biosensors are widely used for 

microbial pathogen detection with the combination of advantages of speed, portability and 

high sensitivity (Janshoff et al. 2000). Many different types of chemical biosensors are 

applied based on various mechanisms including piezoelectricity, pyroelectricity, 

electrochemical effects and optics (Chance 1997). A chemical biosensor is a device that 

converts a change of physical, chemical or biological properties caused by chemical and 

biological reactions of an analytes of interest into measurable electrical signals for 

quantitative and qualitative analysis (Cattrall 1997).  

Since Clark and Lyons (1962) first introduced an enzymatic biosensor to the world, 

many researchers have searched for novel chemical biosensors. Basically, the majority of 

chemical biosensors consist of two major parts: a biochemical receptor responding to a 

change of physical, chemical and biological properties due to molecular reactions of the 

analytes of interest, and a physicochemical transducer transforms and amplifies these 

property shifts into considerable and measurable electrical signals for further analysis based 

on the strength and intensity of signals (Cattrall 1997; Morgan et al. 1996). The universal 

structure for all types of biosensors is shown in Figure 2.2. Of all biosensors, acoustic wave 

devices with extremely high sensitivity to changes in viscosity, mass and density (Hall 1990) 

are novel approaches used for bacteria detection under different conditions – in air, under 

vacuum, and even in liquids (Barnes 1991). Generally, acousticwaves generated via the 

“converse piezoelectric effect” propagate through the piezoelectric material and analytes of 

interest. Any chemical, physical or biological property shifts of the analytes of interest on the 

propagation path of the acoustic wave can have an effect on the properties of the acoustic 
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waves (velocity and amplitude) which, in turn, cause a shift of the output electrical signal 

(Olsen et al. 2008; Voiculescu and Nordin 2012). Acoustic wave devices are mainly 

categorized into bulk acoustic wave devices and surface acoustic wave devices based on 

whether the acoustic waves propagate through, or on, the surface of the piezoelectric 

materials (Olsen et al. 2008). Thickness Shear Mode (TSM) and shear horizontal acoustic 

plate mode (SH-APM) biosensors are the most common bulk acoustic wave devices in 

comparison to the surface acoustic wave devices - surface acoustic wave (SAW) and 

shear-horizontal surface acoustic wave (SH-SAW) sensors (Olsen et al. 2008). In this 

research, several applications of TSM sensors platform for bacteria detection are discussed.  

 

 

Figure 2.2 - The universal and major component of biosensors 

2.2.2. The Piezoelectric Effect 

Piezoelectricity originating from the Greek (Chance 1997), which signifies induced 
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electric fields in response to applied mechanical pressure, was first introduced by two French 

brothers, Pierre and Jacques Curie, in 1880 (Curie and Curie 1880). The essence of the 

piezoelectric effect depends on the overall orientation of electric dipole moments in 

piezoelectric materials, the crystallographic structure, and the outer applied mechanical stress 

(Duggen and Willatzen 2011). The electric dipole moment represents the overall polarity in 

materials - the dispersion of the positive and negative electric charges. As a vector, the overall 

dipole density (P) has both strength and direction. When a mechanical stress is applied on a 

piezoelectric material, a change in the strength or direction of the overall dipole density (P) 

occurs and causes large dispersion of positive and negative charges on opposite surfaces. The 

piezoelectric effect is highly related to the crystallographic structure. The piezoelectric effect 

may only occur in substances exclusive of inversion symmetry. The most broadly applied 

piezoelectric material - quartz, is an assembly of silicon and oxygen atoms in a crystalline 

structure (SiO2); however, masses of SiO2 exist in an amorphous structure as sand without 

piezoelectric effect (Iler 1980). Therefore, anisotropy in crystal lattice is essential. If the 

crystal is centrosymmetric, no piezoelectric effect occurs (Kholkin et al. 2008). When a 

mechanical stress acts on a piezoelectric crystal connecting an exterior ampere meter, surface 

charge densities change and an electric current will be seen due to a change of overall dipole 

density in bulk (Chance 1997). Reverse electrical current will occur by applying a mechanical 

stress in the opposite direction (Figure 2.3).  
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Figure 2.3 - (a): Opposite charges are separated by pressing piezoelectric materials; (b): 

Without any external mechanism stress, the piezoelectric material is in electric neutrality; (c): 

Opposite charges are separated by pulling piezoelectric materials; (d): In connection to an 

external ammeter, an electric current is induced via pressure on piezoelectric materials; (e): 

Based on converse piezoelectric effect, when an outer electric field is applied on piezoelectric 

materials, a transformation may be induced. 

 

Conversely, by applying an electric field to a piezoelectric material, mechanical 

oscillation and crystal physical deformation are induced, which is called “converse 

piezoelectric effects”. When an alternating voltage is applied to a piezoelectric material, the 

crystal lattice will achieve a stable, oscillator status. This, in turn, generates surface or bulk 

acoustic waves (Olsen et al. 2008). In the past century, various types of acoustic wave devices 

based on the converse piezoelectric effect have been put into applications. Due to the 

app:ds:electric
app:ds:neutrality
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chemical, physical or biological property changes of the analytes of interest in the pathway of 

acoustic wave propagation, the property shifts of the acoustic wave (frequency, amplitude, 

and velocity) are induced, which can be converted and amplified into a detectable and 

measurable output electrical signal for analysis of qualities and quantities.  

2.2.3. TSM Biosensors 

      The thickness shear mode (TSM) biosensor is a bulk acoustic wave device that 

spreads acoustic waves spread through the piezoelectric substrate. One of the most commonly 

used TSM biosensors is the quartz crystal microbalance (QCM) with a quartz crystal as the 

piezoelectric substrate (Deisingh and Thompson 2004). Typically, a QCM sensor is mainly 

formed from a thin, disk-type AT- or BT-cut quartz crystal wafer partially and uniformly 

coated with metallic electrodes (e.g. silver or gold) on both faces (Grate and Frye 1996) 

(Figure 2.4). AT- or BT- cut crystals differ from the angular orientation of the cut based on the 

crystallographic plane (AT- cut crystals:        ; BT-cut crystal:       ) which affects the 

crystal’s stability and aging. The AT-cut quartz crystal is the most widely used in QCM 

sensors due to its excellent thermal stability in the range of 10 to 50  (Deisingh and 

Thompson 2004). The fundamental resonant frequency of AT-cut quartz crystals ranges 

broadly from 1 to 20 MHz which are usually chosen as a mass-sensitive monitor (Lederer et 

al. 2011; Sauerbrey 1959). According to the Sauerbrey theory (Sauerbrey 1959), any mass 

deposition on the electrode causes a shift of oscillation frequency. However, the limitations 

that only thin-layer, consistent and stiff masses can be loaded on the surface of crystal in air 

in the Sauerbrey theory largely hinders the wide application of QCM sensors for bacteria 
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detection (Sauerbrey 1959). However, it has been proven that QCM sensors could respond to 

the viscosity change in dielectric organic media (Nomura and Okuhara 1982). This directly 

promotes the application of QCM sensors in analysis of chemical and biological pollution in 

environment, clinical and medical quality control, and natural ecological environmental 

monitoring (Deakin and Buttry 1989; Kosslinger et al. 1992; Muramatsu et al. 1988; Okahata 

et al. 1992; Roederer and Bastiaans 1983). 

 

Figure 2.4 - An AT-cut quartz crystal wafer with electrodes overlapping on both faces 

        

2.2.4. Theoretical Basis 

QCM sensors (e.g. the quartz crystal substrate) can be considered as an equaivalent 

electrical model. Of these, the earliest series RLC circuit model is the most commonly used 

as shown in Figure 2.5: 
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Figure 2.5 - Equivalent RLC circuit of an AT-cut quartz crystal without electrodes (Olsen et 

al. 2008) 

 

where, C (capacitance) is related to the elastic energy stored during oscillation, R (resistance) 

corresponds to the dissipating energies during oscillation, and due to the medium loading 

onto crystals, and L (inductance) is related to the inertial energy stored in the crystal which is 

highly correlated to the mass loading on the crystal (SRS 2011). The equation for the series 

resonance frequency of the quartz crystal substrate only, is defined as: 

   
 

         
                      Equation 2.1 

The series resonance frequency (  ) is highly related to the thickness of the quartz crystal and 

approximately equal to the fundamental frequency (f0) (Barnes 1991). In order to connect an 

AT-cut crystal to an external circuit, thin-film metallic electrodes (e.g. gold, silver or platinum) 

are plated uniformly and partially on both faces of crystals. This, in turn, causes an additional 

true electrical capacitance (C0) in parallel to the series RLC circuit model
 
(SRS 2011). The 

circuit model shown in Figure 2.6 is normally named the Butterworth – van Dyke (BvD) 

model (Henderson 1991). In this circuit model, two resonant frequencies – the series resonant 

frequency (fs) of the original RLC circuit and the parallel resonant frequency (fP) exist (Atmel 

2011). Due to the existence of C0, fP is slightly higher than fs (Atmel 2011). Both resonant 

frequencies are closely related to L in the BvD circuit, specifically to the mass loading on the 

quartz crystal. Moreover, the BvD model consists of two arms – the motion arm and the static 
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arm (SRS 2011). The motion arm consists of L, C and R in the RLC series circuit that directly 

responds to the mass loading and viscosity change (SRS 2011). The static arm includes the 

spurious capacitance C0 which is usually extremely small (SRS 2011).  

 

 

Figure 2.6 - Equivalent RLC circuit of an AT-cut quartz crystal (Butterworth-van Dyke 

model (Olsen et al. 2008). 

 

In 1959, Sauerbrey firstly introduced his theory on the relationship between the 

resonant frequency shift of quartz crystals and extremely small, thin-layer and stiff mass 

loaded on the face of QCM electrodes (Sauerbrey 1959): 

        
  

 
                    Equation 2.2 

where    (Hz) is the resonant frequency shift of quartz crystals, A (cm
2
) is the area covered 

by metallic electrodes,    (g) is the mass deposited on the electrode and    (        

     is a fundamental property factor of the quartz crystal which could be considered as a 

calibration constant (INFICON 2000). However, the Sauerbrey theory can only be applied to 

a thin-layer, consistent and stiff mass on QCM sensors (Buttry 1991). In addition, the 

Sauerbrey equation shows a linear relationship between oscillation resonant frequency shift 

(  ) and mass load (  ) in air and under vacuum; Therefore, QCM sensors have long been 
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considered as mass-sensitive detectors in gas or under vacuum conditions (Olsen et al. 2008).  

2.2.4.1. Theory of TSM Sensor in Gas Phase  

      Specifically, the Sauerbrey theory can only be applied to a thin-layer, consistent and 

stiff mass deposit on the surface of a quartz crystal and the frequency shift (  ) less than 2% 

of the fundamental resonant frequency (  ) (Srivastava and Sakthivel 2001):  

     
    

 

      
                       Equation 2.3 

where, n is the number of crystal faces used, A (cm
2
) is the area covered by metallic 

electrodes,   (2.648 g/cm
3
) is the density of quartz crystal,    (                 

     is the shear modulus of AT-cut quartz crystals,    (g ),    (Hz) and    (Hz) are as 

defined above. In this case, the mass layer is taken into account as an increase of thickness of 

quartz crystal and the equivalent circuit model (Olsen et al. 2008) is shown in Figure 2.7. In 

this equivalent circuit model, the inductor increases by   corresponding to the inertial energy 

change due to mass deposits. It shows that the frequency shift is mainly related to the mass 

loading with no limitation on the electrode geometry; therefore, calibration is not needed 

(SRS 2011). Generally, QCM sensors are sensitive to mass deposits (< 1ng/cm
2
) and the limit 

of detection (LOD) can be as low as 0.1ng/cm
2
 for QCM crystals with oscillation frequency 

at 10 MHz (SRS 2011).    

However, if       is larger than 2%, an adjusted theoretical method called Z-match 

method must be applied (Lu and Lewis 1972). The equation of Z-match method is defined as 

follows: 

  

 
  

    

    
              

     

  
                     Equation 2.4 
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where, Z means Z-factor which is equal to                   (Lu and Lewis 1972), 

                 Å) is the frequency factor for AT-cut quartz crystal,   (g/cm
3
) is the 

density of mass loading film,    (            is the shear modulus of mass loading 

materials,   (Hz) is the oscillation resonant frequency of crystal without mass loading as the 

fundamental resonant frequency (f0),   (Hz) is the oscillation resonant frequency of crystal 

with mass loading, and   , A,    and    are as defined above.   

 

 

Figure 2.7 - Equivalent RLC circuit of a rigid, uniform and thin-layer mass loading on one 

face of an AT-cut quartz crystal (Olsen et al. 2008) 

 

Through the Z-match method, it has been shown that the accuracy of the mass 

deposits is highly related to the density of the mass loading material (  ) and the Z-factor (Z) 

(Lu and Lewis 1972). However, the Z-match method is also limited to an extremely small, 

thin-layer, uniform and stiff mass loading. Based on research by Denison (1973), Z-match 

method can accurately explain the experimental results for       in the range of      to 40% 

(Behrndt 1971; Denison 1973).   
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2.2.4.2. Theory of TSM Sensor in Liquid Phase 

       In aqueous conditions, QCM sensors are applicable in response to the change of 

viscosity and density of the liquid (Bruckenstein and Shay 1985; Kanazawa and Gordon 

1985). If only one face of the crystal contacts any liquid, all parameters in series resonant 

circuit shift slightly as shown in the equivalent circuit model (Figure 2.8), and additional 

inductance L2, resistance R1 and capacitance C1 are in series to the original LCR circuit of the 

quartz crystals (SRS 2011). The viscous liquids loaded on the electrode of crystals may result 

in an increase in motional resistance (R) and energy losses.  

 

 
Figure 2.8 - Equivalent RLC circuit of a Newtonian liquid loading on one face of an AT-cut 

quartz crystal (Olsen et al. 2008) 

 

When any liquid is transferred onto the surface of crystals, the resonant frequency 

decreases which is highly related to the viscosity and density of the liquids. Glassford was the 

first to conduct research on the influence of the liquids properties on the crystal resonant 

frequency shift (Glassford 1978). Then the equation of the resonant frequency shift in contact 

with any liquids was defined by Kanazawa and Gordon (1985): 
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                       Equation 2.5 

where,   (g/cm
3
) is the density of liquid loading on the electrode, and    is the viscosity of 

the liquid loaded on the electrode.   ,   (Hz),   (2.648 g/cm
3
) and    (            

          are as defined previously. Any viscosity or density losses of liquids contacting 

electrodes will induce a frequency increase as the series resonance resistance (R) in the 

equivalent circuit of crystals increases by R1. Therefore, the series resonance resistance (R) is 

the major functional part of the viscosity measurement at a crystal-liquid interface. The good 

match between Equation 2.5 and the experimental results proves QCM is an effective, 

sensitive and precise tool for bacteria detection in liquid-phase conditions (Geelhood et al. 

2002; Muramatsu et al. 1988; Yang and Thompson 1993). Furthermore, when a crystal is in 

contact with a liquid, shear acoustic waves generated through oscillation of crystals propagate 

through the thickness of crystals and into the liquids. The resonant frequency decrease is 

partly caused by the mass deposits of the liquid; and the motional resistance increases 

because of the energy dissipation of acoustic waves in the liquid (SRS 2011). Therefore, the 

decay length of the shear acoustic wave is highly related to the viscosity and density of the 

applied liquids and can be used to explain the behavior of crystals in the liquid phase (Chance 

1997) (Figure 2.9). The arithmetic equation is shown below: 

     
   

     
                         Equation 2.6 

where,    (cm) is the decay length, and    is the angular frequency at series resonance; 

  (g/cm
3
) and    are as defined previously (INFICON 2000). Since the QCM sensors can 

only response to the viscosity and density changes of liquids applied onto the quartz surfaces, 

larger decay length may cause a loss of sensitivities of the quartz to the properties changes of 
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liquids beyond the decay length. Hence, decay length can be used as a decisive factor of the 

QCM sensors sensitivity.   

 

 
Figure 2.9 - Decay length is based on the energy dissipation of shear acoustic wave in 

viscous liquids (Chance 1997). 

 

2.2.4.3. Interference and Environmental Factors 

      The QCM sensors are extremely sensitive to their surroundings. Any small noise may 

cause a resonant frequency shift. Of those, electromagnetism (EM), temperature and humidity 

are the three main interference factors (Chance 1997). Actually, crystals used in QCM sensors 

can be modeled in an electrical way. The sensing circuit signals can be easily influenced by 

electromagnetic fluctuations of the surroundings. To cut off the external electromagnetic 
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interference, Faraday cages that can shield external static and non-static electric fields are 

applied in the experimental systems (Krauss 1992). Although the majority of QCM sensors 

are of high thermal stability; external temperature instability also may induce small frequency 

shifts. In aqueous-phase applications, QCM sensors are highly sensitive to the viscosity 

change of liquids deposited on the crystals. Temperature is also an important factor for liquid 

viscosity and evaporation rate. Therefore, the experimental system in a thermal constant 

incubator must prevent viscosity change due to unstable temperatures and liquid evaporation 

processes. In addition, external humidity is another influencing factor of liquid viscosity 

because of evaporation phenomena. Usually, only a small amount of liquid is applied to the 

crystal which increases the influence of humidity in this case. For this reason, a  humidistat is 

desirable but not essential.  

      Interference factors cannot be totally prevented. Sometimes, to optimize the 

signal-to-noise ratio (S/N) is much more important than noise prevention (Chance 1997). The 

major ways to reduce noise have been mentioned previously – Faraday cages, incubators and 

humidistat. To improve the S/N may also be achieved by increasing the sensitivity of QCM 

sensors. Based on the Sauerbrey theory, the frequency shift is determined by the fundamental 

resonant frequency of crystals and the number of crystal surfaces used (n = 1 or 2) (Sauerbrey 

1959). QCM sensors with higher fundamental resonant frequency are much more sensitive to 

the fluctuation of surroundings. Usually, crystals with fundamental resonant frequency at 

9MHz are the most common which can achieve a good performance in signal response; 

however, crystals with fundamental resonant frequency at 30 MHz have been successfully 

developed (Lin et al. 1993). In gas-phase applications, it can improve the sensitivity to the 
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signal by using two faces of crystals as opposed to only a single face. Moreover, based on the 

electrical nature of QCM sensors, when applied in conductive liquid surroundings, crystals 

may stop oscillation due to the existence of short-circuiting (Barnes 1991). In addition, 

optimization of geometry of electrodes on both faces of crystals is another effective way to 

improve the sensitivity to signal response.  

      Noise is one of the main concerns in almost all science experiments. It cannot be 

thoroughly removed; therefore, optimization of S/N is much more important for data 

accuracy. Via the means mentioned previously, noise can be reduced to an acceptable level.   

2.2.5. TSM Experimental Systems 

      The common experimental apparatus of QCM sensors consists of several essential 

components including AT-cut quartz crystals, crystal holder units, the oscillator circuit, a 

frequency counter via the oscillator method and reducing interference devices which have 

been mentioned previously – Faraday cages, incubators and humidistat (Figure 2.10).  

The QCM sensors are normally thin-layer, AT-cut round quartz wafers with thin-layer, 

circular and metallic electrodes attached on both faces of crystals as shown in Figure 2.4. The 

metals used as electrodes are usually gold, silver and platinum with high conductivity and 

stable chemical properties. Of these, gold is the most broadly used for electrode materials 

because frequency shift output fluctuation is small by using gold as the electrodes. Normally, 

acoustic waves generated through the piezoelectric effect can only propagate through the 

active areas overlapped by electrodes in the center of crystals. Of those, quartz crystals 

oscillating at 1, 2, 4, 5, 8, 9, 10 MHZ and 100 kHz with the diameter of 1.5 cm are the most 
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commonly used (Scherz 2000; SRS 2011). 

 

 

Figure 2.10 - The universal components of the TSM sensor system 

 

      Normally, a universal QCM oscillator circuit is composed via connecting the BvD 

circuit model driven by an automatic gain control amplifier (AGC) with a terminal load 

resistor, RT (Figure 2.11) (SRS 2011). For most commercial QCM oscillators, more 

complicated circuits are structured for cancellation of the parasitic capacitance C0 in the BvD 

electrical model. In Figure 2.11, a simple circuit is introduced to reveal the series oscillation 

frequency of the motional arm (SRS 2011). Meanwhile, the motional capacitance (C) and 

inductance (R) are also cancelled via the reactance. In this circuit, oscillation of the quartz 

crystal is sustained through a gain of             amplified by the AGC amplifier 
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(SRS 2011). Through these steps, a measurable electrical signal is received by commercial 

frequency counters. Even so, constructed crystal oscillators are more commonly used for 

relatively simple circuit structures and low costs. Furthermore, an external DC power supply 

is applied to drive oscillators.  

 

  

Figure 2.11 - The oscillator circuit driven by AGC amplifier for cancellation of the parasitic 

capacitance C0 

 

      A frequency counter is connected to the oscillator circuit for signal collection. An 

effective frequency counter needs to meet the limit of detection (LOD) for 0.1 to 1 Hz. 

Typically, the higher the time-base stability, the more precise the frequency counters. The 

internal circuit of a frequency counter is much more accurate and complicated than oscillator 

circuits; therefore, commercial frequency counters are commonly used. Moreover, a 

computer installed with corresponding software is connected into the TSM experimental 

system for data record and analysis. In addition, a crystal holding unit is an indispensible part 

of the entire TSM experimental system. Generally, a crystal holder is used to immobilize the 

crystal and reduce external interferences. Also, crystal holders of different structures are 
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constructed for specific purposes. O-ring is a mechanical and elastomeric gasket with round 

cross-section. To avoid damping and leaking of testing media, O-ring is placed between the 

crystal holder and crystal. Two parts – crystal holder and crystal are compressed to create a 

sealed interface. Usually, the diameter of O-ring is 2mm larger than that of the active areas. If 

the diameter of O-ring is the same as or smaller than that of the active areas, the edge of 

active areas can stop oscillating, which can cause sensitivity of the TSM sensor to decrease.  

2.3 Applications of TSM Sensors for Microbial Pathogen Detection 

2.3.1. Applications based on the Principle of Viscosity Change 

      Frequency of TSM biosensors can be affected by a wide range of influencing factors, 

including liquid density and viscosity, viscoelasticity, surface charge density and interfacial 

effect (Thompson et al. 1991). Through a series of preparation steps, such as selective 

enrichment, isolation and culturing, pure cultures of target pathogens can be obtained. Then, 

broth medium referred to as a coating medium is prepared to provide numerous nutrients for 

bacteria growth. Usually, viscous components, such as gelatin are mixed with broth medium. 

Gelatin itself is highly viscous and can be digested by some types of bacteria. Basically, 

nutrition products are in large molecular scales which can be decomposed into small 

molecules, such as amino acids and monosaccharides. Due to the bacteria metabolism, liquid 

viscosity is reduced, which may result in an increase in the oscillation frequency using 

Equation 2.5. On the other hand, mass replication of bacteria results in the increasing 

concentration of bacteria cells. The large populations of bacteria cells cause the solution 

turbid, the precipitation of dead bacterial cells and the affinity of flagella on some types of 
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bacteria membranes can make broth media more viscous, which may cause a decrease in the 

oscillation frequency. Furthermore, due to the existence of flagella, fimbriae and other 

surface compositions, bacteria can bind on the surface of crystals and electrodes as mass 

deposits (Otto et al. 1999; Sorokulova et al. 2005). Hence, the mass deposits can be a 

determinative factor to the oscillation frequency. Those factors can have a net effect on the 

oscillation frequency shifts. Ultimately, as the selective media are used, this method is much 

more specific to certain bacteria, which can multiply in the selective media, and the other 

factors become less significant.  

2.3.2. Applications based on the Principle of Immunoassay 

  The natural samples of food and water are mixtures of a wide range of microbes. The 

growth of any microorganisms may result in density and viscosity changes in the media. 

Although target pathogens can be selectively enriched and isolated, these processes are 

time-consuming and labor-intensive. In addition, the unmodifiable existence of the lag phase 

in growth of microbes makes the detection time lengthy. Generally, the majority of TSM 

sensor applications are non-specific and relatively time-consuming. To overcome these 

drawbacks, immunoassay techniques are integrated with TSM sensors. Antibodies which are 

highly sensitive to certain antigens are involved in immunoassay techniques, which have 

been widely applied in numerous domains, such as environment pollution monitoring, water 

and food safety control, and medical diagnostic tests (Biswas 2006; Díaz-González et al. 

2005; Katz et al. 1997; Muramatsu et al. 1987). In the design of immunoassay biosensors, the 

maintenance of bioactive stability of immobilized proteins and optimization of geomorphy of 



33 

the covering proteins are two major criteria (Constantine et al. 2003; Gawley et al. 1999). The 

bioactive immobilized proteins can have an effect on the speed and tightness of the 

combination of protein and bacteria, while the optimized configurations of the covering 

protein can provide more bacteria binding sites, which can both enhance the sensitivity and 

precision of the TSM sensor system. Usually, enzymes and proteins cannot adhere to the 

electrode of a crystal directly. Numerous biological and chemical media are needed as 

enzyme immobilization matrices, such as NaY zeolite matrix (Dai et al. 2004), 

albumin-glutaraldehyde matrix (Lei and Deng 1996), clay (Lei et al. 1999) and polymers (Liu 

et al. 2006; Pandey et al. 2007) as shown in Figure 2.12. 

Nevertheless, novel matrices emerge endlessly, including nanomaterials. 

Nanomaterials have numerous chemical and physical properties, such as high 

surface-to-volume ratio, hollow structures with higher stability and low weights, high surface 

activity and biological catalytic activity (Pendry 1999; Svoboda and Block 1994). 

Furthermore, high surface-to-volume ratios may provide many more binding sites for enzyme 

or protein molecules to maintain the bioactivity stable and prevent enzyme unfolding 

(Mozhaev et al. 1990). Of the nano-materials, metallic nano-particles can act as a carrier on 

the immobilization of the antibodies and the link between the antibodies and electrode of 

crystals. Gold nano-particles (GNPs) have the properties of excellent chemical and biological 

stability and safety and are the most commonly used (Bai et al. 2007). Biosensors modified 

with GNPs can achieve higher sensitivity to microbes due to much more immobilized 

enzyme molecules.  
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Figure 2.12 - The basic processes for antibodies immobilized immune-biosensor for target 

microorganisms. 

 

      Due to high specificity of antibodies to corresponding bacteria and compacted binding 

sites, even one single microbial cell can be captured by immobilized antibodies, which may 

result in an extremely small mass loading on immune-biosensors. Typically, one single 

microbial cell, such as E.coli can weigh approximately 665 fg (Neidhardt 1987). In order to 

ensure the defined TSM sensor system can achieve an extreme small LOD and reduce noise 

interference, the S/N should be maximized by tight control of temperature and humidity, 

minimizing the effects of external vibration of the TSM system holder on the oscillation 

frequency and the selection of crystal oscillating at higher frequency (Sharma et al. 2010). 

Therefore, immune-biosensor techniques are often referred as direct detection methods of 

pathogens through the mass loading of microbial cells captured by antibodies.   

  



35 

Chapter 3 Methodology 

3.1 Introduction of Applied Systems based on Viscosity Change 

      The techniques in this thesis rely upon the use of a thickness shear mode (TSM) 

acoustic sensor to respond to frequency shifts which are highly related to viscosity and 

density changes in liquids loading onto crystals. Two experimental systems are described, 

including i) PLO-10i TSM systems, and ii) A five-channel TSM sensor system developed at 

the University of Guelph, School of Engineering in collaboration with Arshon Technologies 

Inc. Both systems consist of an AT-cut quartz crystal with gold electrodes oscillating at about 

9 MHz (Lab-tech Inc.). The crystal is connected to an external oscillator via a crystal holder. 

To ensure the crystals are working within specifications, preliminary glycerol calibrations of 

the applied crystals were conducted using glycerol aqueous solutions in serial dilutions. It is 

theorized that E.coli grown in Tryptic Soy Broth (TSB) with agar or gelatin (thickeners) in a 

volume cell should cause the density and viscosity change of liquids, which can be detected 

by the TSM systems as oscillation frequency shifts.  

3.1.1. PLO-10i TSM System 

In the PLO-10i TSM system, an AT-cut quartz crystal oscillating at about 9 MHz 

(Lap-tech Inc.) placed on the constructed crystal holders is connected to a PLO-10i phase 

lock oscillator (Maxtek Inc.) via SMB cable; then, a frequency counter (BK Precision) is 

connected to the PLO-10i phase lock oscillator via BNC cables. The frequency counter is 

connected via serial straight pin cable to a computer for recording and saving data. Typically, 
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a volt meter needs to be connected to the PLO-10i phase lock oscillator to ensure the applied 

voltage on the PLO-10i phase lock oscillator within a reasonable range (Figure 3.1). For the 

preparation of E.coli samples, lyophilized E.coli (ATCC 700891) has been cultured in TSB 

(Difco Laboratories) at 37  for 18-24 hours in an incubator (Fisher Isotemp 500).  

 

 

Figure 3.1 - The PLO-10i TSM system including a constructed crystal holder (left), a 

PLO-10i Oscillator (mid), and a frequency counter purchased from BK Precision(right). 

 

For the experiments, two types of AT-cut crystals and their corresponding crystal 

holders are used. Both types of crystals are AT-cut with gold electrodes on both surfaces. One 

type of crystal used is an Inficon crystal with a diameter of 0.5 inch. The designated 

oscillation range is between 9.0023 and 9.0144 MHz. To create a 1.5 ml volume cell as a 
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reaction vessel, the crystal is adhered to a small glass tube with the bottom removed (Figure 

3.2.a). The volume cell is connected to the external oscillator through a constructed crystal 

holder made by Dr. Hayward (Figure 3.2.b). The other type of crystals used in the 

experiments is an Inficon crystal of 1 inch diameter with the fundamental oscillation 

frequency at 8.976 to 9.036 MHz. This type of crystal can be purchased from MaxTek Inc. 

and is also AT-cut and polished with gold electrodes on both faces of the crystal. The matched 

crystal holder is made by MaxTek Inc and a 45 ml volume cell was used within this system, 

shown in Figure 3.3. 

 

 

Figure 3.2 - a. The crystal volume cell made by by adhering an 0.5" AT-cut gold coated 

crystal to a small glass vial that has been modified by cutting the bottom of the vial; b. The 

volume cell is fixed on the constructed crystal holder made by Dr. Gord Hayward. 
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Figure 3.3 - MaxTek Inc.’s Inficon volume cell set. A 45 ml volume cell is on the left bottom 

which is placed on the crystal holder shown on the right side via using O-rings as a sealing 

ring. The iron clamp is used for fixing the volume cell and crystal holder. The rubber plug is 

used to ensure the volume cell sealed to prevent evaporation. 

 

3.1.2. The Five-Channel TSM Sensor System 

      In the five-channel TSM sensor system, five channels are available for testing. In each 

channel, an AT-cut, polished quartz crystal of diameter of 0.5 inch is placed in the crystal 

holder and sealed by O-rings. To prevent evaporation during experiments, channel caps are 

applied on each channel. There are no external oscillator and frequency counters connected to 

this system, and all the functional circuits are integrated on the main board (Figure 3.4). In 

the earlier stages of experiments, the original  five-channel TSM system used is shown in 

Figure 3.4. For this system, five tests could be done simultaneously and under the same 
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experimental conditions (temperature, humidity and time), which greatly improves the 

reliability of the experimental results. Via the installation of the corresponding frequency 

recording software in the computer, the real-time frequency shifts in all five channels were 

recorded respectively. However, as temperature in the experiments is one of the main 

influencing factors, the system could only be applied in a thermostatic incubator.  

 

 

Figure 3.4 - The first five-channel TSM sensor system with channel caps on all five channels 

and all functional circuits are integrated on the main board. 

 

      In order to improve the sensitivity and portability of the defined five-channel TSM 

system, a temperature control system is integrated into the system and a chamber was built to 

surround all channels, providing control of experimental environment, which is shown in 
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Figure 3.5. A temperature control unit allows control of the temperature of the chamber with 

0.1  precision. The appropriate experimental temperature could be set up on the adjusting 

device on the right side of channels, and stabilized by the internal temperature controller. 

 

 

Figure 3.5 - Improved five-channel TSM sensor system (II) with a visible heater in red below 

channels and temperature adjusting device on the right side of channels 

 

3.1.3. Glycerol Calibrations on Systems 

To ensure both TSM sensor systems work within specification, both systems need to 

be tested through glycerol calibrations. Typically, a liquid is applied onto the surface of the 

crystal in the both systems. The oscillation frequency may shift due to the properties of the 

liquid applied, such as density and viscosity; therefore, glycerol aqueous solutions in serial 
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concentrations (W/W) are applied on the crystals to compare the recorded frequency shifts to 

the theoretical values calculated using Equation 2.5. As the density and viscosity of glycerol 

aqueous solutions increase with the glycerol weight percentages, the oscillation frequency of 

crystals decreases according to Equation 2.5. Based on the published and real-time recorded 

values in Manual – PLO-10 Series Phase Lock Oscillator from Inficon Inc, 2007 (Figure 3.6), 

the experimental results demonstrate agreements with the theoretical values. Furthermore, it 

makes the TSM sensor much more reliable and appropriate for the assessment of properties 

of the solutions being tested. 

 

 
Figure 3.6 - MaxTek’s published values for glycerol calibration in the PLO-10i user manual, 

including the theoretic and experimental frequency shift values versus glycerol aqueous 

solutions in series concentrations (W/W) via PLO-10i and a 9MHz polished crystal. 
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3.1.4. Preparation of Overnight Cultures 

In both test systems, Tryptic Soy Broth (TSB) purchased from Fisher Scientific was 

used as E.coli culture media. In the components of TSB, the main energy sources for the 

growth of E.coli are enzymatic digest of Casein and enzymatic digest of soybean meal as the 

nitrogen sources and dextrose as the carbon source. Since the growth of E.coli can lead to a 

pH decrease of TSB, dipotassium phosphate as a pH buffering agent maintains the pH of TSB 

at around 7 during the growth of E.coli. To reduce the osmotic pressure and produce an 

isotonic environment, the sodium chloride concentration in the TSB is equal to that inside the 

E.coli cells. Sodium chloride is also a functional component of TSB. In order to avoid other 

bacterial contamination, all glassware, tips and Milli-Q water were autoclaved for 15 minutes 

at 121 . The micropipette was sterilized by 70% isopropyl alcohol. According to the 

standard TSB preparation procedures, 15g of TSB powder was added into 500ml of Milli-Q 

water in a 1 L beaker. The TSB solution was boiled and stirred until all the powders dissolved; 

then the beaker was capped with foil and autoclaved for 15 minutes at 121  for sterilization. 

The finished solution was stored in the refrigerator at 4 . A vial of ATCC#700891 E.coli was 

taken out from the freezer and thawed. For the preparation of E.coli overnight culture, 0.1 ml 

of E.coli stock was transferred into a sterile test tube with 10 ml of prepared TSB. To ensure 

E.coli cells dispersed completely in TSB, the TSB with E.coli was spun for 30 seconds using 

Vortex Genie 2 (FISHER brand). The test tube with E.coli culture was incubated for 18-24 

hours at 37  as the E.coli overnight culture.  
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3.1.5.  Enumeration of E.coli (ATCC#700891) cells in Overnight Culture 

To enumerate the stock concentration of E.coli in the prepared E.coli overnight 

culture by the standard membrane filtration method, mFC broths (Fisher Scientific) were 

used to facilitate the growth of E.coli and inhibit that of others (Gram-positive bacteria) 

(Velasquez et al.). In the components of mFC Broth, enzymatic digest of Casein, enzymatic 

digest of animal tissue, yeast extract and lactose are the main energy sources providing the 

essential nutrients for the growth of E.coli, such as, nitrogen, carbon, carbohydrate, vitamins, 

trace elements and minerals. Bile salts are chemicals that can prevent the continued 

proliferation of Gram-positive bacteria, but have no influence on Gram-negative bacteria, 

such as E.coli. As a color indicator, aniline blue can be absorbed by E.coli and cause the 

color of E.coli colonies to be blue which is visible and convenient to count. Approximately 

3.7g of mFC Broth powder was added into 100ml of Milli-Q water in an autoclaved 

Erlenmeyer flask. According to the standardized instruction that mFC Broth cannot be 

autoclaved, mFC Broth was heated to boil for 3 minutes and continuously stirred via a sterile 

stir bar for sterilization. 47mm Petri dishes (Fisher Scientific) were used with 47mm 

absorbent pads (Fisher Scientific) aseptically placed inside petridishes by sterilized tweezers. 

2ml of prepared mFC Broth (3.7g/100ml) as the culture media for the growth of E.coli, was 

transferred onto the 47mm absorbent pads in each Petri dish. All experiments are performed 

under a laminar flow fume hood.  

Typically, the chemical properties of chlorine are active. In nature, chlorine usually 

exists in the form of Cl
-
. Moreover, chlorination has been used as a water purification method 

with the addition of large quantities of Cl2 and Cl
+1

. The residual Cl2 and Cl
+
 may inhibit the 
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growth of E.coli and can even kill E.coli. Therefore, the Milli-Q water used in the entire 

experiment was dechlorinated and a chlorine check was run; then sodium thiosulphate 

(Appendix A) was added into municipal drinking water to ensure chlorine elimination 

(Appendix A). Typically, the concentration of E.coli in the overnight culture is large; 

therefore, serial dilutions of the E.coli overnight culture had to be conducted. A sterile test 

tube with E.coli overnight culture was labeled as Tube 0; then 0.1ml E.coli overnight culture 

in Tube 0 was transferred into a new sterile test tube with 9.9ml sterilized Milli-Q water to 

give a 100-fold dilution as Tube 1 (10
-2

). 1ml of solution in Tube 1 and 9ml sterile Milli-Q 

water were transferred into Tube 3 to give a 1000-fold dilution to E.coli overnight culture 

(10
-3

). The dilution process was repeated to give E.coli solutions at serial dilutions ranging 

from 10
-2

 to 10
-10

.  

The standard membrane filtration method was performed to extract the E.coli cells in 

each diluted solution. Basically, the size of an E.coli cell is between 0.5µm and 1.5µm; 

therefore, filtration paper with the pore size of 0.45µm was utilized for the proper filtering of 

E.coli. Via sterile tweezers, the filter membrane was placed on an autoclaved filter top, sealed 

on top of a 1L filtering flask which was connected to an electric vacuum pump. Autoclaved 

Milli-Q water wetted the filter membrane, and then the sample was spread evenly across the 

surface of the filter membrane with the vacuum pump on. The test tube was rinsed three 

times with autoclaved Milli-Q water to ensure the complete transfer of the sample onto the 

filter membrane. The filter membrane was placed into the Petri dish via sterile tweezers and 

incubated at 37  .2 . After        of incubation, visible, blue E.coli colonies exist on 

the membrane. The blue colonies were counted only if the number of colonies was between 
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30 and 300 CFU (Standard Methods 9222). The number of colonies was then recorded onto 

the supplied technical sheet; while TNTC and NDC represented that the colonies are “Too 

Numerous To Count” (Figure 3.7.a.) and “Not Discernible Colonies” (Figure 3.7.b.). In 

Figure 3.7.c, there are 87 colonies on the 10
-7

 plate which means that the E.coli concentration 

in the overnight culture is                  .  

 

a.                                      b. 

 
c. 

Figure 3.7 - a. Colonies on the plate is too numerous to count; b. there is no discernible 

colonies on the plate; c. 87 colonies on the 10
-7

 plate indicating the concentration of E.coli 

                 .   

3.1.6. Measurement of the Log Phase of E.coli Growth 

      During the growth of E.coli, the lag phase and the log phase are the main 

determinative factors to the detection time in this work. When E.coli experiences a lag phase, 
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there is no multiplication of E.coli cells and no obvious frequency shift detected. In the log 

phase, E.coli multiplies fast; therefore, the multiplication speed of E.coli cells and the growth 

conditions of E.coli in the culture media may be determined through gauging the amount of 

time required for E.coli ATCC#700891 in a prepared TSB medium to multiply from a count 

of 1 CFU/100ml to 100 CFU/100ml. As the E.coli cells multiply from 1 CFU/100ml to 100 

CFU/100ml, the growth of E.coli goes into the Log phase from the lag phase, and during the 

time from 1 CFU/100ml to 100 CFU/100ml, the duration of the lag phase and the growth rate 

of E.coli in the Log phase can be determined. These results can be used to find out the 

relationship between the growth of E.coli in the test media and the frequency shift. Based on 

results in this work, a dilution of 10
-10

 taken from an E.coli overnight culture of 18 hours at 

44.5  is ideal for achieving an E.coli concentration of 1 CFU/100ml. 3.75g of TSB was 

added into 25ml Milli-Q water in a 250ml Erlenmeyer flask capped with foil; then the 

solution was boiled, autoclaved for 15 minutes at 121  and kept in the incubator (Fisher 

IsoTemp 500) at 37 . Serial dilutions of pure E.coli stock were performed until a dilution of 

10
-8

 in a 10ml test tube according to the standard. 1.25ml of the 10
-8

 diluted solution was 

transferred into 98.75ml of the de-chlorinated water using a micro-pipette to make a 100ml 

E.coli solution which was stirred for complete mixing. By mixing and constantly stirring the 

TSB and E.coli solution, 125ml of 10
-10

 diluted E.coli in TSB solution was made, which was 

then incubated at 37 . Control plates were performed and incubated to ensure no 

contamination in the preparation of the experiment by plating the TSB and de-chlorinated 

water, respectively. 10ml of prepared solution was transferred into two autoclaved test tubes, 

respectively, which is marked as 0h. Then, through filtration, incubation and enumeration 
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method, the solutions in the two test tubes were plated and incubated at 44.5  to determine 

the initial CFU/100ml in the solutions as the starting point. After two hours incubation, 1 ml 

of the incubated E.coli solution was mixed with 9ml of the prepared de-chlorinated water 

properly and diluted into serial concentrations of 10
0
, 10

-1
 to 10

-6
, which were then plated into 

47 mm Petri dishes and incubated at 44.5  through plating, incubation and enumeration 

method. After 4, 6 and 8 hours incubation, above procedures need to be repeated to determine 

the growth conditions and rates of E.coli during these periods. All the plates were incubated 

for 22-24 hours at 44.5 , and then the existing colonies were enumerated. Through analysis 

on the E.coli concentration (CFU/100ml) in different grown stages, the log phase of the 

E.coli growth can be described.  

3.1.7. Preparation of Test Medium  

      Test medium can provide both the necessary nutrient for the growth of E.coli, as well 

as the detectable density and viscosity responses to the growth of E.coli, which can be 

transferred into measurable signal outputs by both defined TSM sensor systems. The basic 

components in test medium include essential nutrients, trace elements, and minerals that can 

facilitate the growth of bacteria, and some additive agents. Gelatin and agar are most 

commonly used due to their high viscosity and density (Pathirana et al. 2000). As the basic 

nutrient suppliy, three types of nutrient broths were used – TSB, Nutrient Broth and mFC 

Broth. For TSB, varying concentrations of 0.0g/L, 0.5g/L, 1.0g/L and 2.0g/L of agar were 

added into 3g/100ml Tryptic Soy Broth base. In order to reproduce the experiment done by 

Chen et al. (1996), a solution of Nutrient Broth with gelatin 2g/L, peptone 0.25 g/L, bovine 
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extract 0.1 g/L, glucose 0.25 g/L and disodium hydrogen phosphate 2g/L was mixed. The 

Nutrient Broth and TSB were autoclaved for 15 min at 121  for sterilization. To investigate 

the relationship between the growth rates of E.coli in different concentrations of mFC broth, 

the detectable and measurable levels of signal (frequency shifts) outputs due to density and 

viscosity shifts. Serial mFC broths were applied at different concentrations – 1.2, 1.5, 1.8 and 

2.1g/50ml. Some components in mFC broth cannot be autoclaved; therefore, to sterilize the 

mFC broth, it was boiled for 3 to 5 minutes, and then stored in the incubator at 37 . Based 

on the results of experiments, the mFC broth at a concentration of 3g/100ml was chosen as 

the plain mFC broth. Furthermore, 3.0g/100ml mFC broths with 0.2g/L agar, and gelatin at 

serial concentrations, respectively were applied as the culture medium.  

      Amino acids are the primary metabolism products, which can promote the growth of 

bacteria and shorten the lag phase during the growth of bacteria. Casamino acid consisting of 

many kinds of amino acids was purchased from Sigma-Aldrich. 3.7g/100ml mFC broths with 

Casamino acid at varying concentrations – 0.2, 0.4, 0.6 and 0.8g/100ml were used as test 

media to investigate the promotion of amino acids to the growth of E.coli, which may shorten 

the lag phase. Due to the shorter lag phase in the media with Casamino acids, in the normal 

detection time (5 hours), there is more time for the multiplication of E.coli, which can result 

in a larger concentration of E.coli and subsequently a difference in frequency shifts output in 

the same experimental time comparing to the experiments using the media without Casamino 

acids. 
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3.1.8. Control Experiments with Milli-Q Water and Sterile Culture Medium 

      The QCM sensor systems are highly sensitive and susceptible to interference, such as 

the viscosity changes due to the potential dilution process and possible interactions between 

components in mFC broth, TSB or water transferred; therefore, control experiments need to 

be conducted for interference abatement and even elimination. To ensure the frequency shift 

is mainly caused by the growth of E.coli in testing media, two types of control experiments 

with Milli-Q water and sterile E.coli overnight culture, respectively were conducted. When 

E.coli overnight culture was transferred onto the crystal, not only the growth of E.coli in 

testing media, but also the presumable interactions between components in mFC broth and 

components or water in TSB may lead to a significant frequency shift. In the control 

experiment with sterile E.coli overnight culture, the objective is to ensure the influences of 

mixing of TSB in E.coli overnight culture and mFC broth on the frequency shifts. The testing 

media is 3.7g/100ml mFC broth with 3g/100ml gelatin. E.coli overnight culture was 

autoclaved for 15 min at 121  to eliminate all E.coli cells used in the control experiment 

with sterile E.coli overnight culture. Moreover, the addition of E.coli overnight culture may 

bring in large quantity of Milli-Q water. The addition of Milli-Q water can cause potential 

dilution processes on the testing media. The influences of Milli-Q water on the frequency 

shifts can be determined through the control experiments with sterile Milli-Q water.  

3.1.9. Determination of the Limits of Detection of E.coli in Defined Media 

      In various domains, the minimum limits of E.coli concentration are diverse, such as 

less than 10
4
 cells per ml in disease and environmental testing (Miranda et al. 2011; Dmitriev 
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et al. 2005; Gerba 1996), and zero cell per ml in drinking water. Therefore, determination of 

limits of detection may check whether the defined media is a successful media for microbial 

detection and, in a particular situation, the limit of detection (LOD) can act as an important 

index in microbial detection approaches selection. In this work, E.coli overnight culture 

through 22 hours incubation at 37  was diluted serially, ranging from 10
-1

 to 10
-10

. Based on 

the estimation of the total concentration of E.coli in the overnight culture, a set of solutions 

from 10
-5

 to 10
-8

 were selected to be tested. As the solution of 10
-8

 has a concentration of 

E.coli in the magnitude of 10
4 

CFU/100ml which meets the minimum detection limits of a 

adequate bacteria detection method. 0.9ml of selected diluted solutions was mixed with 1.5ml 

coating media (3g/100ml mFC Broth with 0.6g/100ml Gelatin) and vortexed to ensure proper 

mixing, respectively. When the temperature was stabilized at 37 , 30   of mixtures were 

transferred into channels 1 to 4, respectively; then the data were recorded every 2 seconds for 

5 hours.  

      To determine the initial concentration of E.coli in E.coli overnight culture, diluted 

solutions (10
-6

, 10
-7

 and 10
-8

) were selected to be plated. Through 24 hours incubation at 37 , 

colonies on the plates were enumerated. Based on Standard Methods, colonies in the range of 

30 to 300 on the plate were enumerated; then through calculation, the initial concentration of 

E.coli was determined.  

3.1.10. Data Recording and Analysis 

      There are corresponding frequency recording software for PLO-10i machine and the 

Stand-Alone TSM Sensor machine. E.coli was first transferred into the defined media and 
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vortexed for 30 seconds to ensure complete mixing; and then quick transferred onto the 

crystal surfaces. The resonant frequency of the crystal is recorded and stored in the computer. 

Recorded data were converted from resonant frequency to frequency shift for further 

statistical analysis. All statistical analyses on data are performed by using a statistical 

computing and graphic software called R-project. Linear regression and ANOVA test may be 

conducted using R-project to identify whether the concentrations of target components or 

additives in defined media can influence the frequency shift outputs.  

3.2 Introduction of Applied Systems based on Immunoassay 

      The techniques in this thesis indicate the use of TSM acoustic sensor to track the 

frequency shifts of the prepared antibody-coated crystals based on the mass loading on the 

quartz due to E.coli cells captured by antibodies. The constructed TSM sensor system was 

designed and developed at the University of Guelph, School of Engineering in collaboration 

with Arshon Technologies Inc. The crystals used in this system (Lap-tech Inc.) oscillate at 9 

MHz approximately. All the crystals are AT-cut with gold electrodes with immobilization of 

gold nanoparticles modified by anti-E.coli antibody on the 10, 12-Pentacosadiynoic acid 2′ 

-aminoethylamide (PCDA-NH2) vesicles. The crystal is connected to an external oscillator 

and temperature controller via cable. To ensure the crystals and the systems are working 

within specifications, preliminary glycerol calibrations of the applied crystals were conducted 

using glycerol aqueous solutions in serial dilutions. The crystal coating processes were 

conducted subsequently, with antibody specific to E.coli. As the water samples with E.coli at 

serial concentrations flow through the constructed flow-through TSM sensor, the binding of 
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E.coli onto the crystal surface through antibodies can cause a mass loading on the crystals, 

which would lead to a frequency shift of the oscillation frequency of the crystal.   

3.2.1. Flow-through TSM System 

     The constructed flow-through TSM system shown in Figure 3.8 consists of a 

mini-pump (Fisher Scientific), an external oscillator and temperature controller, the main 

TSM sensor part (Yellow part) and containers for water samples and waste. As it is shown in 

Figure 3.9, an AT-cut crystal oscillates at approximately 9MHz (Lap-tech Inc.) is fixed in the 

integrated crystal holder sealed by O-rings on both sides. When the crystal is fixed in the 

crystal holder, the samples with E.coli were pumped by a mini-pump (Fisher Scientific) at 

0.25 ml/min into the system through inner flow pipe shown in Figure 3.8. To eliminate the 

effects of unstable temperatures of the samples, the sinuate and narrow channels and heating 

systems must be used to stabilize the temperature. As the samples flow through the sinuate 

and narrow channels at 0.25 ml/min, the temperature of the sample is ra ised and stabilized at 

37.5  due to the full contact of the sample with the heated channels in a low flow rate 

environment. This process can be considered as a stabilization process to eliminate 

interference related to temperature fluctuations. After the temperature of the sample is 

stabilized, the sample flows into a small and sealed chamber on the crystal holder. In this 

chamber, the sample is fully contacted with the crystal, and the duration is sufficiently long 

for the capture of antibodies to E.coli cells due to the low flow rate. This process may result 

in a decrease of the oscillation frequency. After that, the sample flows out of the TSM sensors 

through the outflow pipe into a beaker as a waste recycling process. The expectation of this 
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experiment is that the antibodies coated on the crystal may capture the E.coli cells in samples 

as a mass load on the crystal surface, which may cause a decrease of the oscillation frequency. 

The oscillation and heating circuits are integrated into the bottom part of the main TSM 

sensor, which is connected to a constructed phase lock oscillator and temperature controller 

via a cable (Figure 3.10). The frequency counter and temperature controller are connected via 

USB cable to a computer for data recording and saving with the corresponding software.   

 
Figure 3.8 - The constructed flow-through TSM system, which consists of a water sample 

container, a mini pump to control the water flow rate at 0.25 ml/min, constructed 

flow-through TSM sensor (top, mid and bottom parts), a waste beaker and the integrated 

oscillator and temperature controller.  
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Figure 3.9 - An AT-cut 9MHz crystal (Lap-tech Inc.) in the flow-through system. 
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Figure 3.10 - The oscillation and heating circuits are integrated in the bottom part of the main 

TSM sensor, which is connected to a constructed phase lock oscillator and temperature 

controller via a cable. 
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3.2.2. Glycerol Calibrations on Flow-through TSM System 

      To ensure the constructed flow-through TSM system works with specification, the 

immunoassay system needs to be tested through glycerol calibrations. Glycerol aqueous 

solutions in serial concentrations flow into the TSM sensor through the inflow pipe by a 

mini-pump at 0.25 ml/min. The temperature of the glycerol solutions are raised and stabilized 

at 37.5  through the channels, the glycerol solutions across the crystal surface in a small 

chamber. In comparison of the trend of the experimental results with the theoretical values, 

the precision and sensitivity of the crystal and TSM system can be determined. Basically, the 

higher the concentration of the glycerol aqueous solution, the higher the density and viscosity 

of the glycerol aqueous solutions; therefore, the oscillation frequency of the crystal would 

decrease with an increase of glycerol concentrations according to Equation 2.5. The glycerol 

calibrations can determine whether the flow-through TSM system works accurately and it is 

fitted for the remainder of the research based on the testing results in accordance with the 

theoretical results. 

3.2.3. Preparation of Au colloidal nanoparticles  

      All glassware were cleaned with Piranha solution (H2SO4:H2O2 = 7:3) and all 

solutions were prepared using sterile MilliQ water. For the preparation of Au colloidal 

nanoparticles (Jana et al. 2001), 40 ml MilliQ water containing the mixture of 025 mM 

HAuCl4 and 0.25 mM trisodium citrate are prepared and boiled with gentle stirring. The 

solution is colorless; then, 1.2 ml of 0.1 M freshly prepared NaBH4 solution as a strong 

reducing agent is added into the solution with gentle stirring. The solution turns to a wine red 



57 

color from colorless, immediately. After that, the solution is cooled to room temperature, the 

reaction is continued for 18 hours at 22  and then, the prepared Au colloidal nanoparticles 

solution is stored at 4  within use in one week (Jana et al. 2001).  

3.2.4. Preparation of Poly-PCDA-NH2 vesicles  

      All glasswares were cleaned with Piranha solution (H2SO4:H2O2 = 7:3) and all 

solutions are prepared using sterile MilliQ water. With the modification of the preparation 

procedures of Poly-PDA-NH2 vesicles introduced by Bruehl et al. (2001) through raising the 

amount of ethylenediamine used and the ratio of PCDA, NHS and EDC, 0.53109g 10, 

12-pentacosadiynoic acid (PCDA) were added into 30ml dichloromethane. To remove the red 

polymerized monomers (approximately 0.01888g), the PCDA solution was filtered through 

0.22   filter membrane. To ensure that the –COOH groups in PCDA are fully activated by 

NHS-EDC fresh, it is better to keep the mole ratio of PCDA, N-Hydroxysuccinimide (NHS) 

and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) at 1:1.5:6 (0.2 M: 

0.05 M), 227.76 mg NHS and 1517.46mg are added into the PCDA solution with gentle 

stirring for 2 hours. With the addition of a twenty-fold excess of ethylenediamine 

(approximately 1.8ml) into the PCDA solution, the solution turns milk white. The reaction is 

continued for 10 to 12 hours with gentle stirring. Subsequently, the solution above was 

washed with water and bicarbonate-saturated solution twice, and the organic layer was dried 

with MgSO4 powder. Through rotary evaporation of the PCDA-NH2 solution, a thin lipid is 

left on the glassware. In order to purify the PCDA-NH2, the lipid was dissolved by ethyl 

acetate and water. The ethyl acetate layer was dried with MgSO4 powder and rotary 
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evaporated. To make the concentration of PCDA-NH2 1 mM, the lipid was dissolved into 1.4 

L of MilliQ water with probe sonication for 30 minutes at 75 .  

The prepared PCDA-NH2 vesicles are extruded through a 0.2    nylon film with 

vacuum pumping; the PCDA-NH2 vesicles was then irradiated with a UV lamp (254 nm) for 

30 minutes to stabilize the configuration. The PCDA-NH2 vesicles solution was then stored at 

4  in the refrigerator until use.  

3.2.5. Preparation of Nano-gold Hollow Spheres with Antibody immobilization  

     For the preparation of anti- NH2-Au- Poly-PCDA-NH2 vesicles, procedures introduced 

by Lu et al. (2005) are followed. 41.2 ml gold nanoparticles solution was mixed with 2 ml of 

Poly-PCDA-NH2 vesicle solutions in a sterile flask with gentle shaking for 30 minutes until 

the color of the mixture turned grey. The reaction is continued for 5 hours for attaching gold 

nanoparticles onto Poly-PCDA-NH2 vesicles. To ensure the full separation of the free gold 

nanoparticles and Au-Poly-PCDA-NH2 vesicles, the mixture was centrifuged for 10 minutes, 

four times at 10000 rpm, followed by re-suspending with MilliQ water. Ultimately, the black 

precipitates (Au-Poly-PCDA-NH2 vesicles) were re-suspended into 40ml of MilliQ water.  

      50 ml of cysteamine hydrochloride (10
-3

 M) aqueous solution was added into the 

Au-Poly-PCDA-NH2 vesicle solution with gentle shaking for 12 hours at room temperature. 

The –SH in cysteamine can form a strong chemical bond with Au nanoparticles, and the 

–NH2 group in the other end of cysteamine can react with –COOH group in antibodies. To 

ensure the purification of the NH2-Au- Poly-PCDA-NH2 vesicles, the mixture was 

centrifuged for 10 minutes for 4 times at 10000 rpm followed by re-suspending with MilliQ 
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water. Ultimately, the NH2-Au- Poly-PCDA-NH2 vesicles are dispersed into PSB solution of 

pH 7.0. For the immobilization of anti-E.coli antibodies, 2ml of anti-E.coli antibodies (0.015 

M) was transferred into the NH2-Au- Poly-PCDA-NH2 vesicle solution with the modification 

by 0.2M EDC and 0.05 M NHS (0.25 ml) for the activation of –COOH group present in 

anti-E.coli antibodies (Lu et al. 2005). The reaction is continued for 2 hours followed by four 

repeated centrifugation cycles at 10000 rpm for 10min. Ultimately the sediments were 

re-suspended with the PSB solution (pH 7.0).  

3.2.6. Preparation of anti-E.coli antibody coated Quartz Crystals 

      The quartz crystals are cleaned with Piranha solution for 10 minutes at room 

temperature. After three washings of the crystals with MilliQ water, they were immersed into 

4-Mercaptobenzoic Acid (MBA) (2 mM) ethanol solution for Self-Assembled Monolayer 

formation (SAM) overnight. This process may cause a decrease of the oscillation frequency 

due to the binding of MBA as a mass load. Then, the antibodies are only applied on single 

face. To remove any unbound MBA molecules, the crystals were washed three times with 

ethanol and MilliQ water. To activate the –COOH of the MBA molecules, the crystals were 

immersed into EDC/NHS fresh (0.2M: 0.05M) solution for 2 hours (Lu et al. 2005).  

      To ensure the amide bond formation between amino terminal of antibodies and 

carboxyl terminal of MBA, 20   of anti-Au- Poly-PCDA-NH2 solution was transferred onto 

the gold electrodes of the crystals with incubation overnight at 4 . Ultimately, the modified 

crystals were immersed into 5 ml BSA (2mg/ml) aqueous solution to fill up the binding sites 

(Lu et al. 2005). It is claimed that the prepared quartz crystal sensors stored at 4  may keep 
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functional for more than 6 months (Pandey et al. 2007).   

3.2.7. Detection of E.coli in water samples using Flow-through TSM Biosensors 

      0.1 ml of pure E.coli was added into 10 ml TSB broth with incubation at 37  for 18 

hr. The overnight culture was then diluted with autoclaved MilliQ water into serial dilutions 

(10
-4

, 10
-5

 and 10
-6

) with serial concentrations of E.coli. Before the experiments, the pipes and 

main flow-through TSM sensor parts should be autoclaved. Firstly, the autoclaved MilliQ 

water was pumped by the mini-pump at 0.25 ml/min into the TSM sensor until the oscillation 

frequency of crystals and the temperature of the TSM sensor (37 ) was stabilized; then, 

serial concentrations of E.coli water samples were pumped at 0.25 ml/min into the TSM 

sensors. The oscillation frequencies of crystals were recorded and saved every 1 second for 5 

hours.  
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Chapter 4 Results and Discussion 

4.1 Glycerol Calibration 

4.1.1. Glycerol Calibration for PLO-10i TSM System 

      To sterilize all the glassware, two types of volume cells (1.5 and 45 ml) were cleaned 

three times first with 70% Isopropyl alcohol and autoclaved MilliQ water. When the 

stabilization of resonant frequency in the incubator at 37 , it indicates completely dry of 

glassware and crystal surfaces. 1.5ml of glycerol solutions at serial concentrations (10, 20, 40 

and 50% by weight) were transferred into the 1.5ml and 45ml volume cells, respectively. The 

data and results are shown in Table 4.1, Figure 4.1 and Figure 4.2.  

      Pure glycerol is a polyol and liquid compound with density 1.261 g/cm
3 

and viscosity 

1.412 Pa  . Glycerol concentration increases, the oscillation frequency of crystals may 

decline. Based on the theoretical values, the frequency shifts applied and the concentrations 

of glycerol solutions (0% to 50% by weight) have an approximately linear relationship with 

the slope of the frequency shift trends in Figure 3.6 approximate -23.4 for the glycerol 

concentration in the range of 0% to 50% with R
2
 = 0.9487. The total frequency shift depends 

on both the quantities and the concentrations of glycerol transferred onto the crystal surface.  

In Table 4.1, it indicates the corresponding frequency shifts with the addition of glycerol 

solutions at serial concentrations in the 1.5ml volume cell in two independent experiments. In 

Experiments 1 and 2, the corresponding frequency shifts at the same glycerol concentration 

have nearly a 20% difference. The glycerol solutions are highly viscous and may bind onto 

the inner surface of tips when glycerol solutions are transferred; therefore, the quantities of 
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glycerol transferred onto the crystal surface, which determines the total frequency shift of 

crystals can only be controlled to a relative accuracy. The frequency shifts in Figures 4.1 and 

4.2 are higher than those in Figure 3.6, which is due to the larger quantities of glycerol 

transferred onto the crystal surface. The trends of frequency shift in Figure 4.1and Figure 4.2 

are -13.6 (R
2 

= 0.9958) and -11.5 (R
2
 = 0.9561) for the glycerol concentration in the range of 

0% to 50%, which are both higher than the theoretical value -23.4. As the concentrations of 

glycerol solutions increase, the glycerol solution losses may increase, which may result in a  

larger frequency shift difference for higher glycerol concentrations. This, in turn causes an 

increase in the slope of frequency shifts in Experiments 1 and 2. In the preparation of 

glycerol solutions in different concentrations, glycerol solutions may bind on the glassware, 

which may cause the real concentrations of prepared glycerol solutions to be lower than 

expected. This, in turns causes the increase of the slope of the curve in Figures 4.1 and 4.2. 

However, the total trends in frequency shift strongly prove the facts derived by Equation 2.5. 

These results show the PLO-10i TSM System with 1.5ml volume cell and 45ml volume cell 

are accurate, reliable and suitable for the experimentation.  
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Table 4.1 - Results from experiments 1 and 2 regarding change in frequency over time of 

glycerol solution at serial concentrations in 1.5ml volume cell 

% Glycerol by 

Weight 

Frequency Shift of 

Experiment 1 (Hz) 

Frequency Shift of 

Experiment 2 (Hz) 

Frequency Shift on 

average (Hz) 

0 -1544 -1374 -1459 

10 -1728 -1556 -1642 

20 -1874 -1668 -1771 

40 -2183 -1874 -2028.5 

50 -2348 -1970 -2159 

 

 

Figure 4.1 - Frequency shift for glycerol calibrations at serial concentrations (20%, 40% and 

50% by weight) of PLO-10i TSM System with 1.5ml volume cell (0.5-Inch LapTech Crystal)  
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Figure 4.2 - Frequency shift for glycerol calibration at serial concentrations (0%, 20%, 40% 

and 50% by weight) of PLO-10i TSM System with 45ml volume cell with 1-Inch Crystal 

from MaxTek. 

4.1.2. Glycerol Calibration for Five-Channel TSM Machines 

      To ensure the sterilization of the five-channel TSM system, the five-channel TSM 

system was cleaned three times using 70% Isopropyl alcohol and deionized water in each 

channel. The machine was run without media for 20 minutes to ensure the temperature was 

stabilized and all five channels with crystals were completely dry, which can give the basis of 

comparison for the experiments. When the resonant frequencies of crystals were stabilized, 

60 µl of 10%, 20%, 30% and 40% by weight glycerol aqueous solutions were transferred into 

each channel, respectively, and the first channel was left without any media as the basis of 

comparison. The five channel caps were placed on top of the channels to ensure no 

contamination and evaporation prevention during experiments. The data were recorded every 

two seconds for 2 hours and the worked results are shown in Figure 4.3.  
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Figure 4.3 -Frequency shift for glycerol calibration at a serial concentration (10%, 20%, 30% 

and 40% by weight) of the five-channel TSM sensor system with 0.5-Inch LapTech Crystal 

 

      Figure 4.3 shows that in all five channels, the trend of frequency shifts is similar to 

the published trend that as the concentration of glycerol increases, the resonant frequency 

shifts rise as per (           ). The slope of the curve for the glycerol concentrations in 

the range of 20% to 40% is approximately -12 (R
2
 = 0.9539), which is higher than the 

published value -25 (R
2
 = 0.9586) for the glycerol concentrations in the range of 20% to 40%. 

This may result from the quantities lost of glycerol during the preparation and transferring 

processes of glycerol solutions, which causes the real glycerol concentrations to be lower 

than the theoretical values. This, in turn, may cause the slopes to increase. Furthermore, the 

frequency shift curve accords to the theoretical values trends, relatively; hence, the 

Five-Channel TSM Sensor machine can be considered as reliable and accurate for the 

experimentation planned.  
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4.1.3. Glycerol Calibration for Constructed Flow-through TSM Sensor 

      The inflow, outflow pipes and the main flow-through TSM sensor were autoclaved for 

sterilization. For the stabilization process, autoclaved Milli-Q water flow into the TSM sensor 

through the inflow pipe at 0.25 ml/min. The stabilization of oscillation frequency indicates 

that the flow-through TSM sensor is stabilized and ready for testing. Serial concentrations of 

glycerol solutions (30%, 40% and 50% by weight) were pumped into the flow-through TSM 

sensor at 0.25 ml/min. The oscillation frequencies were recorded every one second in five 

hours.  

        
Figure 4.4 - Frequency shift for glycerol calibration at a serial concentration (30%, 40% and 

50%) of the Constructed flow-through TSM sensor system with AT-cut crystals (Lap-tech 

Inc.).  

 

In Figure 4.4, the curve shows that as the concentration of glycerol increases, the 

oscillation frequency has a decreasing trend. The experimental values in Figure 4.4 are 
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relatively smaller than published values. In the flow-through TSM sensor model, the glycerol 

solutions contact the crystal surface in a small chamber, which may cause the quantities of 

glycerol solutions to be smaller than the published value. This, in turn results in the relatively 

smaller frequency shifts. The slope in Figure 4.4 is -32 (R
2
 = 0.9813) for the glycerol 

solutions concentration in the range of 30% to 50%, which is approximately the same as the 

theoretical value -33 (R
2
 = 0.8868) for the glycerol concentration in the range of 30% to 50%. 

This may result from the small quantities of glycerol solution with fewer losses during the 

preparation and transferring processes of glycerol solutions, which may have caused the 

experimental results to be similar to the theoretical values. Furthermore, based on Equation 

2.5, the frequency shift mainly depends on the density and viscosity of the loading liquid. To 

compare the experimental data with the theoretical values, it shows a high accordance, which 

indicates the reliability and accuracy of the constructed flow-through TSM sensor can meet 

the requirements of the entire set of experiments. 

4.2 Measurement of the Log Growth Rate of E.coli  

Table 4.2 shows the concentrations of E.coli in the serial experiments. During E.coli 

strains transferred into a new environment, the growth of E.coli can be divided into four 

phases – lag phase, exponential growth phase, stationary phase and death phase; however, if 

the testing media and the culture media of E.coli overnight culture are kept the same, the lag 

phase may be relative shorter. In the lag phase, E.coli cells consume nutrients, grow in size 

but do not divide. The total population of E.coli strains stays constant. In the exponential 

phase, E.coli cells adjust themselves greatly to the new environment and then multiply at a 
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rapid risk, which causes the accumulation of metabolism products. Once the concentration of 

metabolism products meets the criteria, the growth and death rates of E.coli tend to be equal 

and the growth phase turns into the stationary phase. The final growth phase is called the 

death phase, which means few E.coli cells can divide and the majority of E.coli are dead. 

 

Table 4.2 - The recorded data from serial experiments performed for measurement of the Log 

growth rate of E.coli. 

Time (Hours) Concentration 

Experiment 1 

(CFU/100ml) 

Concentration 

Experiment 2 

(CFU/100ml) 

Concentration 

Experiment 3 

(CFU/100ml) 

Concentration 

Experiment 4 

(CFU/100ml) 

0 20 1 3 1 

2 10 1 3 10 

4 333 194 514 83 

6 3333  36861 9556 

8 166667 553333  1455555 

 

In Figure 4.5, it shows that the rates of E.coli multiplication increase dramatically 

after 2 hours of incubation, which means the lag phase of E.coli in TSB, is approximately 2 

hours. However, the lag phase greatly depends on the experimental environment, conditions 

and the media, etc. In the range of 2 to 8 hours, the growth phase of E.coli is in the 

exponential phase and E.coli grows rapidly. In Table 4.2, it shows that the initial 

concentration of E.coli in Experiments 2 and 4 is 1 CFU/100ml; therefore, it may be 

concluded that the best way to achieve the 1 CFU/100ml is to mix the 0.1ml of E.coli 
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solution with 9.9ml TSB and, after 18 h of incubation at 44.5 , the solution is diluted to a 

concentration of 10
-10

, which can give a 1CFU/100ml initial E.coli concentration. In Figure 

4.5, the growth curves in the four experiments show good consistency. 

 

 

Figure 4.5 - Exponential graph depicting the amount of E.coli growth in TSB over an 8 hour 

time period from Experiment 4 performed 

 

Figure 4.5 shows that E.coli growth rates increase dramatically in approximately 120 

minutes, which means the lag phase of E.coli in TSB is 2 hours. In Experiments 1, 2, 3 and 4, 

the initial E.coli concentrations are 20, 1, 3 and 1 CFU/100ml, respectively; the period of 

E.coli growing into 100 CFU/100ml normally takes from 192 to 240 minutes, which can be 

used to determine the growth rates of E.coli in the log phase in TSB. In Table 4.3, it shows 
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the time of E.coli grown into 100CFU/100ml in the four experiments, the mean time for 

E.coli growing into 100 CFU/100ml is 215 minutes. The growth rates of E.coli in TSB can be 

estimated as 1 times/ minute, which means every minute, the concentrations of E.coli doubles. 

The research on the lag and log phase of E.coli in TSB can be used as the analytical basis in 

the remainder of future testing to determine the relationship between the growth phase of 

E.coli and the oscillation frequency of E.coli, which can be considered as a strong argument 

proving the frequency shift is mainly due to the growth of E.coli in the defined media.  

 

Table 4.3 - Table showing the starting CFU/100mL of all four experiments, and the length of 

time taken to grow to 100CFU/100mL 

Experiment  Initial Concentration 

(CFU/100ml) 

Minutes to get to 

100CFU/100ml (Min) 

1 20 200 

2 1 225 

3 3 190 

4 1 245 

4.3 The Defined Test Media and Systems based on Viscosity Change 

4.3.1. Tryptic Soy Broth (TSB) 

To test and verify whether TSB may cause detectable and measurable frequency shift 

outputs, serial experiments were conducted using the defined TSM system with the 1.5ml 

volume cell and a 0.5-Inch LapTech crystal oscillating at nearly 9 MHz. The volume cell was 

connected to the PLO-10i machine, and then set in the incubator at 37 . The defined test 
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medium (TSB) was prepared into a recommended concentration of 3g/100ml based on the 

product specification of TSB broth (Fisher scientific); and then 50µl of TSB was transferred 

onto the crystal to form a thin and uniform-layer. Once the temperature was stabilized at 37 , 

8µl of E.coli overnight culture was added and 30 minute readings were taken every two hours 

for 8 hours in total. During the experiment, the E.coli concentration in E.coli overnight 

culture was determined as 2.203 x 10
5
 CFU/100mL.  

In Figure 4.6, when both the temperature and resonant frequency are stabilized as 

shown in curve B, E.coli overnight culture was added. The difference between the oscillation 

frequency in real time and the initial crystal oscillation frequency with TSB only is 

considered to be the frequency shift in this experiment. Totally, a change in frequency of 271 

Hz was observed in the range of 360 to 480 minutes (Figure 4.6), which is an unexpected 

positive change in the experimental time. Normally, changes in viscosity and density due to 

E.coli growth in coating media should cause a negative frequency shift. It is most likely due 

to the low viscosity and density of plain TSB and outside influences, such as temperature 

fluctuation and evaporation of media, etc. Due to E.coli growth, nutrient components in TSB 

are consumed and converted to metabolites in small molecules, such as amino acids and 

acetic acid. This, in turn, causes a decrease in the viscosity and density of coating media. 

However, as the population of E.coli increases dramatically, it can cause the viscosity and 

density to increase that more E.coli cells may bind on the surface of the crystal and increasing 

E.coli dead bodies precipitate onto the crystal.  
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Figure 4.6 - Frequency shift of E.coli growth in plain Tryptic Soy Broth 

 

Based on the experimental results, there is a slight increase in the resonant frequency 

of the crystal, which means a decrease of the viscosity and density of the coating media. The 

red line is called base line, which represents the stable frequency shift due to the TSB only. It 

is not related to the time. In this part of the experiments, there are two main noise sources 

needed to be considered, namely the evaporation process of TSB and the lactose absence in 

TSB. Lactose, which is absent in TSB is an important carbohydrate that can be used as a 

nutrient in the growth of E.coli. Based on the theory of Lac Operon, when lactose is absent in 

culture medium, the genes required to create the enzymes for E.coli to digest lactose are 

destroyed. This, in turn, shortens the lifetime of E.coli cells, which influences the breeding of 

E.coli in TSB broth. Therefore, despite TSB as the essential nutrients provider, the absent 

lactose may decrease the growth rate of E.coli in TSB and subsequently influence the 

oscillation frequency. The second noise source is that TSB is only the nutrients provider 

without any thickener to prevent the evaporation of TSB. Due to the losses of water in TSB, 
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the concentration of TSB may increase, which may cause a decrease in the oscillation 

frequency. Basically, the growth rates of E.coli account for the main effects on the oscillation 

frequency; therefore, due to the absent of lactose, the relatively short living time of E.coli in 

TSB may contribute to a negligible oscillation frequency shift in TSB experiments. Typically, 

the noise was not negligible. In this set of experiments, the signal-to-noise may decrease, 

which means experiments using TSB are more likely to be influenced by outside influences. 

Hence, it can be concluded that Tryptic Soy Broth is ill-suited to be used as the coating 

medium. 

4.3.2. TSB with Agar 

      In order to test and verify the relationship between the frequency shift and the 

concentration of agar as a thickener and whether agar can be useful regarding to the 

frequency shift, 3g/100ml TSB with varying amounts of agar was tested. Concentrations of 

0.5g/L, 1.0g/L, and 2.0g/L of agar were used. Tryptic Soy Agar (TSA) experiment involved 

E.coli growth in a TSB with agar. In this experiment, the PLO-10i machine with a 45ml 

volume cell from Inficon and 1-Inch Crystal from MaxTek was used. The volume cell was 

capped using a sterile cotton ball and a foil cap, then set into the incubator at 37 . 1ml of 

TSA medium was added. Once the temperature was stabilized, 50µl of E.coli overnight 

culture was transferred into the volume cell and readings were taken every 5 seconds for 4 h. 

During the experiments, the concentration of E.coli cells in overnight culture was determined 

as 2.203 x 10
5
 CFU/100mL. 

The difference between the oscillation frequency in real time and the initial crystal 
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oscillation frequency with TSA only, is considered to be a frequency shift in this experiment.  

In the serial experiments, the resonant frequency fluctuates consistently in the range of 10 Hz, 

which may result from the non-uniform mixing and relatively slow mixing time of the TSA 

and E.coli solutions due to the high viscosity of TSA. The frequency shift is lower than 100 

Hz in 1g/L and 0.5g/L agar. When the concentration of agar is 2g/L, a total of -283 Hz 

frequency shift was detected by the TSM sensor as shown in Figure 4.7. Figure 4.7 shows the 

frequency shift curve of E.coli growth with a low point of -373Hz after 2.5 h, and a final 

change of -283 Hz. Agar, as a thickener, cannot be digested by E.coli; therefore, the addition 

of agar has hardly any effects on the growth of E.coli, but makes the viscosity of the medium 

higher. Agar has high viscosity even in small concentrations, such as 2g/L at 37 . 2g/L Agar 

has high viscosity and hydrophilicity; therefore, the addition of agar in TSB can substantially 

prevent one of the two main noise sources - water evaporation. With prevention of water 

evaporation, the decreasing noise causes the signal-to-noise ratio increasing. Furthermore, 

according to the previous results in section 4.3.1, the growth of E.coli in pure TSB cannot 

cause a significant resonant frequency shift; therefore, TSA Broth cannot be a successful 

testing medium for these experiments.  

Figure 4.8 and Figure 4.9 show the frequency shift of E.coli grown in 1.0g/L and 

0.5g/L TSA, successively. The results in the serial experiments involving TSA Broth show no 

significant effects on the resonant frequency shifts of the crystal. In total, 50 Hz and 92 Hz 

frequency shifts were detected in 1.0g/L and 0.5g/L TSA Broths, respectively. Based on the 

experimental results, no significant resonant frequency shifts were detected and the noise, 

such as water evaporation and slight fluctuation of temperature, cannot be ignored; therefore, 
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the decreasing signal-to-noise ratio causes the fluctuation of the result curves. TSA cannot be 

a successful testing medium in E.coli detection for this method. The fluctuations of frequency 

shift are mainly caused by evaporation. 

 

Figure 4.7 - Frequency shift of E.coli growth in 3g/100ml Tryptic Soy Broth with 2g/L Agar 

 

 

Figure 4.8 - Frequency shift of E.coli growth in 3g/100ml Tryptic Soy Broth with 1.0g/L 

Agar 
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Figure 4.9 - Frequency shift of E.coli growth in 3g/100ml Tryptic Soy Broth with 0.5g/L 

Agar 

4.3.3. TSB with Gelatin and Peptone 

      S.aureus is gram-positive with the ability of gelatin digestion, while E.coli is a 

gram-negative that cannot digest gelatin. Due to the inability of gelatin digestion for E.coli, 

gelatin added into TSB can be estimated as a thickener with approximately the same effects 

as that of agar in TSB on the frequency shift. Therefore, through used S.aureus instead of 

E.coli, whether the digestion of gelatin during the growth of S.aureus may cause a significant 

frequency shift can be determined. The experiment may determine the relationship of the 

frequency shift and the growth of S.aureus in TSB with gelatin. The equipment used in this 

experiment is PLO-10i TSM system with 1.5ml volume cell. The testing culture medium was 

prepared by adding 3g/100 ml of gelatin and 0.5g/100 ml of peptone in 3g/100 ml TSB Broth 

(Difco). A 60 µl coating culture medium was added into the volume cell. Once the 
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temperature and resonant frequency were stabilized, 40µl of S.aureus at full concentration of 

       CFU/100ml were added, and the volume cell was covered by a fitted cap for 

contamination and evaporation prevention. The resonant frequency shift was recorded every 

minute for at least 400 minutes.  

      The expectation of this experiment is that the frequency shift may decrease initially 

and then increase dramatically, which represents a first increase, and then a decrease in the 

curves in Figure. 4.10. Using micropipettes, small amounts of testing medium and S.aureus 

solution may stick on the micropipettes, which may result in minute differences of the initial 

frequency shifts in Curve A and B. The consumption of gelatin by S.aureus may cause a 

decrease in the viscosity and density of the testing medium, but with the growth of S.aureus, 

a large population of S.aureus may cause a decrease in frequency shift due to the increasing 

viscosity and density of testing medium and the binding of S.aureus onto the surface of the 

crystal. In the lag phase, the consumption of gelatin predominates the process, resulting in a 

decrease in the frequency shift. Then, in the log phase, as the growth of S.aureus occurs, the 

frequency shift would increase. The experimental results strongly demonstrate this finding. 

S.aureus can produce gelatinases which are proteases and can promote the gelatin hydrolysis 

(Leboffe and Pierce 2010). In the presence of gelatinases, gelatin is converted into amino 

acids in a two-step degradation process, and the intermediate products are polypeptides 

(Leboffe and Pierce 2010). 

      In comparison to E.coli, gelatin added into TSB acts as not only a thickener, but also a 

nutrient supplier. In this experiment, 3g/100 ml of gelatin can form a viscous and thin layer 

on the surface of the crystal with peptone and nutrients in TSB, which may cause the resonant 

app:ds:intermediate
app:ds:products
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frequency to decrease. The stickiness and thickness of the gelatin layer may greatly depend 

on the concentration of gelatin due to the increasing viscosity and stickiness of gelatin in 

higher concentrations. Due to the hydrolysis of gelatin and consumption of TSB, the viscosity 

of the testing medium tends to decrease with the growth of S.aureus, which causes a decrease 

in the frequency shift. This can explain the initial increasing trend in curves A and B in Figure 

4.10. Furthermore, S.aureus solution was transferred into the volume cell after the testing 

media instead of mixing them before transfer. This would cause not all the nutrients in the 

testing media to be available to S.aureus, which may inhibit the growth of S.aureus. Based on 

the presence of the decay length, the viscosity and density changes in the mixtures may not 

be detected initially and the frequency shift may not be obvious. During the lag phase, there 

should not be many frequency shifts. After 2 to 3 hours which can be considered as the lag 

phase of S.aureus, the curves decrease slightly as the expontential phase starts. After the 

transfer of S.aureus solution onto the crystal, it may take a long time for S.aureus solution to 

compeletely mix with the testing media. During the expontential phase, the mixing of 

S.aureus solution and testing media may be relatively complete. S.aureus mulplies wildly and 

the concentration of E.coli cells increase dramatically, which may cause an increase of the 

viscosity of the testing media. This, in turn results in a decrease of the oscillation frequency. 

However, it takes nearly 700 min for a frequency shift of 100 Hz in the exponential phase,  

which may be more vulnerable to interference factors; therefore, TSB with gelatin and 

peptone can only be used in the detection of S.aureus. The designation of these experiments 

can be modified through mixing S.aureus with the testing media initially, adding some 

components that can improve the growth of S.aureus or shorten the lag phase of S.aureus. 
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Figure 4.10 - Frequency shift of E.coli growth in 3g/100ml Tryptic Soy Broth with 3g/100ml 

gelatin and 0.5g/100ml peptone 

 

4.3.4. Nutrient Broth with Sodium Dodecyl benzene sulfonate (NaDDBS) Surfactant 

      In order to identify the effects of NaDDBS on the growth of E.coli and the change in 

frequency shift, NaDDBS surfactant is used as the testing medium in this experiment. 

NaDDBS is an anionic surfactant/detergent. When 0.5% v/v of NaDDBS that has been 

pH-neutralized is added to a nutrient broth containing E.coli, there is a marked increase in 

viscosity as described by Pollack and Anderson (1970). Pollack and Anderson’s study 

suggested that as the addition of NaDDBS occurs, the intracellular components leak into the 

medium, which causes the viscosity to increase. Due to the presence of NaDDBS and the 

growth of E.coli, the viscosity of E.coli solutions would increase with incubation for 20 hours.  

While leakage does occur, the lysis is neither complete nor lethal to the cell. The highly 

viscous material was identified as an alcohol-precipitable material (APM), which may 
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increase the lag phase of E.coli and have a partial hindrance on the growth of E.coli (Pollack 

and Anderson 1970).  

      To produce an acidic surfactant, the NaDDBS powder is dissolved into water to 

ensure that the concentration of NaDDBS solution is larger than 0.5% v/v. The NaDDBS 

solution was neutralized to a pH between 7.0 and 7.4 through addition of NaOH solution at 

the concentration of 1M. Serial dilutions of NaDDBS solution were mixed with the Nutrient 

broth containing E.coli to ensure the concentration of the detergent was 0.5% v/v. The 

intracellular components’ leakage due to the addition of NaDDBS and the surfactant may 

cause the growth delay and increase the lag phase of E.coli.  

      The experimental setup involved using the frequency shift to measure the growth of 

E.coli in the Nutrient Broth containing 0.5% concentration of NaDDBS. The PLO-10i TSM 

sensor system and 1.5ml volume cell with a 9 MHz, AT-cut crystal were used. A 50µl 0.5% 

v/v NaDDBS Nutrient Broth was added into the volume cell by a sterile micropipette. Once 

the temperature and resonant frequency were stabilized, 8µl of E.coli at full concentration of 

          CFU/100ml were added, and the volume cell was covered by a fitted cap to 

prevent evaporation. The resonant frequency shift was recorded every 30 minutes for at least 

20h.   

Figure 4.11 shows the results of the frequency shifts with the growth of E.coli in the 

0.5% v/v NaDDBS Nutrient Broth. Based on the report by Pollack and Anderson (1970), 

there is a definite increase in viscosity in the 0.5% v/v NaDDBS Nutrient Broth; however it 

was not detected by the TSM device and there is no significant frequency shift observed. 

When NaDDBS is added in the Nutrient Broth, an extension of the lag phase occurs and the 
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growth rate in the exponential phase may be affected partially. Due to the presence of 

NaDDBS, intracellular high viscous components in E.coli cells may leak into the Nutrient 

Broth which causes the viscosity of media to increase. Furthermore, with the addition of 

NaDDBS, the concentration of E.coli increases slower than normal Nutrient Broth. Therefore, 

the leak intracellular components may be relatively small due to the small magnitude of  

E.coli cells in the testing media. E.coli in Nutrient Broth with 0.5% v/v goes through a longer 

lag phase (Pollack and Anderson 1970).  

 

 

Figure 4.11 - Frequency shift of E.coli growth in 0.5% NaDDBS Nutrient Broth 

 

On the other hand, the consumption of Nutrient Broth due to the growth of E.coli 

makes the viscosity of the media decrease. Furthermore, the curve fluctuates consistently in a 

range of 0 ~ 100Hz, which may result from the 30 min data recorded interval and other outer 
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influence factors, such as temperature fluctuation and media evaporation. Moreover, all 

experiments are conducted in the incubator with stabilized temperature at 37 . Due to the 

leak of intercellular viscous components, the testing media are relatively viscous, which is 

good for the evaporation prevention. Therefore, the temperature fluctuation may have limit 

effects on the frequency shift. However, the occurrences of fast frequency shift fluctuation 

and these peaks indicate that the evaporation of media can be important. And the viscosity 

changes due to the leak of the intercellular components and E.coli consumption may account 

for the main contributor to the frequency shift. Since there is no significant frequency shift 

shown in Figure 4.11, it can be concluded that 0.5% NaDDBS Nutrient Broth is not a 

successful testing medium for the detection of E.coli in this method. 

4.3.5. Nutrient Broth with Gelatin 

      To identify the effects of Nutrient broth with gelatin on the growth of E.coli and the 

frequency shift, a solution of Nutrient broth with gelatin, peptone and glucose was used as the 

testing medium in this experiment. The PLO-10i TSM system and 1.5 ml volume cell with a 

9MHz, AT-cut crystal were used in this experiment. 30µl of Nutrient Broth with gelatin was 

added onto the crystal surface. Once the resonant frequency and temperature were stabilized, 

8µl of E.coli overnight culture was added into the volume cell. The data were recorded over 

20 h, and the concentration of E.coli was determined as 2.625 x 10
7
 CFU/100mL. 

      Figure 4.12 shows the results of this experiment, in which a total frequency shift of 

328 Hz was observed. According to Chen et al. (1996), the proteose peptone and gelatin work 

together to form a viscous and thin layer binding on the crystal surface, which would 
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decrease the resonant frequency. In this experiment, a regular peptone was used instead of 

proteose peptone, which would be the reason that there is no significant frequency shift 

observed. Moreover, Nutrient Broth may work better with proteose peptone instead of regular 

peptone, and would also be useful to detect gram-positive bacteria that can hydrolyze gelatin, 

such as Staphylococcus aureus. The 15 min data recorded interval and media evaporation 

may be the main contributors to the fluctuation of frequency shift curve in Figure 4.12. 

 

 

Figure 4.12 - Frequency shift of E.coli growth in the Nutrient Broth with gelatin, peptone 

and glucose 

 

4.3.6. Plain mFC broth 

      This experiment involved measuring E.coli growth in mFC broth medium, using the 

identified five-channel TSM system with 9 MHz crystals in each channel. Figure 4.13 shows 
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frequency shifts caused by E.coli growth in mFC broth in serial concentrations – 1.2g/50ml, 

1.5g /50ml, 1.8 g/50ml and 2.1 g/50ml. 1.5ml of mFC broths above mixed with 0.9 ml of 

E.coli overnight culture, respectively. When the temperatures of the mixtures were stabilized 

at 37  in the incubator, 30µl of the mixtures was added in the channels, respectively. The 

data were recorded every two seconds for 5 h. During the test procedures, the E.coli 

concentration was determined through the standard enumeration method as 2.011 x 10
10 

CFU/100ml. The E.coli overnight culture was stored in the refrigerator at 4  to slow down 

the growth of E.coli, which can ensure the E.coli concentrations remained consistent in serial 

experiments.  

 

 

Figure 4.13 - Frequency shifts caused by E.coli growth in mFC broth in serial concentrations 

from 1.2g mFC/50ml to 2.1g mFC/50ml 
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      The curves in Figure 4.13 show that the resonant frequency shift agrees with the 

bacteria growth curve. The lag time in these experiments is about 6000 seconds, which highly 

agrees to the previous results. Typically, when bacteria are transferred into a medium, there is 

a short adaptive process, or lag phase, for bacteria to adjust to the environment. In Figure 

4.13, the curve initially is flat and stable due to bacteria rarely breeding during the lag phase. 

Bacteria in this period are mature, but cannot divide. Then, in the exponential phase, bacteria 

grow fast in a stable geometric series. The viscosity and density of the testing medium 

increases due to the growth of E.coli and the binding of E.coli onto the crystal surface, which 

causes the corresponding resonant frequency to decrease dramatically. Due to the 

consumption of media nutrients, toxic products accumulate and decrease the pH in the 

medium, the growth rate and death rate of bacteria tend to be equal. During this period, the 

resonant frequency shift curves are also stable and flat.  

      When mFC broths with E.coli are added into the detection channels, all components 

in mFC broth and E.coli cells constitute a thin and viscous layer on the crystal surface. Based 

on relative theories, there is a measurable decrease of the crystal oscillation frequency which 

is highly related to the viscosity, mass and density of mFC broth transferred onto the crystal 

surface. After incubation at 37  for a few hours, the oscillation frequency decreases 

dramatically which depends on two main factors – E.coli metabolism process and the 

attachment of E.coli on the crystal surface. As mass propagation of E.coli cells, the nutrients 

in mFC broth are consumed and broken down into small molecules. In the metabolism of 

E.coli in mFC broth, enzymatic digest of casein, enzymatic digest of animal tissue, yeast 

extract and lactose are digested and converted into small molecule organic acids – amino 
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acids, succinic acid, lactic acid and acetic acid (Chen et al. 1996), which causes a decrease in 

the viscosity of the media and an increase of the oscillation frequency. As the growth of 

E.coli occurs, large amounts of E.coli may bind onto the crystal surface due to its flagella 

along with the precipitation of the dead E.coli cells, which can lead to the crystal oscillation 

impedance increasing and oscillation frequency decreasing. Furthermore, due to the presence 

of lactose in mFC broth, E.coli cells can live longer in the environment with lactose. Because, 

for the Lac operon, E.coli can produce corresponding enzymes to digest lactose and the 

related genes will duplicate, which significantly promotes the growth of E.coli. To be 

concluded, the presence of lactose and right formulation of mFC broth may be the main 

reasons to cause a significant and measurable frequency shift in mFC broth comparing to 

TSB.   

In Figure 4.13, it shows that as the concentration of mFC broth increases, the resonant 

frequency increases dramatically. The average resonant frequency shift was -4879.75 

(          , -3716.75 (         ), -3663.5 (         ) and -2118 (        ) 

Hz at concentrations of 2.1, 1.8, 1.5 and 1.2 g/50ml, respectively in Figure 4.14; therefore, 

the initial medium concentration is a determining factor to the final E.coli population and the 

final resonant frequency shift. Bacteria can only survive and propagate massively in an 

environment with sufficient nutrients.   

      In order to investigate the relationship between the final resonant frequency shift and 

the initial mFC broth concentration, serial experiments accomplished through changing the 

mFC broth concentrations, are conducted. All the data were analyzed statistically and the 

twenty-four measurement spots were drawn via statistical software called R-project. In Figure 
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4.14, despite a few outliers, the frequency shift is linearly related to the concentration of mFC 

broth, which can be described as follows: 

                                     Equation 4.1 

where, F represents the resonant frequency shift (Hz), and C is the concentration of mFC 

broth (g/100ml). The correlation coefficient (R
2
) is 0.916. This relationship may be valid only 

if the concentration of mFC broth changes along with all the other conditions the same. 

 

Figure 4.14 - Resonant frequency shifts (The difference of resonant frequency in the time of 

24 h and the initial resonant frequency) in serial concentrations of mFC – 0.22, 0.45, 0.95, 1.6, 

1.85, 2.4, 3.0, 3.2, 3.6, 3.7, 4.0, and 4.2 g/100ml. 

 

However, as the concentration of mFC broth increases, the corresponding frequency 
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shifts fluctuate widely which causes more outliers. In order to keep the resonant frequency 

shift within a certain range, better (-3000 to -4000 Hz) the mFC broth at a concentration of 

3.0g/100ml was chosen as the base coating medium which can be used for in-depth analysis.  

4.3.7. mFC Broth with Agar 

      The mFC broth experiment used the 1.5ml volume cell with a 9 MHz crystal. The 

volume cell  was connected to the PLO -10i, and then set in the incubator a t 37  

50µl of 3.0g/100ml mFC base broth with 0.2g/L agar was added into the detection cell. When 

the temperature of the medium and the resonant frequency were stabilized, 8µl of E.coli 

overnight culture was transferred into the detection cell. The data were recorded every minute 

for 24 h. During the test procedures, the initial E.coli concentration was determined through 

the standard enumeration method as 2.625 x 10
9
CFU/100ml.  

      From Figure 4.15, a total frequency change of -112 Hz is evident, which is negligible 

compared to the experiments with plain mFC broths. Agar at a concentration of 0.2g/L, is 

highly viscous at 37 . Agar can create a thin and viscous layer with the components of mFC 

broth on the surface of crystals, which affects the sensitivity and stability of the crystal sensor 

to the viscosity of the medium. Furthermore, high viscosity and density of medium applied on 

the crystal surface can shorten the decay length as described in Equation 2.5, and any change 

in viscosity and density of the medium beyond the decay length cannot be detected by crystal 

sensors. When E.coli overnight culture was added onto the surface of mFC broth with agar, 

the completed mixing of E.coli solution and mFC broth is a lengthy process. The growth of 

E.coli can only be detected by defined TSM sensor systems when the E.coli reaches into the 
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range of decay length. Furthermore, media with high viscosity and density can be affected by 

the surrounding conditions more readily. In comparison to medium solution in low viscosity 

and density, the same degree of water evaporation or temperature fluctuation may cause a 

higher change in viscosity and density of media; therefore, the curve shown in Figure 4.15 

fluctuates, consistently. In the total test time of 1401 minutes, the frequency change due to the 

growth of E.coli is only -121 Hz, which means it takes a long time for the E.coli to propagate 

into the range of decay length. In order to prevent the effect of decay length, the testing media 

and E.coli overnight culture are mixed together first, and then added into the detection cell in 

the subsequent experiments.  

 

 

Figure 4.15 - Resonant frequency shift curve in 3g/100ml mFC with 0.2g/L Agar. 
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4.3.8. mFC Broth with Gelatin 

      The experiment involved measuring the resonant frequency shift as E.coli growth in 

mFC broth medium (3g/100ml) with gelatin at serial concentrations, using the five-channel 

TSM System with 9 MHz crystals in each channel. In Figure 4.16, it shows that the resonant 

frequency shifts with E.coli growth in 3g/100ml mFC broth with gelatin at serial 

concentrations are -2264 Hz in 0.3g/100ml gelatin, -1810 Hz in 0.6g/100ml gelatin, -1956 Hz 

in 0.9g/100ml gelatin and -1279 Hz in 1.2g/100ml gelatin in 6 hours. 1.5ml of mFC broths 

with gelatin above mixed with 0.9 ml of E.coli overnight culture, respectively. When the 

temperatures of the mixtures were stabilized at 37  in the incubator, 30µl of the mixtures 

were added to the channels, respectively. The data were recorded every two seconds for 5 h. 

During the test procedures, the E.coli concentration was determined through the standard 

enumeration method as 6.889 x 10
9 

CFU/100ml. The E.coli overnight culture was stored in 

the refrigerator at 4  to slow down the growth of E.coli, which can ensure the E.coli 

concentration stay consistent in serial experiments.  

 

Figure 4.16 - Frequency shifts caused by E.coli growth in 3g/100ml mFC broth with gelatin 

in serial concentrations – 0.3, 0.6, 0.9 and 1.2 g/100ml 
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      In Figure 4.16, the curves show that the resonant frequency shifts decrease as the 

concentration of gelatin increases as the overall trend; however, between the concentration of 

gelatin at 0.6 and 0.9 g/100ml, it shows that the frequency shift increases. All resonant 

frequency shift curves trend similarly to the growth regulation of E.coli in culture medium. 

Basically, gelatin consists of peptides and proteins. In the molecular structure of gelatin, there 

are massive hydroxyls, carboxyl and amino groups, which cause gelatin to be highly 

hydrophilic. Gelatin can dissolve in warm water forming a highly viscous solution which gels 

at        . Although a humidity control system is applied during experiments, evaporation 

is inevitable, which contributes to a fraction of the overall resonant frequency shift. The 

addition of gelatin in mFC broth can reduce water loss during the experiments due to high 

hydrophilicity and high viscosity of gelatin at 37  . This, in turn, causes the resonant 

frequency shift in plain mFC broth to be higher than that in mFC broth with gelatin. E.coli 

which cannot produce gelatinase is negative for gelatin hydrolysis; therefore, gelatin cannot 

be digested or liquefied by E.coli. To be a component of this coating medium, gelatin is just a 

thickener. The decay length decreases as the concentration of gelatin increases; therefore, the 

detection of E.coli growth in the media needs to take longer and the resonant frequency shift 

is lower in high concentrations of gelatin. Higher concentrations of gelatin make the culture 

media more viscous, which can influence the sensitivity and accuracy of the crystal to the 

change of viscosity and density in the medium.   

As Figure 4.17 and Figure 4.18 show, the overall trends of the resonant frequency 

shifts are in accordance with a degree 3 polynomial. As a comparison of 3g/100ml and 

3.7g/100ml mFC broth, the higher concentrated culture medium can improve the growth of  
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E.coli, which causes the resonant frequency shift to increase. Due to the gelatinization effect, 

gelatin combining with other components in mFC broth forms a thin and viscous layer on the 

crystal surface, which leads to a decrease of the resonant frequency of crystal. Furthermore, 

the higher concentration of mFC broth, the more substrates can be combined with gelatin to 

form a thin and viscous layer. This causes the trend curve movement to the left as the 

concentration of mFC broth increases. To be more specific, due to the increase of the 

concentration of mFC broth, the growth of E.coli may be enhanced which may cause the 

oscillation frequency to decrease more dramatically. Furthermore, due to higher concentration 

of mFC broth, the similar frequency shift trends in Figure 4.17 may happen in relatively 

lower gelatin concentration than those in Figure 4.18, which may result from the effects of 

gelatin are partially replaced by the additional mFC broth. To ensure that the resonant 

frequency shift is sufficiently high to make the sensitivity of TSM system higher, 0.6/100ml 

gelatin was added into 3g/100ml mFC broth based on previous findings.  

 

 

Figure 4.17 - Resonant frequency shifts in serial concentrations of 3g/100ml mFC with 

gelatin – 0.3, 0.6, 0.9, and 1.2g/100ml. 
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Figure 4.18 - Resonant frequency shifts in serial concentrations of 3.7g/100ml mFC with 

gelatin – 0, 0.2, 0.4, 0.6 and 0.8g/100ml. 

 

4.3.9. Methods to Decrease the Lag Phase 

      During the growth of E.coli in the culture medium, it takes a range of time, usually 2 

to 5 h as the lag phase for E.coli cells to adapt to the environment and temperature, which is 

called the lag phase. In these experiments, the lag phase is usually in the range between 80 

minutes and 100 minutes. Usually, an effective bacterial detection method should have a limit 

detection time in the range of 2~5 hours. Using TSM systems, the longer the lag phase of 

bacteria is, the long time it will take for the bacteria to enter the exponential phase and the 

growth of bacteria to be detected by TSM sensor. It means the lag phase accounts for a large 

proportion of detection time in these serial experiments. In order to decrease the E.coli 

detection time, different methods were tested to shorten the lag phase, such as pre-warming 

all media and tools used to shorten the stabilization process, which is the period of the 

temperature of transferred media to be raised and stabilized at 37 . Moreover, amino acids 

in the culture medium, which are important for the E.coli metabolism, can decrease the lag 
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phase of E.coli (Mesibov and Adler 1972). Casamino acids (Difco) at a serial concentration 

were added into 3.7g/100ml mFC broth. The experiments used the five-channel TSM sensor 

Machine with 9 MHz crystals in each channel. Casamino acids at serial concentrations 0.2, 

0.4, 0.6 and 0.8 g/100ml were added into 3.7g/100ml mFC broth to form the culture medium. 

1.5ml of culture media above was mixed with 0.9ml E.coli overnight culture. Once the 

temperature of the mixtures and system used were stabilized, 30µl of mixtures were 

transferred into each channel. The resonance frequencies were recorded every two seconds 

for 5 h. Through the standard enumeration methods, the E.coli concentration in the overnight 

culture was determined as                    . The E.coli overnight culture was kept at 

4   to make the E.coli concentration stable through all experiments.  

As shown in Figure 4.19, the resonant frequency shift decreases as the concentration 

of Casamino acids increasing. The resonant frequency shifts are -5806, -4706, -4207, -3815 

and -2935 Hz when the concentration of Casamino acids is 0, 0.2, 0.4, 0.6 and 0.8g/100ml, 

respectively. Microorganisms can produce a variety of metabolites in the metabolism process. 

Amino acids, nucleotides, polysaccharides and vitamins are the primary metabolites, which 

can improve the growth of bacteria. However, in the experiments, it shows that the addition 

of Casamino acids has no significant effects on the lag phase. However, the higher 

concentration of Casamino acids can inhibit the growth of E.coli. Figure 4.19 shows that the 

frequency shift decreases as the concentrations of Casamino acids increases. Typically, the 

initial pH of 3.7g/100ml mFC broth is          at 25 , and the optimal pH range for E.coli 

growth is 4.5 to 8.0. However, the pH of the culture medium decreases with the growth of 

E.coli. The addition of Casamino acids may make the pH decrease due to the presence of 
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–COOH groups in the amino acids. The pH has significant effects on the ionization of organic 

compounds, which subsequently influences the growth of microorganisms. Some organic 

acids, such as acetic acid, are also metabolites, but are toxic to bacteria. Acidic compounds 

are in non-ionization states in acidic conditions. And the compounds in non-ionization states 

are much easier to permeate through the membranes of cells than those in ionization states. 

By adding the Casamino acids, acetic acid can be more toxic to E.coli, which slows down the 

growth of E.coli. As the concentration of Casamino acids increases, the resonant frequency 

shifts decrease due to the decrease of the E.coli growth rates. In Figure 4.19, the detection 

time in mFC broth with Casamino acids is nearly 80 minutes, which represents no significant 

improvements compared to that in plain mFC broth.  

 

 
Figure 4.19: Frequency shifts caused by E.coli growth in 3.7g/100ml mFC broth with 

Casamino acids in serial concentrations – 0, 0.2, 0.4, 0.6 and 0.8 g/100ml 



96 

 

Figure 4.20 - Resonant frequency shifts in 3.7g/100ml mFC broth with Casamino acids at 

serial concentrations – 0, 0.2, 0.4, 0.6 and 0.8g/100ml 

 

      As shown in Figure 4.20, there is a linear relationship between the frequency shift and 

the concentration of Casamino acids in 3.7g/100ml mFC broth, which can be described as 

follows:  

                                    Equation 4.2 

where, F represents the resonant frequency shift (Hz), and C means the concentration of 

Casamino acids (g/100ml) in 3.7g/100ml mFC broth. The regression coefficient (R
2
) is 

0.9691.High concentration of amino acids may stunt the growth of E.coli, since amino acids 

are the metabolic products produced by E.coli which may be toxic to E.coli; therefore, the 

concentration of Casamino acids is controlled in the range of 0~0.8 g/100ml. Moreover, in 
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the experiments using mFC broth with Casamino acids, the essential influencing factor is the 

pH value; therefore, for further research, the pH buffer solutions must be used to keep the pH 

of culture medium stabilized.  

4.3.10.    Control Experiments with MilliQ Water and Sterile Culture Medium 

      This experiment involved measuring the frequency shift in mFC broth medium 

without E.coli cells. In the experiments, the PLO-10i TSM sensor with 1.5ml volume cell and 

9 MHz crystals were used. The testing broth is a mixture of 3.7g/100ml mFC broth (Difco) 

and 3g/100ml gelatin. E.coli overnight culture was autoclaved for sterilization. 50   mFC 

broth medium was transferred onto the crystal. Until the resonant frequency and temperature 

are stabilized, 8   autoclaved E.coli overnight culture and Milli-Q water were added onto the 

crystals, respectively. In the entire process, a fitted cap is on the volume cell. The data were 

recorded every minute for 24h.  

      In Figure 4.21, it shows that the total frequency shift in 3.7g/100ml mFC broth with 

3g/100ml gelatin and autoclaved E.coli overnight culture is in the range of -16 to 42 Hz. In 

comparison to other experiments that the corresponding frequency shifts are larger than 

1000Hz, the frequency shift can be negligible. There is an increasing trend in the first 100 

minutes. 
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Figure 4.21 - Frequency shifts in 3.7g/100ml mFC broth with autoclaved E.coli overnight 

culture. 

 

 In this experiment, 8   of autoclaved E.coli overnight culture was transferred after that 

the temperature of added testing media is stabilized; therefore, it will take time for these two 

solutions to mix completely. The testing media is more concentrated and with the mixing 

process, the testing media was slightly diluted, which may result in the decay length to 

increase, the density and viscosity of the testing media to decrease. It may be the main reason 

for the first increase in the resonance frequency. Furthermore, in this experiment, even if the 

transfer process of 8   of autoclaved E.coli overnight culture is in a short time, the 

temperature difference may still occur between the autoclaved E.coli overnight cultures 

between the testing media. The rise of the E.coli overnight culture up to 37  may also cause 

the density and viscosity to decrease, which may result in an increase of the resonant 

frequency of crystals. Indeed, the evaporation of media happened throughout the entire 



99 

experiments. In the first 100 minutes, due to the addition of the autoclaved E.coli overnight 

culture as diluents to the testing media, the dilution process is more dominant than the 

evaporation process. After approximately 100 minutes, the evaporation process took the 

initiative, which may cause the decay rate to decrease, and the density and viscosity of the 

testing media to increase. It will lead to a decline in the resonance frequency of crystals 

because of higher density and viscosity. The fluctuation of the resonance frequency may 

occur mainly because of the environmental influence factors, such as ambient temperature 

fluctuation, the slight shake of the desk where the TSM system is fixed, and the fluctuation of 

humidity in the incubator. From the results shown in Figure 4.21, it can be concluded that the 

components in the autoclaved E.coli overnight culture have no significant effect on the 

frequency shift, which means the growth of E.coli in the testing medium is the main reason 

causing the resonant frequency to decrease.  

In Figure 4.22, it shows the frequency shift in 3.7g/100ml mFC broth with 3g/100ml 

gelatin and autoclaved Milli-Q water. In comparison to the control experiment with 

autoclaved E.coli overnight culture; the initial dilution process may be more intensive, from 

which the increase in resonance frequency is approximately 80 Hz in Figure 4.22. 

Furthermore, in the experiment with autoclaved Milli-Q water, the concentration of diluted 

testing media is higher, which may make the evaporation process more intensive. The decline 

trend in Figure 4.22 is larger than that in Figure 4.21. The total frequency shift is nearly 50 

Hz which is negligible, in comparison with the finding in previous experiments (   in 

previous experiments are mainly in the range of 1000~6000 Hz). Therefore, the autoclaved 

Milli-Q water also has no significant effects on the resonant frequency of the crystal. 
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Figure 4.22 - Frequency shifts in 3.7g/100ml mFC broth with autoclaved Milli-Q water 

 

4.3.11. The Detection Limits of E.coli in 3g/100ml mFC Broth with 0.6g/100ml Gelatin 

      Through plating, incubation and enumeration, approximately 108 measurable and 

visible colonies exist on the 10
-7

 plate as shown in Figure 4.23; therefore, the concentration of 

E.coli in 10
-7

 solution is 108 CFU/8.1ml, which is 1333 CFU/100ml. The concentration of 

E.coli in the overnight culture incubated for approximately 20 hours is determined 

as                     .  

      In the selected solutions at dilutions of 10
-5

, 10
-6

, 10
-7

 and 10
-8

, the concentrations of 

E.coli are                     ,                     ,                      

and                    , respectively.  
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Figure 4.23 - The quantities of existing colonies on plates (10
-6

, 10
-7

, 10
-8

), and on the plate 

of 10
-7

, there are around 108 colonies. 

 

      Figure 4.24 shows the frequency shifts due to the E.coli growth in selected solutions. 

In the Figure 4.24, E.coli growth (                   ) in 3g/100ml mFC broth with 

0.6g/100ml gelatin results in a significant change of the frequency shifts (1630 Hz); However, 

the resonant frequency starts changing at approximately 4 h, which means the lag phase is 

about 4 h or the concentration of E.coli may not be large enough to cause a frequency shift in 

the initial 4 hours testing time in this work. In comparison to the previous work, the 

corresponding time of the crystal to E.coli growth is extended. In curve B, C and D, there are 

no significant frequency shifts existing and the frequency shift curves stay stable, consistently. 

Specifically, in Curve C, there is a sharp decrease in the resonant frequency in the initial 1000 
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s within the lag phase; however, in the lag phase, there may not be any significant frequency 

shift because of no multiplication of E.coli. Hence, it can be concluded that there is no 

relationship between the decreases of oscillation frequency and the growth of E.coli.  

 

Figure 4.24 - Frequency shift of E.coli at serial concentrations in 3g/100ml mFC broth with 

0.6g/100ml gelatin 

 

      Based on the findings in Figure 4.24, in curve A, the concentration of E.coli is 

approximately                    , the crystal responding time to the growth of E.coli  

may be extended because of the lower concentration of E.coli in comparison to previous 

experiment (CE.coli is mainly more than 10
8
 CFU/100ml). When the E.coli solutions were 

diluted into the concentration of                    , and even lower concentrations, 

the crystal responding time may be largely extended, and even after approximately 5 hours, 

there are still no obvious frequency shifts occurring. The longer crystal responding time due 
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to low E.coli concentration makes the defined TSM systems not an effective bacteria 

detection methods; therefore, the detection limits of E.coli in 3g/100ml mFC broth with 

0.6g/100ml gelatin is in the range of                     ~                  . 

The minimum LOD criteria of effective bacteria detection methods should be less than 10
4 

CFU/100ml.; therefore, the defined TSM systems with testing media in 3g/100ml mFC broth 

with 0.6g/100ml gelatin may meet this criterion.  

4.4 The Constructed Flow-through TSM Sensor System 

      Firstly, the autoclaved MilliQ water was pumped at 0.25 ml/min into the flow-through 

TSM sensor until the temperature (37 ) and oscillation frequency of crystals was stabilized. 

Then, E.coli water samples diluted at serial dilutions of 10
-3

, 10
-6

 and 10
-7

 from E.coli 

overnight cultures and pumped into the flow-through TSM sensor at 0.25 ml/min. The 

oscillation frequency was recorded and saved every 1 second for 5 hours. The frequency shift 

was the difference between the real-time oscillation frequency and the stable oscillation 

frequency with autoclaved MilliQ water. The E.coli concentration was determined as 

           colonies/100ml.  

      In Figure 4.25, Curve A shows the frequency shift with E.coli water sample diluted at 

10
-6

. During the entire experiment, the frequency shift shows no obvious difference at the 

beginning and end; however, there was a period from 5050s to 5600 s when the frequency 

shift was up to -1800 Hz. This result cannot be considered as the attachment of E.coli cells 

and antibodies, as the frequency shift caused by E.coli cells immobilization should keep 

stable. Even all MilliQ water was degassed by keeping boiling for 5 minutes; however, to 
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ensure the E.coli not to be killed, the E.coli overnight culture should be mixed with degassed 

MilliQ water without any degassed treatment. Hence, there might be some gas existing in the 

E.coli water samples through the mixing procedures. As the existence of gas in water, the 

viscosity of water may increase, which may cause the oscillation frequency decreasing. 

Furthermore, the bubbles may adhere onto the surface of the crystals. It can cause a decrease 

of the oscillation frequency. In the process of bubbles attaching and detaching processes on 

the crystal surface, it can cause the frequency shift fluctuation in Figure 4.25.  

 

 

Figure 4.25 - Frequency shift of E.coli water samples at serial dilution (10
-3

, 10
-6

 and 10
-7

) 

using constructed flow-through TSM sensor system. 

 

For the Curve C, the oscillation frequency shows an increase during the entire 

experiment and this was beyond expectation. The dramatically increase of the oscillation 

frequency may result from the E.coli water samples running out of. And the air flow was 

pumped into the TSM sensor and the crystal was dried during this period, which may have 
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caused the oscillation frequency of crystal to increase to its fundamental oscillation frequency. 

Furthermore, the frequency shifts in Curve A and C were not obvious, which may result from 

the low concentration of E.coli. According to the low weight of a single E.coli cells (665 fg), 

E.coli water samples with low E.coli concentrations may not result in an obvious frequency 

shift and the oscillation frequency of crystals may be more easily affected by outer influence 

factors, such as temperature and bubbles in the water.  

In Curve B, E.coli water sample diluted at 10
-3 

times was used. From the overall trend 

of curve B, it can be seen that the oscillation frequency decreases somewhat, and this may be 

caused by the immobilization of E.coli cell on the crystal surface. Due to the high 

concentration of E.coli, it may have the possibility to lead to a measurable frequency shift. 
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Chapter 5 General Conclusions 

      Microbial pathogens have been one of the major concerns in sanitation and safety of 

drinking water and food supply. E.coli, especially E.coli O157:H7 have been categorized as 

one of the most dangerous food- and water-borne pathogens. Conventional microbial 

detection methods, such as enzyme immunoassay (EIA) and the polymerase chain reaction 

method, are usually time- and labor-intensive (approximately 2 to 3 days), which cannot meet 

the requirements of microbial detection in many domains; therefore, how to detect microbial 

pathogens in water in less than 5 hours or even less is one of the most popular research areas.  

In this research, the main growth curve in Tryptic Soy Broth (TSB) at 44.5  was 

tested firstly. The results show that normally the lag phase lasts approximately two hours in 

3g/100ml TSB at 44.5 . Furthermore, the entire processes on the microbial pathogen 

detection are through constructed TSM biosensors with corresponding quartz crystals 

oscillating at around 9MHz. There are two major applied principles of TSM biosensors, the 

principle of viscosity and density change, as well as the principle of immunoassay. The 

growth of microbial pathogens, such as E.coli would cause the property changes, such as 

viscosity and density, which would influence the oscillation frequency of quartz crystals.  

Based on the principle of viscosity and density change, adequate testing media was 

prepared. The properties of testing media are related to the growth of E.coli. The addition of 

thickeners in testing media can amplify the frequency shift to enhance the sensitivity and 

precision of TSM sensors. The essential components in the testing media can supply the 

necessary nutrients for the growth of target bacteria (E.coli). Serial types of broth media with 

additives were used as testing media, such as TSB, TSB with agar, TSB with gelatin and 



107 

peptone, nutrient broth with sodium Dodecyl benzene sulfonate surfactant, nutrient broth 

with gelatin, mFC broth, mFC broth with agar and mFC broth with gelatins. Based on the 

ultimate frequency shifts, the mFC broth with gelatins is the most effective and efficient 

testing broth, causing the frequency shift to be higher than 1000 Hz in 6 hours. Furthermore, 

3g/100ml mFC broth with gelatin at serial concentrations was tested, and determined that the 

higher the concentration of gelatin, the higher the frequency shifts. The addition of Casamino 

acids was tested to shorten the lag phase. However, the results show that there is virtually no 

influence on the lag phase through use of Casamino acids. 

Based on the immunoassay principle, crystals coated with anti-E.coli antibodies using 

gold nanoparticles and PCDA vesicles were applied as the second part of this research. The 

expectation is that as the E.coli water sample flows through the crystal surface, the E.coli 

cells would be captured by antibodies. It causes a mass loading on the crystal, which may 

result in a decrease in the oscillation frequency. E.coli water samples with serial 

concentrations were tested. The results show that for the E.coli concentration should be up to 

the magnitude of 10
6
 to 10

7
 colonies/100ml, a measurable frequency shift should be detected.  

In summary, we demonstrate that 3g/100ml mFC broth with 0.6g/100ml gelatin can 

be effective and efficient for the detection of E.coli in drinking water. The frequency shift can 

be up to 1800 Hz in 6 hours with the E.coli concentration 6.889 x 10
9 

CFU/100ml. The limit 

of detection (LOD) of E.coli in 3g/100ml mFC broth with 0.6g/100ml gelatin is in the range 

of                    ~                   , which can be considered as an 

effective bacteria detection media. For the constructed flow-through TSM sensor, the LOD is 

still higher than the minimum requirement, which is not reliable and sufficiently sensitive 
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enough for bacteria detection.  

The lag phase accounts for a large proportion of detection time, how to optimize the 

test media to shorten the lag phase of E.coli is urgent in the future research. Furthermore, due 

to the specificity of testing media to bacteria, mFC broth can only be used in the test of E.coli.   

To other pathogens, the ingredients in testing media should be transformed. In the coating 

process of crystals, more binding sites for E.coli means more changes to capture the E.coli in 

water sample. Hence, the crystal coating procedures should be modified and optimized to 

supply more antibody binding sites. It can improve the sensitivity and accuracy of the 

flow-through TSM system. Due to the low weight of a single E.coli cell, the E.coli cells may 

be modified by the attachment of some materials, for example nano-gold as weight 

increments. As the water sample flows through the crystal, the weight increments can cause 

an extra frequency shift. It can largely enhance the sensitivity of flow-through TSM sensors. 

To other pathogens, the coating procedures can remain the same. The only modification is to 

select the corresponding antibodies specific to the target pathogens.    
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Chapter 7 Appendix A  

7.1 Preparation of de-chlorinated water 

      Tap water was sterilized using 10% Javex bleach (v/v); then the tap connected to the 

municipal drinking water was run for 2 minutes to ensure fresh water supply. 500ml 

municipal drinking water was collected into 1L autoclaved beaker. 5ml of the collected water 

was transferred into the testing chamber for chlorine amounts test; then 4 mg of sodium 

thiosulphate were added in the rest 495ml collected water and then stirred by a sterile stirring 

rod until all sodium thiosulphate were dissolved. 5ml water in the beaker was transferred into 

the testing chamber again to ensure chlorine elimination.  

7.2 Preparation of phosphate buffer solution (0.1 M)  

       To prepare a monobasic stock solution and a dibasic stock solution, 3.4g of 

potassium phosphate monobasic stock (KH2PO4) and 4.35g of potassium phosphate dibasic 

stock (K2HPO4) into 500ml of Milli-Q water in autoclaved Erlenmeyer flasks, respectively. 

To make the phosphate buffer, both solutions were decanted into a 1L Erlenmeyer flask and 

mixed using a sterile stirring rod. A pH meter as reference was inserted into the mixed 

solution and potassium hydroxide was slowly decanted into the mixed solution until the pH 

shown on the pH meter was 7.2. 100ml of this 0.1 M phosphate buffer was transferred into 

250ml Erlenmeyer flasks, separately; then the flasks were capped with foil and autoclaved for 

15 minutes at 121  to ensure microbes elimination.  
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7.3 Preparation of Piranha Solution 

      All the preparation is performed in the hood with glass down. To ensure the safety, the 

gloves should be double and all flammables should be removed. To avoid overheating and 

spill because of foaming-over, 140ml of concentrated H2SO4 are stored in a 1L beaker. 60ml 

of 30% H2O2 was added into the sulfuric acid with mixing by gentle swirling the beaker. At 

this point, the mix becomes hot and bubbling. The Piranha solution should be used fresh 

immediately. The waste mixture should be left in hood overnight to expire before dilution 

with ice water.   

 

 


