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Abstract 

Microorganisms are monitored as a key indicator of water quality.  Measurement of “total viable 

organisms” (TVO, similar to “heterotrophic plate count”, HPC) is used to indicate the general 

hygiene level of the water, and is often used to assess water treatment.  Automated, instrumental 

TVO detection in water samples using an enzyme reaction method shortens the detection time 

compared to conventional HPC methods. A method that can detect TVO without interference in 

water samples by monitoring enzyme activities through fluorescent signals in small custom 

sample cells was developed.  

 

In this method, fluorogenic substrates were cleaved by specific enzymes to make fluorescent 

products, which then partitioned into a non-polar siloxane polymer film on the bottom of the 

sample cell. A miniature spectrometer monitored fluorescence in the polymer to give a 

present/absent result for bacteria. There is no interference from sample color and turbidity 

because the light never passes through the sample matrix. 

 

Eight substrates that can be converted by six different enzymes were characterized. These had 

fluorescent products coupled to glucose, glucuronic acid, galactose, phosphate, sulfate and 

alanine. Four different products were produced, providing detection of some enzymes 

simultaneously but independently, depending on the substrates chosen. Candidate fluorescent 

products were first tested with different siloxane polymers and two dimethyl-siloxane polymers 

were identified to detect all the products separately.   

 

Fifteen laboratory bacteria strains (including E. coli, Klebsiella pneumonia, and Pseudomonas 

aeruginosa) were added individually to a substrate solution containing minimal nutrients and 
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incubated.  All bacteria types were successfully detected by at least one substrate, with most 

detected by several substrates.   

 

Sterility of water samples from lake water, treated lake water and tap water were tested with those 

eight substrates separately or in combination. The lake water had the highest bacteria level and 

included coliforms and possibly E. coli. Treated lake water and tap water were E. coli and 

coliforms free, and were safe for drinking. Treated lake water had higher TVO levels than tap 

water, indicating a lower hygiene level. The results of combined substrate tests matched the 

corresponding single substrate tests, suggesting specific bacteria strains can be distinguished in a 

single test. 
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Chapter 1 

 ntroduction 

 

1.1 Total Viable Organisms testing 

 

Monitoring of water quality is critical for protection of public health.  The total viable organisms 

(TVO) measurement, also known as the heterotrophic plate count (HPC), is the elementary 

method of enumerating bacteria in a water sample
[1]

. Variations on this measurement are bacterial 

plate count (BPC) or standard plate count (SPC). This is the most frequent test done on drinking 

water after tests for Escherichia coli (E. coli) and Total Coliform bacteria.   

 

Recently, new methods and technologies have improved testing for E. coli and Total Coliforms
[2]

 

allowing for more frequent testing for those parameters with more rapid turnaround between 

sample collection and results.  Similar improvements in TVO test methods for water have not 

occurred, so there is a need for new technology to provide more effective TVO testing.   

 

1.2 Microbial contaminants and waterborne infection 

 

Microbial contamination in water is the cause of many diseases in humans (Table 1-1). There are 

four categories defined for water transmission of infectious agents: 1) waterborne: resulting either 

from ingestion of faeces or urine contaminated water or ice, food items, and through bathing and 

recreational activities; 2) water washed: intestinal and body surface contact with contaminated 

water because of the poor personal hygiene; 3) water-based: resulting by the parasites living in 

contaminated water; and 4) water-related: caused by insect vectors such as mosquitoes which 
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breed in water
[3, 4, 5, 6]

. The associated pathogens include bacteria, viruses, fungi and protozoa. 

Among these four categories, waterborne transmission is the most common way to transmit 

infectious agents.  It can rapidly spread infectious agents to a large portion of a population, such 

as in epidemic outbreaks of gastroenteritis and cryptosporidiosis.  

Table 1-1 A selection of water-related disease with estimated morbidity and mortality (table 

adapted from “Dirty Water: Estimated Deaths from Water-Related Disease 2000- 0 0” by Peter 

H. Gleick  
[6]

) 

 

Diseases Estimated Morbidity* 
(episodes per year or 

people infected) 

Estimated Mortality* 
(deaths per year) 

 

Relationship of Disease to 
Water and Sanitation 

Conditions 

Diarrheal 
diseases 

1,000,000,000 2,200,000 to 
5,000,000 

Strongly related to unsanitary 
excreta disposal, poor personal 
and domestic hygiene, unsafe 
drinking water 

Intestinal 
helminthes 

1,500,000,000 (people 
infected) 

100,000 Strongly related to unsanitary 
excreta disposal, poor personal 
and domestic hygiene 

Schistosomiasis 200,000,000 
(people infected) 

200,000 Strongly related to unsanitary 
excreta disposal and absence of 
nearby sources of safe water 

Dracunculiasis 150,000 (in 1996) --- Strongly related to unsafe 
drinking water 

Trachoma  150,000,000 (active 
cases) 

--- Strongly related to lack of face 
washing, often due to absence 
of nearby sources of safe water 

Poliomyelitis 114,000 --- Related to unsanitary excreta 
disposal, poor personal and 
domestic hygiene, unsafe 
drinking water 

Trypanosomiasis 275,000 130,000 Related to the absence of 
nearby sources of safe water 

 

*This table excludes mortality and morbidity associated with water-related insect vectors, such as malaria, 

onchocerciasis, and dengue fever. 
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The majority of water-borne disease is caused by water contaminated with bacteria 
[7]

.
 
In 1997, 

diarrhea was ranked as the first leading source of morbidity (4x10
9
 cases) and the sixth leading 

cause of mortality in a World Health Organization (WHO) report
[8, 9]

. Most of the illnesses took 

place in developing countries. About 70% of diarrhea disease is likely from contaminated food, 

and 30% could originate from contaminated water. It should be stated that a portion of the 

outbreaks from food are also caused by contaminated water 
[10]

 . 

 

Although most disease outbreaks like diarrhea occur in developing countries where there may be 

a lack of water treatment and distribution infrastructure, it does not mean that developed countries 

are free of water borne diseases. Waterborne disease outbreaks continue to occur despite well 

developed economies and relatively advanced drinking water treatment technologies (Table 1-2). 

Therefore, both lack of awareness of the hygienic quality of water and lack of technology for 

purifying and monitoring the water can result in an outbreak of infection. 

Table 1-2 Selected waterborne disease outbreaks in developed countries in last 30 years 

Location  Date Characteristics 

Pittsfield, MA, 
USA[11] 

November 1985-January 1986 About 3,800 cases of giardiasis in a 
chlorinated but unfiltered water supply 

Penticton, BC, 
Canada[12] 

June 1986 About 3,000 cases of giardiasis in a 
chlorinated, unfiltered, 
surface/groundwater supply 

Uggelose, 
Denmark[13]  

November 1992-Feruary 1993 About 1,500 cases of gastroenteritis of 
suspected viral aetiology in filtered, 
chlorinated municipal supply 

Milwaukee, WI, 
USA[14] 

March- April 1993 Possibly 400,000 cases of 
cryptosporidiosis in a filtered, 
chlorinated surface supply 

Walkerton, ON, 
Canada[15] 

May 2000 More than 2,300 cases of 
gastroenteritis, 65 hopitalisations and 7 
deaths of E. coli in unchlorinated or 
unsuccessfully chlorinated groundwater. 

North Battleford, 
SK, Canada[16] 

April 2001 About 1,900 cases of cryptosporidiosis 
in a chlorinated, filtered surface supply 
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The Millennium Development Goals (MDGs) proposed by the United  ations “are the world’s 

time-bound and quantified targets for addressing extreme poverty in its many dimensions – 

income, poverty, hunger, disease, lack of adequate shelter and exclusion – while promoting 

gender equality, education, and environmental sustainability. They are also basic human rights-

the rights of each person on the planet to health, education, shelter, and security.” 
[17]

 One of the 

goals involves drinking water and aims to cut in half the number of people who are not able to get 

safe drinking water. The predicted impact of this increased access to safe water on the mortality 

rate from water-related infections with/without MDGs in 20 years from 2000 was estimated as 

shown in Figure 1-1. The figure suggests that even if the MDGs set for water are met, 

preventable water-related disease could still kill 76 million people by 2020. Therefore, effective 

and efficient monitoring techniques for waterborne diseases are of the utmost importance to 

improve the hygienic quality of water sources, reduce the chance of the water-related infections, 

and increase the wellness of human beings. 

 

 

Figure 1-1 Estimated total water-related deaths between 2000 and 2020
[6]

  The red lines 

suggest the range of the total water-related deaths predicted to occur without the UN MDGs. The 

blue lines suggest the range of predicted total water-related deaths even if the MDGs are 

achieved. It will be from 34 to 76 million deaths in total by 2020. 
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1.3 Water quality indicators 

 

Safe drinking water means water that is free of pathogenic microorganisms, along with other 

requirements. It is expensive and time consuming to monitor all pathogenic organisms in water 

samples, so typically a group of bacteria strains which are highly correlated with general 

pathogen levels have been used as water quality indicators 
[18, 19]

.  

 

1.3.1  E. coli and total coliforms 

 

Enteric pathogens are the most frequently encountered among the water contamination issue 
[18]

. 

Therefore sources of faecal contamination in waters located near human settlements must be 

closely monitored and strictly controlled.  E. coli and total coliforms which indicate the presence 

of faecal contamination have been used widely as indicators of water quality and have added in 

the public health safety concept. Their presence in drinking water indicates a possible threat to 

human health or a decline in the microbiological quality of the water 
[20]

. In Canada, E. coli is 

used to indicate the microbiological level of drinking water; the guideline for drinking water 

quality is none detectable by a reference method per 100 mL. Total coliforms are not used to 

indicate the potential health threats from pathogenic microorganisms or how sanitary the drinking 

water is, however, they are used to decide how effective the drinking water treatment system is 

functioning. The total coliforms standard is also none detectable per 100 mL at the exit of a 

municipal treatment plant or through distribution systems. These bacteria should not be present in 

sequential samples or in more than 10% of the total number of samples 
[21]

.  

 

 

 



6 

 

1.3.2 Heterotrophic bacteria 

 

Heterotrophs are broadly defined as microorganisms include bacteria, yeasts and moulds that 

require organic carbon for growth. Many of the bacteria associated with drinking water systems 

are heterotrophs. Heterotrophic bacteria were widely used to indicate drinking water quality 
[22, 

23]
. Counts of these organisms are commonly referred to as heterotrophic, standard or total plate 

counts (HPC) 
[24]

. Analysis for HPC bacteria in water distribution systems can be helpful in 

assessing water quality. According to Reasoner 
[1]

, the TVO count is a useful method for“ 1) 

monitoring the efficiency of the water treatment process, including disinfection; 2) obtaining 

supplemental information on HPC levels that may interfere with coliform detection in water 

samples collected for regulatory compliance monitoring; 3) assessing changes in finished-water 

quality during distribution and storage and distribution system cleanliness; 4) assessing microbial 

growth on materials used in the construction of potable water treatment and distribution systems; 

5) measuring bacterial regrowth or after growth potential in treated drinking water; 6) monitoring 

bacterial population changes following treatment modifications such as a change in the type of 

disinfectant used”. In Canada, HPC results are no longer used as a regulated indicator of drinking 

water safety, because they are not a good indicator of human health risks 
[21, 25]

.  However, HPC is 

used as an operational tool to monitor the general microorganism level as a measure of the 

sanitary state of the water treatment and distribution systems. If increases in HPC values above 

baseline levels occur, the system should be inspected to determine the reason.  Sudden increases 

in HPC levels might be associated with faecal contamination, in which case tests for E. coli or 

other faecal-specific indicators should be done. HPC increases might also indicate infiltration of 

“opportunistic pathogens”, such as from biofilm or leaks in the distribution system.  HPC should 

be minimized through water treatment and disinfection (including the presence of residual 

disinfectant in distribution systems), and should be constant over time 
[21]

. Drinking water quality 

specifications worldwide recommend HPC limits from 100 to 500 colony forming units (CFU - 
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an estimate of viable bacterial or fungal numbers) per mL 
[26]

. In the United States, under the Safe 

Drinking Water Act, an HPC limit of 500 CFU/mL in distribution system water samples is 

applied related to the potential interference of high HPC levels with coliform detection 
[27]

. 

Therefore, effective TVO methods are required for water quality monitoring. 

 

 

1.4 TVO test /Heterotrophic plate test 

 

There are many methods available for measuring the TVO count in a sample.  Some are 

conventional microbiological methods using culture plates, while others use solution culture 

methods.  Solution cultures can be enumerated either by using multi-sample most probable 

number (MPN) approaches or by measuring growth kinetics and examples of both exist for TVO.  

These are reviewed here and will be compared with the proposed new method, which is also a 

solution culture method.  

1.4.1 Conventional TVO methodology 

 

Conventional TVO test methodology includes pour plate (PP), spread plate (SP) and membrane 

filter (MF) methods (Figure 1-2) (Figure 1-3).  
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Figure 1-2 The procedure of (a) the pour plate method (b) the spread plate method and (c) 

the membrane filter method  
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Figure 1-3 HPC plates using the membrane filter method to detect the sterility of a bacteria 

growth medium (0.75 g Tryptic Soy Broth (TSB) powder in 500 mL PBW)  The light yellow 

stains are the heterotroph bacteria colony, representing 21CFU bacteria per 100 mL 50/L solution 

concentration. 

 

All three methods usually employ culture media selected from Standard Methods Agar (SMA), 

R2A agar, or m-HPC agar.  Each test medium is used at a specific incubation temperature from 

20C to 37C, and a range of incubation times from 24 hours to 7 days. In these conditions, the 

bacteria recover and grow to form colonies that can be easily counted to provide the number of 

bacteria in the sample. The MF method needs an additional first step – filtration – before 

culturing.  

 

The PP method is easy to perform and low in cost.  However, the high agar temperature (43C-

46C) can cause physiological stress for the bacteria, and since the colonies are inside the agar, 

obligate aerobes may not be able to grow under the conditions of this test. These factors can give 
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the PP method a lower count result. The SP method is more amenable to bacteria growth and 

yields higher counts because there is no heat stress and colonies are on the surface of the nutrient 

media making them easier to count. However, the scoring of typical colonies by the SP method is 

not always easy. It requires pre-prepared plates and glass rods, which must be checked for 

contamination each time before the test is begun. In addition, the sample volume analyzed 

routinely is a maximum of 0.1 mL.  If an automated plate spreader is used and a heavy growth 

pattern of colonies develops, a standard calculation for count estimation on crowded plates is not 

possible
[28]

. The MF method can detect very low concentrations of bacteria in water, but the 

equipment requirements are more complex (vacuum source, special MFs with controlled pore 

size), and samples containing a large number of colloidal or suspended materials may not be 

filterable 
[27]

. 

 

Conventional HPC methods are time consuming, involve complicated procedure conducted by 

trained technicians, and the final incubation step takes up to 7 days to complete 
[25]

. Also, the time 

required for sample transportation and results reporting must be considered as these tests must be 

done in a laboratory. In addition, the accuracy of results needs to be considered because the 

analysis relies on human eyes counting colonies. 

  

1.4.2 Modern HPC/TVO methods 

 

A number of advanced detection and identification methods were developed and commercialized 

in the last 30 years. Some are culture methods that enumerate the TVO count in a sample by 

employing fluorescent/chromogenic technology on membranes, such as the 3M™ 

Petrifilm™(U.S. AOAC®), or in multi-welled vessels using MPN approaches, such as 

SimPlate™(IDEXX Laboratories, Westbrook, Maine).  
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The 3M™ Petrifilm™ (U.S. AOAC®) (Figure 1-4) is widely used for assessing microbiological 

quality of a wide range of food and water samples by testing for E. coli, coliforms or TVO. It 

contains a plastic sheet with dehydrated nutrients, gelling agent, and a color indicator. For the 

TVO test, triphenyl tetrazoliumchloride (TTC) is employed to indicate the TVO colonies.  For the 

coliform test, a violet red bile lactose salt and TTC are employed to select and dye the coliform.  

For the E. coli  test, the same bile salt and a 5-bromo-4-chloro-3-indolyl--D-glucuronide (BCIG) 

indicator are used to label E. coli colony
[29, 30, 31]

.  The petrifilm plate is easy to use in three steps: 

1. SP with 1 mL water sample; 2. incubate at the specified temperature; 3. count the colonies to 

determine CFU. Compared to the conventional HPC/TVO methods, the Petrifilm plate is smaller 

and is less time and labor consuming. However, it still has limitations such as poor sensitivity, 

because colonies can be too faint for counting by human eye and there can be false-negative 

results from sublethally injured bacteria 
[32, 33]

. 

 

Figure 1-4 3M™ Petrifilm™ kit 
[34] (http://solutions.3mcanada.ca) 

 

http://solutions.3mcanada.ca/
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The SimPlate technology (IDEXX Laboratories, Westbrook, Maine) deviates from conventional 

HPC/TVO method by employing Multiple Enzyme Technology (MET). The test medium 

contains multiple substrates for detecting any of a variety of enzymes that might be produced by 

target bacteria. Target enzymes metabolize the substrates to release same product, 4-

methylumbelliferone (4-MU), which is blue fluorescent in color under a long-wavelength 

(365nm) ultra-violet (UV) light. The water sample and media are injected into the SimPlate (a 

special plate with 84 tiny wells), extra sample poured out, the plate is swirled and inverted, and 

then incubated for 48 hours.  Each well giving fluorescence under UV light indicates bacteria in 

the wells. Counting the number of positive cells allows the determination of the original bacteria 

concentration using an MPN calculation.  A sample SimPlate is shown in Figure 1-5. The 

SimPlate method, by regression analysis, is found to be equivalent to the PP method (R
2
 = 0.95; y 

= 0.99X + 0.06) 
[35]

. The SimPlate is relatively straightforward to use and does not need the 

preparation of media or sterilization. Counting positive fluorescent wells is a simple process that 

is less time consuming than counting colonies on the standard HPC plate. However, for turbid or 

colored samples, dilution and filtration must be employed, plus the positive wells are counted by 

eye, which could introduce further error.   
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Figure 1-5 The SimPlate under UV light   The wells with positive results exhibit blue-white 

fluorescence while the negative results are yellow and do not fluoresce. 

(http://www.idexx.ca/view/xhtml/en_ca/water/simplate.jsf) 

 

1.4.3 Automatic bacteria detection methods 

 

Compare to the conventional HPC/TVO methods, the modern HPC/TVO methods listed above 

are time saving, labor saving techniques.  However, the colony counting or fluorescent well 

counting still relies on human eyes, which means an experienced lab technician is required and 

error may still be introduced.  To avoid this, a number of automatic bacteria detection methods 

have been developed and commercialized (four examples are listed in Table 1-3).  
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Table 1-3 Automatic bacteria detection method 

Name 
Target 

bacteria 
Method 

Bactiquant®-test 
(Mycometer A/S, 
Denmark) 

[36]
 

TVO 

A 250 mL water sample is filtered by a MF, the substrate 
contains a fluorescent compound MU (4-Methyl Umbelliferone) 
and media are added to the filter and cultured. The substrate 
binds with the specific enzyme to release the fluorescent 
product MU, which then is detected by a flourometer. 
Measurement can be done in 30mins.  

The Bactometer ® 
(BioMérieux, Marcy 
l'Etoile, France) 

[37, 

38]
 

Total 
microbial 
count 

The water sample can be injected into the multi-well container, 
after incubation, the metabolites produced by growing 
microorganisms causes the impedance changes which can be  
detected by the instrument.  The results can occur in 24 to 48 
hours 

Colifast Analyser 
(CA) (Colifast AS, 
Norway) 

[39]
 

TVO 
E. coli 
coliforms 

Up to 76 water samples can be injected via the Colifast AS 
sampler into the preloaded media, the media contains 
substrates which can be cleaved by specific enzymes (β-D-
glucuronidase, β-D-galactosidase, and amino-peptidase) to 
release fluorogenic products- MU and aminomethyl-coumarin 
(AMC) after incubation for 8 hours, a robotic arm collects the 
samples to the fluorometer for analysis. The results are sent out 
directly either by analog signal or GSM data, Internet 
connection, etc. Results can be ready in 2 to 13 hours 

ChemScan 
(Chemunex)

[40, 41, 42]
 

TVO 

The water sample is filtered by membrance filtration, the 
fluorogenic chemchrome CV6 (CV6, Chemunex, Ivry-sur-
seine,France) was used to directly stain/label the total viable 
bacteria on the membranes and then the bacteria are analyzed 
by laser scanning cytometry (LSC). ; the total analysis can be 
completed within 4 hours  with a high level of sensitivity 
because every single cell can be detected and counted  

 

  

These methods show a result of the increasing levels of interest and effort in the area of HPC 

detection. All four methods shorten the test time and simplify the procedure to different degrees. 
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Fluorometer and laser scanning cytometer based optical detection have eliminated the error 

caused by visual detection. However, they generally need extra steps such as filtration to detect 

samples with interfering parameters including color and turbidity. These additional steps require a 

laboratory technician, and may also introduce contamination. A new technology which can detect 

HPC/TVO in water sample while avoiding interfering parameters including color and turbidity 

during the fluorescence detection would be an improvement. 

 

1.5 Enzymatic activity and bacteria detection 

 

Enzyme activity provides metabolic reactions that allow for bacteria detection and enumeration. 

Microbial enzyme profiles can be used to detect either certain bacteria or classes of bacteria 

selectively 
[20]

.  

 

Usually, this method requires specific or general enzymes and substrates that produce color or 

fluorescence upon cleavage by the enzymes (Figure 1-6). The enzymatic reactions can be 

species–specific as well as rapid and sensitive. Many chromogenic and fluorogenic substrates 

have been used, such as 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal)
[43]

, indoxyl-

β-D-glucurondie (IBDG)
[44]

 and 4-methylumbelliferyl-β-d-galactoside
[45]

. Thus, the enzymatic 

methods have been under investigation for more than 30 years. 
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Figure 1-6   nzymatic reactions of β-D-glucuronidase and β-D-galactosidase  Top: MUGlu is 

hydrolyzed by β-D-glucuronidase, the product is 4-MU; Bottom: MUGal is hydrolyzed by β-D-

galactosidase, the product is 4-MU. 

 

 

Some research using this method has been targeted toward the faecal contamination indicators 

such as E. coli and total coliform bacteria. β-D-glucuronidase (GLUase) and β-D-galactosidase 

(GALase) are the two enzymes that are the most commonly used as the targets for E. coli and 

coliform detection respectively
[20]

, GLUase can catalyze the breakdown of β-D-

glucopyranosiduronic derivatives into their corresponding aglycons and D-glucuronic acid. The 

activity of the enzyme is mostly limited to E. coli 
[46, 47, 48, 49]

. It has been shown that the GLUase-

positive reactions were observed in the middle to upper 90% range of  the E. coli isolates tested 

[46, 49, 50, 51, 52, 53, 54]
 while the reaction is less active in other Enterobacteriaceae genera, such as 

Shigella (44 to 58%), Salmonella (20 to 29%)
[49, 55]

 and Yersinia strains 
[52, 56, 57]

 as well as in 

OOHO
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Flavobacteria
[46, 49]

. GALase, which can catalyze the hydrolysis of lactose to galactose and 

glucose, is a lactase enzyme that has been used mostly for detecting and enumerating the coliform 

group
[58, 59]

. 

 

Targeting these enzymes, a number of fluorogenic substrates have been developed. Fluorogenic 

substrates such as 4-methylumbelliferyl-β-D-glucuronide (MUGlu) 
[39, 49, 60, 61, 62]

  and 4-

methylumbelliferyl- β-D-galactopyranoside (MUGal) 
[63, 64, 65]

 have been developed and reported 

widely for purpose of E. coli and coliform detection, respectively. These two substrates can be 

hydrolyzed specifically by GLUase and GALase yielding 4-methylumberlliferone (4-MU) 

(Figure 1-6). 4-MU shows blue fluorescence when irradiated with long-wave UV light (366nm). 

The methylumbelliferyl-substrates are water soluble, highly sensitive and very specific. However, 

the use of these substrates is limited because of their pH-dependence; 4-MU is colorless at pH 7.0 

and exhibits a blue fluorescence at pH 7.5 and increases to a maximum at pH 10. Therefore, the 

pH of growth media containing MUG should be slightly alkaline, or an alkaline solution needs to 

be added to reveal fluorescence 
[60, 66, 67]

. 

 

Enzyme activity can be used for HPC by using multiple substrates to look for any one of a 

number of enzymes. Some methods based on this technique have been commercialized such as 

the SimPlate HPC product and the Colifast Analyser. The SimPlate medium contains multiple 

substrates that all release 4-MU 
[35]

, while the Colifast Analyser (Colifast AS, Norway)
[39]

 uses 

substrates for three specific enzymes (GLUase, GALase, and amino-peptidase) producing the 

fluorescent products 4-MU and AMC. However they have limitations, as mentioned above, in 

that they cannot directly detect water samples with interfering parameters including color and 

turbidity. 
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1.6 Endetec TECTA method for E. coli and Coliform detection 

 

                                   

Figure 1-7 Endetec  TECTA consumable test cartridge schematic 

 

Brown et al. developed a technology being commercialized as the Endetec TECTA
TM

 B16 

(formerly the PDS system) for detecting E. coli and coliform bacteria in drinking water 
[68]

. This 

technique combines the enzymatic method of E. coli and total coliforms detection with Solid- 

phase microextraction (SPME) in order to allow monitoring of the fluorescent signal in a siloxane 

polymer. Two water-soluble substrates, pyrene-β-D-glucuronide and anthracene-β-D-galactoside 

were developed for this technology. When testing a water sample, a 100 mL test cartridge 

containing growth medium and  substrates is inserted into an automated laboratory instrument 

and incubator. If the enzymes GLUase or GALase appears during incubation, the water-soluble 

substrates are cleaved to produce the hydrophobic fluorescent products 1-hydroxypyrene (PyrOH) 

or 2-hydroxyanthracene (AntOH), along with β-D-glucuronic acid or β-D-galactose (Figure 1-8). 

Being hydrophobic, the fluorescent products are partitioned into the non-polar siloxane polymer 

at the base of the cartridge.  A UV-LED light source (365 nm) irradiates the polymer,  and the 
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uptake of the fluorescent products into the polymer is monitored by a fibre-optic detection system 

containing a CCD -based spectrometer (Figure 1-7). 

 

O
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2-hydroxyanthracene

E. coli

β-D-glucuronidase
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Pyrenyl-β-D-glucuronide 1-hydroxypyrene 

Figure 1-8 The fluorogenic substrates react with enzymes to produce fluorescent products  

 

The ENDETEC technology has a number of advantages such as i) on-site, automatic monitoring; 

ii) fast response to positive samples; iii) simple operation method; iv) minimal restrictions on 

sample quality (turbidity, color) because the light never passes through the sample itself. This 

technology can be used on-site because it does not require an experienced laboratory technician 

for visual detection 
[68, 69]

. However, the substrates in this technology only target E. coli and 

coliforms, while the TVO test must detect a wider range of bacteria.  

 

The goal of this study is to develop a method for a rapid, onsite TVO test for samples with 

variable optical parameters by adapting the TECTA technology. For this purpose, more substrates 

that can be converted by a wide range of bacteria into hydro phobic products must be developed. 
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Chapter 2 

Fluorescent Detection and  nzyme Activity 

2.1 Introduction 

 

The method developed in this study is based on the detection of enzyme activity using a 

combination of SPME and fluorescence spectroscopy. To use the SPME method, the fluorescent 

product cleaved by the enzyme from a substrate has to be non-polar (hydrophobic) so that it will 

be partitioned from the aqueous sample into the polymer. New fluorogenic substrates which can 

be hydrolyzed by a wide range of bacteria to produce hydrophobic fluorescent products need to 

be developed. The main purpose of this study was to compare substrates that are specific to a 

wide range of enzymes present in bacteria and produce products that will partition into the 

polymer.  This chapter deals with the development of a new optical system for a small volume 

(500 μL – 1 mL) test solutions and the selection of the best poly(dimethylsiloxane) (PDMS) 

formulation for various candidate fluorescent products. 

 

2.1.1 SPME method 

 

The mechanism of extracting the hydrophobic fluorescent products into the polymer follows the 

principles of SPME. SPME is a sample preparation technique used both in the laboratory and on-

site. It was invented in the early 1990s by Prof. Janusz Pawliszyn from the University of 

Waterloo in Ontario, Canada 
[70, 71]

. SPME can extract analytes (usually trace organic compounds) 

by partition from a sample matrix into a sorbent phase with minimal or even no solvent.  
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SPME usually has two steps. The first step is the extraction of analytes from the sample matrix 

into a polymer film. In the second step, the concentrated extracts are desorbed from the polymer 

film into an analytical instrument 
[71]

. In this study, only the first step is used to partition the 

fluorescent product into the PDMS polymer (Figure 2-1), since the optical system can then detect 

the analytes directly within the polymer.  

 

Figure 2-1 General  structure of PDMS  

 

SPME is a multiphase equilibration process. Three phases are usually considered for volatile 

analytes: the polymer film, the gas phase, and the sample matrix. During extraction, the analyte 

migrates among the three phases until equilibrium is reached. The equilibrium concentrations in 

each phase follow the relationship in Equation 2- 1 

 

       
      

      
           Equation 2- 1  
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Where    is the initial concentration of a given analyte in the sample;   
 ,   

 , and   
 

are the 

equilibrium concentrations of the analyte in the film, the headspace, and the sample, respectively; 

and   ,   , and    are the volumes of the film, the headspace, and the sample, respectively 

 

However, in this work, the fluorescent products are not volatile and the headspace terms can be 

omitted. Two phases need to be considered, the polymer film and the aqueous sample matrix, so 

we have: 

 

       
      

           Equation 2- 2 

 

 The mass of the analyte absorbed by the coating can be described as: 

 

  
         

        
       Equation 2- 3 

Where n is the amount extracted by the film (units matching C0); 

            Kfs is the fiber coating/sample matrix distribution constant; 

            Vf is the fiber coating volume; 

            Vs is the sample volume; 

            C0 is the initial concentration of a given analyte in the sample 

  

When the sample volume is very large compared to the coating volume (        ), C0 will be 

constant, and Equation 2- 3 can be simplified to: 
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              Equation 2- 4 

 

This equation predicts that the amount of extracted analyte will correspond linearly to the analyte 

concentration in the sample matrix. Also, for a given analyte and concentration, a greater 

film/sample partition constant (Kfs) will lead to more analyte partitioned into the film. 

 

2.1.2 Fluorescent detection 

 

Based on the Beer-Lambert law, the practical relationship between the emission of fluorescent 

light and concentration of a fluorescent analyte at low concentration is given by Equation 2- 5 

 

                          Equation 2- 5 

 

  where   is the fluorescence intensity; 

               is the intensity of the excitation light upon the sample; 

              is the instrumental efficiency parameter; 

              is the molar absorptivity; 

              is the path length in centimeters; 

              is the concentration of the fluorophore; 

              is the fluorescence quantum yield 

Assuming all parameters except concentration are constant, the equation can be expressed as 
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           Equation 2- 6 

 

This relationship shows that fluorescence intensity is linearly proportional to analyte 

concentration at low levels (e.g. <10
-5

 M).  

 

2.2 Experimental 

 

2.2.1 Purpose 

 

In this part of the project, first, a test container and optical system specific for 1 mL samples was 

designed and used because TVO tests are usually performed using this volume. Then, new 

candidate fluorescent products were tested with different polymers to find the best polymer for 

each of the products. The product diffusion into the ‘best’ polymer should be as fast as possible. 

 

2.2.2 Materials and methods 

 

Chemicals and Solvents Six candidate fluorescent products, AntOH, PyrOH, 4,4-difluoro-

1,3,5,7-tetramethyl-8-(3-hydroxypropyl)-4-bora-3a,4a-diaza -s-indacene (BODIPY-1) and 4,4-

difluoro-1,3,5,7,8-pentamethyl-2-[3-(hydroxy)phenyl]-4-bora-3a,4a-diaza-s-indacene (BODIPY-

2) (structures shown below in Table 2-1) were synthesized in our lab by Dr. Ray Bowers and 

provided at high purity (>95%). 1-aminoanthracene (1-AMA), and 2-aminoanthracene (2-AMA) 

were purchased from Sigma-Aldrich Co. ( Oakville, Ontario, Canada). HPLC grade methanol and 

ethanol were purchased from Fisher Scientific. Stock solutions of the fluorescent products were 

prepared by dissolution in ethanol at 4 mM, except for BODIPY-1 which was dissolved in  
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Table 2-1 Structure of the six fluorescent products 

Fluorescent 

Product 

Structure Molecular 

Weight 

(g.mol
-1

) 

2-hydroxyanthracene 

(AntOH) 
 

194.23 

1-hydroxypyrene 

(PyrOH) 

 

218.25 

1-aminoanthracene 

(1-AMA) 

 

193.24 

2-aminoanthracene 

(2-AMA) 
 

193.24 

4,4-difluoro-1,3,5,7-tetramethyl-8-(3-hydroxypropyl)-4-

bora-3a,4a-diaza -s-indacene  

(BODIPY-1) 

 

306.16 

4,4-difluoro-1,3,5,7,8-pentamethyl-2-[3-(hydroxy)phenyl]-

4-bora-3a,4a-diaza-s-indacene  

(BODIPY-2)  

354.2 

 

OH

OH

NH2

NH2

N

B

N

F F

OH

N

B

N

OH

F F
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methanol at 4 mM solution. Dissolution was aided by placing the solution in an ultrasonic bath at 

22°C for 2 minutes. Stock solutions were sonicated again immediately prior to further use. 

 

PDMS Film Preparation. Four candidate dimethyl siloxane polymers: Sylgard® 186 silicone 

elastomer (P186), Sylgard® 184 silicone elastomer (P184), Dow Corning® OE-6002 optical 

elastomer (OE-6002) and Dow Corning® OE-6003 optical elastomer (OE-6003) were obtained 

from Dow Corning Corporation (Midland, MI, USA).  Each of the four commercial PDMS is 

provided as a kit including two parts, a base solution and a curing agent. By mixing the two parts 

together, the curing agent cross-links the siloxane oligomers in the base solution into an elastomer 

by an organometallic reaction.
[72]

 The four PDMS polymers have the general structure as show on 

Figure 2-1, However, they are different to each other may due to the differences either from the 

functional groups on the cross-linkers or the amount of the cross-linkings.  

 

The four PDMS prepolymers were chosen because PDMS is generally used as the non-polar solid 

phase of the SPME method 
[71]

. P186 and P184 were made with a pre-polymer mixture at a base 

to curing agent ratio of 9:1 (w:w)
[73]

. OE-6003 and OE-6002 were made with a pre-polymer A to 

B ratio of 1:1 by weight based on the manufacturer’s instructions. All liquid PDMS formulations 

were mixed with hexanes in a 1:1 ratio by volume to make the liquid easier to pipette. Semi-

micro UV-transparent disposable Cuvettes (220-900 nm, made of proprietary polycyclical olefin) 

were purchased from BrandTech (Essex, CT, USA) as test cells. 50 μL of the PDMS/hexanes 

mixture (1:1 by volume) was injected into the bottom of each cuvette and then was left overnight 

to evaporate and cure (Figure 2-2), forming a 25 µl (4.5 mm×10 mm×0.6 mm) PDMS film on the 

bottom. 
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Figure 2-2 The Cuvette with 25 μL 100%Polymer bottom film 

 

Instrument Components Two custom designed cuvette mounts with lids (designed by Eric 

Marcotte) were used to hold the cuvettes and prevent ambient light from interfering with 

measurements. The mounts were connected to an OOI USB 4000 fiber optic spectrometer (Ocean 

Optics Inc, Dunedin, FL, USA) by an optical fiber (diameter 200 μm). The spectrometer was 

connected to a computer, which provided its power supply and also served to collect data.  The 

spectrometer also powered an LED light source (365 nm) to irradiate the fluorescent product. The 

spectrometer was equipped with a Toshiba TCD1304AP linear CCD-array detector that could 

record the entire fluorescent spectrum (200-1100 nm) simultaneously. OOI Base 32 software 

(Ocean Optics, Inc.) was used to analyze the signal (Figure 2-3). The spectrometer operating 

parameters were set as: integration time = 1500 ms, average number=5, boxcar=5. 

 

The light source mount was particularly designed so that the light entered the cuvette at an angle 

of 40° from the detection fiber in order to decrease the background noise caused by reflected 

Semi-micro 
cuvette

Cuvette showing 
polymer film in bottom

polymer film

http://www.oceanoptics.com/technical/detectortoshibatcd1304ap.pdf
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excitation light and to contain the light within the polymer as a waveguide to produce a strong 

light intensity.  

 

 

Figure 2-3 Optical set-up  Top: A computer, a spectrometer and a custom designed cuvette 

mount form the optical set-up; Bottom: A photo and detailed schematic of the cell and optical 
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mount showing the excitation LEDs positioned to illuminate the cell at 40° (red arrow) and the 

optical fiber collecting fluorescent light aligned with the film (blue arrow).  

 

Fluorescent Spectroscopy The spectrum of each fluorescent product within the polymer was 

recorded between 300 and 700 nm by the OOI spectrometer to find the maximum wavelength of 

emission (Table 2-2). Fluorescence emission spectra can be found in Appendix B. 

 

Four PDMS (Silicone P184, P186, OE-6002, OE-6003) were tested with six fluorophores 

(AntOH, PyrOH, 2-AMA, 1-AMA, BODIPY-1, BODIPY-2).  

 

The plot of the fluorescence signal intensity at the maximum emission wavelength versus time 

was recorded, corresponding to the uptake of the fluorescent product by the polymer.  

Experimental duration was between 4 hours and 48 hours, depending on the time to reach 

equilibrium. All spectra were acquired at room temperature (22°C). Each fluorophore and 

polymer combination was tested three times to get average results. The background signal before 

addition of the fluorescent product was subtracted. 

 

Table 2-2  he λmax of the six fluorescent products 

 2-AntOH PyrOH 1-AMA 2-AMA BODIPY -1 BODIPY-2 

λ max  (nm) 436 386 497 481 513 541 

 

 

 

Method for Fluorescent Product Addition Three methods of adding the fluorophore solution to 

the cuvettes with polymer films for uptake measurements were compared, with results shown in 

Figure 2-4. The first method added 10 µL of a highly concentrated fluorophore solution to 1000 
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µL of water already in the cuvette, and resulted in a delayed signal  for most samples (Figure 2-4 

top). The second method involved first mixing 10 µL fluorophore solution and 800 µL water, 

then adding the mixture into 200 µL water already in the cuvette. This procedure sometimes 

produced an unexpected ‘jump’ in the fluorescent signal (Figure 2-4 centre). The erratic results 

from the first two methods were assumed to be due to incomplete or delayed mixing of the 

fluorophore in the cuvette. In the third optimal method, the sample solution was prepared by 

separately mixing 10 µL of a 4 mM stock solution with 1 mL of distilled water at room 

temperature.  Adding this premixed 1010 µL fluorophore solution to an empty cuvette gave the 

most consistent results, producing continuous, smooth uptake curve (Figure 2-4 Bottom). 
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Figure 2-4 The kinetic uptake plots of different injection methods Top: Add 10 µL of 4 mM 

product stock into 1 mL distilled water already in cuvette; Centre: Add a mixture of 10 µL of 

product stock and 800 µL distilled water to a cuvette already containing 200 µL of distilled water; 

Bottom: Separately mix 10 µL of product stock and 1000 µL distilled water and then add into the 

cuvette. 
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2.3 Results and discussion 

 

2.3.1 Maximum intensity and the time 

 

The maximum intensity of the fluorescent signal and the time to reach this intensity were 

determined based on the uptake kinetics data. (Figure 2-5) 

 

 

 

Figure 2-5 The kinetic uptake plot of 1-AMA into P 186  

 

The average results for the maximum fluorescence intensity and the time to reach that intensity 

(Appendix A) for the different combination tests were determined by doing three trials. The P186 

has the highest maximum intensity for BODIPY-1, AntOH, 1-AMA, 2-AMA and BODIPY-2, 

while the OE-6003 has the best intensity for PyrOH (Appendix A). From Equation 2- 4 we know 

that for a given analyte (fluorophore) and concentration, a greater partition constant (   ) will 
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lead to a larger amount of the fluorophore partitioning into the film. Meanwhile, we know that the 

higher the concentration of the fluorophore in the polymer, the greater the intensity of the 

fluorescence based on Equation 2- 6. This was confirmed by measuring maximum intensity at 

different fluorophore solution concentrations up to twice the concentration used in the kinetics 

experiments (data not shown), Therefore, the higher fluorescence intensity for a given 

fluorophore in the four polymers corresponds to a greater      value, which determines the best 

polymer to take up the fluorophore. P186 and OE-6003 can be considered as good polymers 

because the greatest amounts of products had partitioned into those films, leading to the strongest 

fluorescence intensities.  

  

2.3.2 The pseudo-first order constant rate k 

 

A pseudo-first order rate constant, k, for the uptake of the fluorophore into the PDMS could be 

determined by assuming the uptake followed first order kinetics.  The values of k for the 

fluorophores were calculated using the approach illustrated in Figure 2-6.  
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Figure 2-6 Pseudo first order rate constant plot  Top: the kinetic uptake plot of 1-AMA into P 

186; Center: the plot of Imax-It vs. time; Bottom: the plot of ln(Imax-It) vs. time gave the pseudo-

first order rate constant k=2.279 hr
-1 
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The diffusion/partition process is complicated. When dealing with the analyte distribution in a 

static sample, the boundary layer (near the water/coating interface) needs to be considered. Most 

of the extracted analyte is present initially in a thin layer of the polymer located close to the 

water/coating interface; the analyte in the polymer film is not uniform and decreases with 

distance from the boundary 
[71]

. When diffusion/partition happens in one dimension, it 

theoretically follows Fick’s second law of diffusion as shown in Equation 2-7 
[71]

. This equation 

becomes much more complex when all spatial factors are included. 

  
  

  
  

   

   
                            Equation 2-7 

When considering the rate at which uniform analyte concentration is reached, uniformity is 

achieved at a much faster rate in the solution than in the polymer. Thus the distribution of the 

product in PDMS is the main spatial factor. In this experimental setup, the incident light enters 

the polymer at a 40° angle relative to the detection fiber, which is positioned perpendicular to the 

cuvette wall. The entry of the incident light at this angle allows the PDMS film to act as a 

waveguide, exciting fluorophores throughout the film, independent of their positions. Therefore, 

the measured fluorescence intensity is representative of the concentration of fluorophores in the 

whole PDMS film, simplifying the partition kinetics. In this uptake experiment, a plot of signal 

vs. time showed a typical first-order like curve increasing towards a maximum value (Figure 2-6 

top).  First order kinetic functions for product concentrations normally follow the form Ct=Cmax(1-

e
-kt

), so a plot of Imax-It vs. time decreased exponentially, as expected (Figure 2-6 center).  This 

pseudo-first order equation is a simplification of the more complex version. The signal was 

determined to follow pseudo-first order kinetics by plotting ln(Imax-It) vs time and noting that the 

plot was linear over most of the time before the maximum intensity (Figure 2-6), confirming that 

the simplified equation could be used.  The pseudo-first order rate constants, k, for the six 

products were determined from the slopes of individual log plots and are summarized in Table 
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2-3. The P186 has the greatest k value for all of the products except BODIPY-2, for which the 

OE-6003 has the greatest k value.  

 

Table 2-3 The pseudo first order rate constant k (hr
-1

) from uptake kinetics of six products 

in four PDMS formulations  Error indicates standard deviation (n=3) 

  BODIPY-1 AntOH PyrOH 1-AMA 2-AMA BODIPY-2 

P184 0.1225±0.0269 0.6418±0.0951 0.6165±0.2339 1.7242±0.2760 0.6022±0.0259 0.0905±0.0205 

P186 0.2940±0.0852 0.9153±0.2288 1.5939±0.4144 2.2987±0.1834 0.7167±0.0814 0.0892±0.0123 

OE-6003 0.1554±0.0432 0.6372±0.0766 0.6064±0.1929 1.9264±0.4520 0.5932±0.0685 0.1796±0.1007 

OE-6002 0.0641±0.0173 0.5969±0.0773 0.3473±0.0049 1.4562±0.3211 0.6145±0.1164 0.0700±0.0196 

 

The relative value of k was used to assess the rate of diffusion of the fluorophore into the 

polymers. Thus the average partition/diffusion time of the fluorophore into the polymers, t,  can 

be calculated as 1/k (Table 2-4) and compared to indicate the relative time needed for each film to 

give a signal.  In theory, the signal intensity will reach a maximum intensity when partition 

reaches equilibrium (Figure 2.7 yellow curve). However, the actual signal (Figure 2-7 blue curve) 

will never reach the equilibrium intensity, mainly because there is photo bleaching of the 

fluorophores in the film that causes the signal to decrease after reaching a maximum. However, 

before the average partition time t of the kinetic plot, the actual and theoretical kinetic curves are 

almost the same, and for our experiments the signals at the average partition time were more than 

strong enough to give reliable detection. So the average partition time can be used to compare the 

partition of the fluorophore into the different polymers-the shorter the average partition time t, the 

faster the partition.  
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 Table 2-4 The average partition time t (hour) of six products’ kinetic uptake in four PDMS 

formulations 

 BODIPY-1 AntOH PyrOH 1-AMA 2-AMA BODIPY-2 

P184 8.16 1.56 1.62 0.58 1.66 11.05 

P186 3.40 1.09 0.63 0.44 1.40 11.21 

OE-6003 6.44 1.57 1.65 0.52 1.69 5.57 

OE-6002 15.60 1.68 2.88 0.69 1.63 14.29 

 

 

 

Figure 2-7 The actual kinetic plot and the theoretical kinetic plot of the 1-AMA partitioning 

into P186  The theoretical plot was calculated using equation I theoretical =Imax –e
-kt+8.6953

, k=2.2790 

hr
-1

. 
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2.4 Conclusions 

 

From the results of the kinetic tests, we determined that P186 was the best of the four PDMS 

polymers tested for the uptake of BODIPY-1, AntOH, 1-AMA and 2-AMA based on the rate 

constant values and fluorescence intensity. These four fluorophores partitioned well into P186. 

For PyrOH in P186, the maximum fluorescence intensity was not the highest, but the partitioning 

was fast, and the maximum signal was only 25% less than the strongest intensity. The first order 

rate constant (k) for uptake of the PyrOH by P186 was almost three times that calculated for the 

other polymers, and the average partition time (t) was one hour less, meaning that this polymer 

should provide a lower detection threshold time for the bacteria detection.  So, the P186 was 

chosen as the best polymer for PyrOH. For BODIPY-2, OE-6003 had the best rate constant and 

the shortest partition average time, while P186 produced the highest maximum intensity, but the 

difference in intensity between these two polymers was not very large. In addition, the time to 

reach the maximum signal of BODIPY-2 into P186 was 48 hours (maybe even longer if the 

experiments were kept running after 48 hours). So, for BODIPY-2, the OE-6003 was chosen as 

the best polymer for the next step of the research. 
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Chapter 3 

 V  Sterility (PA)  est 

3.1 Introduction 

 

A TVO sterility (also called “presence/absence” or PA) test was designed using the P186 and OE-

6003 polymer following the results presented in Chapter 2. 

 

Substrates for various enzymes using the four selected fluorescent products AntOH, PyrOH, 2-

AMA and BODIPY-2 (Table 3-1) were synthesized separately in the group by Dr. Ray Bowers. 

To explore which substrate was converted by which micro-organism, various micro-organisms 

were cultured with substrate added to the culture medium.  

 

Table 3-1 Structure of the eight fluorescent substrates 

Fluorescent 
substrates 

Structure 

Molecular 
formula and 
molecular weight 
(g/mol) 

Anthracenyl B-D-
glucuronide 
Potassium Salt 
(Ant-gluc) 

OH

O

O OK

HO

HO

O

 

C20H17OK    
408.45 
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Pyrenyl β-D-
glucuronide 
sodium salt 
(Pyr-gluc) 

OH

O ONa

HO

HO

O
O

 

C22H17O7Na    
416.36 

Anthracene 
galactoside 
(Ant-gal) 

O

HO

OH

OH

O

OH

 

C20H20O6 
356.38 

Anthracene 
glucoside 
(Ant-glu) 

O

HO

HO

OH

OH

O

 

C20H20O6 
356.38 

Anthracene-O-
sulfate Potassium 
salt 
(Ant-S) 

O

SO3K

 

C14H9SO4K 
312.39 

Pyrene phosphate 
sodium salt 
(Pyr-P) 

O P O Na

O

OH

 

C16H10O4PNa 
320.22 
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The substrates above were expected to target six enzymes: glucuronidase, glactosidase, 

glucosidase, phosphatase (Figure 3-1), sulphatase, and aminopeptidase. Those substrates were 

expected to detect any organism containing at least one of the six enzymes. 

 

 

Figure 3-1 Phosphatase enzyme reaction 
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O
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Anthracene--D-

galactoside

Pyrene-

phosphate

Hydroxy-

anthracene

Hydroxy-

pyrene

Hydroxy-

pyrene

4,4-difluoro-
1,3,5,7,8-
pentamethyl-2-[3-
(hydroxy)phenyl]-
4-bora-3a,4a-
diaza-s-indacene  
galactoside 
( BODIPY-2-gal) 

N

B

N

F F

O O

OH
OH

OH

HO

 

C26H31BF2N2O6 
516.35 

2-amino-N-2-
anthracenylpropan
amide 
(2-AMANP) 

N

H

O

H

NH3

Cl-

 

C17H17N2O.Cl 
300.79 
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Bacteria growth can be roughly divided into four distinct phases (Figure 3-2): Lag phase - this 

phase may be short or long, and there is no bacteria growth in this phase; Log (exponential) 

phase-in this period, cell grow fast, doubling at a fairly constant rate; Stationary phase-in this 

phase, cells are competing for dwindling food and nutrients, growth stops and the number of 

bacteria stabilizes; Death phase-the cells lose ability to divide and die quickly
[74]

. 

 

 

 Figure 3-2 Bacteria growth curve (adopted from Monod 
[74]

) 

 

In a previous study, fourteen pure bacteria strains were used as representative aquatic 

heterotrophs in the Colifast Analyser (CA) method
[39]

: Pseudomonas aeruginosa, Flavobacterium 

breve, Acinetobacter lwoffi, Bacillus licheniformis, Pseudomonas fluorescens, Pseudomonas 

fragi, Enterobacter aerogenes, Enterococcus faecalis, Staphylococcus aureus, Citrobacter 

freundii, Klebsiella oxytoca, Serratia marcescens, Escherichia coli, Hafnia alvei. Following from 

that study, a similar set of bacteria strains was assembled in our lab, except Pseudomonas fragi 

was replaced by Pseudomonas syringae and Flavobacterium breve was replaced by 
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Chyseobacterium because these original two strains Pseudomonas fragi and Flavobacterium 

breve were difficult to obtain. One of the main characteristics of Pseudomonas fragi is that it is  

psychrophilic which means this strain prefers to grow and reproduce at cold temperature, 

Pseudomonas syringae also prefers cold temperature 
[75, 76]

. Flavobacterium has changed names a 

few times and Chyseobacterium and Empedobacter are newer names for some Flavobacterium 

strains 
[77]

. In addition, some Chyseobacterium were considered as psychrophilic too 
[75, 78, 79]

.  

Another bacteria strain, Klebsiella pneumonia, is in the same genus as the Klebsiella oxytoca. 

Because Klebsiella pneumonia is a common hospital-acquired pathogen which can be found in 

the drinking water, and it usually will be present in the total coliform positive water samples 
[80, 

81]
. It was added to this list.  

 

There are no commercial TVO methods listed in Chapter 1 that have been tested for these fifteen 

bacteria strains, to the best of our knowledge.  In this chapter, eight different substrates for the six 

target enzymes were tested with each bacteria strain at both 22C and 37C to determine which 

substrates were converted by which organisms. 

 

3.2 Method 

 

3.2.1 Materials 

 

Media: Luria Broth(LB),  a widely used bacterial culture medium
[82]

 and Tryptic Soy 

Broth(TSB), a broth which was recommended for testing bacterial contaminants with established 

standards in the food industry
[83, 84]

 were used for bacteria strains sub-culture. Sterile PBW 

(phosphate-buffered water) was used as a diluent. 
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Fluorescent substrates were dissolved in various solvents separately to obtain 4 mmol/L solutions. 

(Table 3-2) 

 

Table 3-2 Solvent for each fluorescent Substrate   An ultrasonic bath (Fisher Scientific) at 

22°C was used for dissolution.   

  

 

*The ultrasonic bath was set at 60 °C 

 

Vessels: 10 μL of 4 mM substrate solution was spiked on the side wall of the bottom film pre-

loaded cuvettes (see Chapter 2 for the bottom film preparation). Leave overnight for solvent 

volatilization. 

Reference method: The 3M™ Petrifilm™ Aerobic Count Plate was used as reference method. A 

1 mL sample was added to the Petrifilm plate and then incubated at 37 °C for 48 hours. For 

bacteria that preferred lower temperatures, such as Pseudomonas syringe and Chyseobacterium, 

the Petrifilm plate was incubated at 22°C. 

Substrate Solvent 

Ant-gluc Sterile water 

Pyr-gluc Sterile water 

Ant-gal* 1:1 MeOH:Acetone 

Pyr-glu* 1:1 MeOH:Acetone 

Ant-S MeOH 

Pyr-P Sterile water 

BODIPY-2-gal MeOH 

2AMANP MeOH 
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3.2.2 Bacteria strains 

 

Thirteen reference bacteria strains were purchased from Microbiologics, Inc (St. Cloud, 

Minnesota, USA).  Chryseobacterium and Pseudomonas syringae were obtained as gifts from the 

lab of Prof. Virginia Walker, Dept. of Biology, and were well-characterized environmental 

isolates (Table 3-3).  

Table 3-3 Bacteria strains for TVO test 
[81]

 

Name Classification 

Escherichia coli 25922 Class: Gammaproteobacteria 

Family: Enterobacteriaceae   

(E. coli and Coliform)  

Klebsiella pneumoniae Class: Gamma Proteobacteria  

Family: Enterobacteriaceae  

(Coliform) 

Staphylococcus aureus Class: Bacilli  

Family: Staphylococcaceae  

(Non-coliform) 

Klebsiella oxytoca Class: Gamma Proteobacteria 

Family: Enterobacteriaceae 

(Coliform) 

Pseudomonas aeruginosa Class: Gamma Proteobacteria  

Family: Pseudomonadaceae 

(Non-coliform) 

Enterobacter aerogenes Class: Gamma Proteobacteria 

Family: Enterobacteriaceae 

(Coliform) 

Citrobacter freundii Class: Gamma Proteobacteria  

Family: Enterobacteriaceae 

(Coliform) 
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Serratia marcescens Class: Gamma Proteobacteria  

Family: Enterobacteriaceae 

(Coliform) 

Hafnia alvei Class: Gammaproteobacteria 

Family: Enterobacteriaceae 

(Coliform) 

Chryseobacterium Class: Flavobacteria  

Family: Flavobacteriaceae 

(Non-coliform) 

Acinetobacter lwoffii Class: Gammaproteobacteria 

Family: Moraxellaceae 

(Non-coliform) 

Bacillus licheniformis Class: Bacilli 

Family: Bacillaceae 

(Non-coliform) 

Pseudomonas fluorescens Class: Gamma Proteobacteria  

Family:Pseudomonadaceae 

(Non-coliform) 

Pseudomonas syringae Class: Gamma Proteobacteria 

Family: Pseudomonadaceae 

(Non-coliform) 

Enterococcus faecalis Class: Bacilli 

Family: Enterococcaceae 

(Non-coliform) 
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The above pure strains were revived from a fresh sub-culture by culturing in a 5 mL LB or TSB 

liquid medium from 18 hours to 48 hours at either 22°C or 37°C before the test, depending on the 

preferred medium and temperature for each strain, to get into the late log phase or early stationary 

phase as a source of bacteria for samples.   This culture was diluted by a factor of 10
7
 to provide a 

stock solution of approximately 250 CFU/mL; sterile PBW was used as a diluent. 

 

3.2.3 Test vessel sterilization  

 

Sterilization was a primary requirement for the cuvettes before using for the TVO sterility (PA) 

test. Several sterilization schemes were examined. Initially, cuvettes were simply removed from 

packaging and prepared aseptically alongside a Bunsen burner. However, the possibility of 

contamination from airborne micro-organisms or cuvette preparation steps was not eliminated. 

These gave false results such as an Ant-gluc positive result from a pure S. aureus strain that 

should not have the glucuronidase enzyme. The false results may be because the cuvettes or lids 

were contaminated by bacteria spores from the air during the PDMS film loading procedure. A 

second scheme to sterilize the cuvettes and lids used chemical disinfection.  The cuvettes and lids 

were soaked in 10% bleach (Clorox Company, Pleasanton, CA, USA) solution for 30 minutes, 

rinsed with thiosulfate solution for two minutes to remove the residual chlorine, shaken and 

washed vigorously. Rinsing was repeated twice to thoroughly remove the residual chlorine. 

Cuvettes were then left in a laminar flow hood overnight to dry. However, some of the blank 

control samples (R2A only) prepared in this manner showed bacterial contamination, which 

meant the bleach soaking method was not efficient enough to eliminate contamination. Finally, 

sterilizing by gamma ray irradiation was selected because it is done at relatively low temperature 

(unlike autoclave treatment), is suitable for polymer sterilization, and is widely applied in the 

pharmaceutical and medical device fields 
[85, 86]

. The cuvettes with films and pre-loaded 
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fluorescent substrates were covered with lids and sealed with a double layer of Parafilm, then sent 

to a commercial gamma-sterilizing service (STERIS, Whitby, ON, Canada). The gamma dose for 

the sterilization was between 18.5 kGy and 45 kGy. The cuvettes changed to a light yellow color 

after gamma treatment, but optical properties did not change significantly.  The blank control test 

results suggested that after gamma treatment, the vessels were sterile. 

  

3.2.4 TVO sterility (PA) test method 

 

TVO sterile PA test procedure 

 

The medium was prepared by aseptically adding 1 mL of sterile R2A broth into the gamma 

sterilized cuvettes containing substrates. Replicate samples for each substrate and bacteria 

combination were prepared for both 22°C and 37°C tests. 

 

The samples were prepared by aseptically adding 200 μL of the 10
7
 dilution from the source 

culture (target 50 CFU) into the cuvettes containing 1 mL R2A broth. The cuvettes were covered 

with a lid and sealed with parafilm and inverted several times to mix. 

 

Data was collected up to 336 hours (14 days) after addition of the bacteria.  Commercial methods 

are usually no more than 72 hours, but we wanted to make sure even very slow-growing 

organisms, e.g. P. aeruginosa 
[87]

, would be detected.  Blank control samples also confirmed that 

these substrates were not spontaneously converted to products even over a one or two week 

period, and that the cuvettes were indeed sterile.  

 

Samples were incubated in the dark at 22°C or 37°C, separately. Using PDS software and OOI 

spectrometer, the fluorescent signal in the bottom film of the sample was recorded at 0, 18, 24, 
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48, 72, 168, 240, 336 hours separately (Figure 3-3). Recording the signals for a short period at 

these time intervals meant that photobleaching was not a significant problem in these tests.  After 

a signal appeared, the signal did slowly decline over several days (see Figure 3-3), indicating that 

the products were probably not stable in the polymer or in solution for that long a time period. 

 

 

  

Figure 3-3 The kinetic curve of the PyrOH signal in P186 film in TVO test of K. pneumonia 

with Pyr-Pat 37°C for 2 weeks 

 

The threshold value of the TVO TEST 

 

Samples were recorded as “present” for bacteria when fluorescence exceeded a certain threshold 

value. The threshold values were determined by the procedure as follows: first, the P/A level was 

set at the signal from 5% of the theoretical product that could be produced from the substrate, 

equivalent to mixing 10 μL of 0.  mM product solution with 1 mL water.  This product solution 

was injected into the cuvettes, and the maximum signals recorded as shown in Table 3-4, the 

fluctuation in the signal reading of a particular sample was determined from multiple trials 
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(Figure 3-4), and the greatest measurement fluctuation was used to set a range around the value in 

Table 3-4 designated as the “weak present” level for the TVO test (Table 3-5). 

Table 3-4 The fluorescent signal of four products at 5% of the theoretical concentration 

produced from the substrate in the standard test. 

  AntOH PyrOH BODIPY-2 2-AMA 

Maximal signal (a.u.) 840 4370 972 746 
 

 

Figure 3-4 The fluctuation in signal reading of the sample of detection K. pneumonia with 

Pyr-P The signals were recorded 5 times at each time point.  Error bars indicate the standard 

deviation. 
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Table 3-5 The threshold values for “present” of the  V  test for different substrates 

 

 

Control samples 

Control samples were used to monitor the sterilization status of the experiment. The control 

samples were prepared by adding just R2A broth into gamma sterilized blank cuvettes. The 

control samples were monitored in the same way as the samples, and were tested with Petrifilm at 

the end of the experiment to confirm sterility.  

3.3 Results and discussion 

 

Fifteen bacteria strains were tested with eight substrates separately at both room temperature 

(22°C) and physiological temperature (37°C) for 2 weeks.  The spectra of the four products in the 

PDMS films are shown in Appendix C. The kinetic response was recorded (Figure 3-5) and 

analyzed to determine whether the product was detected for each combination.  

Substrate 
Signal range for 
“Absent” (a.u.) 

Signal range for 
“Weak present” 

(a.u.) 
Signal range for 
“Present” (a.u.) 

Ant-gluc <500 500-1400 >1400 

Pyr-gluc <3000 3000-6000 >6000 

Ant-gal <500 500-1400 >1400 

BODIPY-2-gal <500 500-1500 >1500 

Ant-glu <500 500-1400 >1400 

Ant-S <500 500-1400 >1400 

Pyr-P <3000 3000-6000 >6000 

2-AMANP <500 500-1200 >1200 
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Figure 3-5 The kinetic curve of the fluorescent signal in the TVO sterility (PA) test Top: 

the signal of AntOH in P186 film produced by the reaction of glucosidase enzyme from E. coli 

and Ant-glu at 37°C; Bottom: the signal of PyrOH in P186 film produced by the reaction of 

phosphatase enzyme from H. alvei and Pyr-P at 22°C. 

 

The Present/Absent results were determined using the signal criteria from Table 3-5. The results 

for all 15 bacteria show the selectivity of the specific bacteria to different substrates (Table 3-6). 

The table can also be used as a “fingerprint”, where a combination of substrate responses can 

provide clues as to which specific micro-organisms might exist in a sample.  

 

A time-to-detection (TTD) range for each test was determined as the time when the fluorescent 

signal reached 10% of the maximum signal for each trial using a graphical approach as shown in 

Figure 3-6. The resulting TTD values for detecting each bacteria strain with different substrates 
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are shown in Table 3-7. Those TTD results may give a rough idea of the shortest time to detect 

bacteria in the future. In this TVO test, the signal was recorded at intervals ranging from several 

hours to several days, so the exact time the signal crossed the PA threshold was not determined. 

The threshold time could be significantly decreased in future TVO tests by collecting signals 

from each sample at a much higher frequency. 

 

 

Figure 3-6 The TTD of the TVO sterility test with H.alvei and Pyr-P is 17.7 hours
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Table 3-6 The TVO sterility (PA) test table   

 

Substrate 

Symbol 

- +/- + 

Ant-gluc <500 500-1400 >1400 

Pyr-gluc <3000 3000-6000 >6000 

Ant-gal <500 500-1400 >1400 

BODIPY-2-gal <500 500-1500 >1500 

Ant-glu <500 500-1400 >1400 

Ant-S <500 500-1400 >1400 

Pyr-P <3000 3000-6000 >6000 

2-AMANP <500 500-1200 >1200 

Unit: a.u. 

   

Substrate

PDMS

Temp. (°C) 22 37 22 37 22 37 22 37 22 37 22 37 22 37 22 37

Escherichia coli (LB only) + + + + + + + + +/- +/- + + + + + +

Klebsiella pneumoniae - - - - + + + + + + + + + + + +

Staphylococcus aureus - - - - - - + +/- - - + + + +/- +/- +/-

Klebsiella oxytoca - - - - + + + + + - + + + + + +

Pseudomonas aeruginosa - - - - - - - - + + + + + + - -

Enterobacter aerogenes - - - - + + + + + + + + + + + +

Citrobacter freundii - - - - + + + + + + + + + + + +

Serratia marcescens - - - - + + + + + + +/- + + + + +

Hafnia alvei - - - - + + - - - - + + + + + +

Chryseo bacterium - - - - - - +/- - - - + - + - - -

Acinetobacter lwoffii - - - - +/- +/- +/- + - - + + + + - +/-

Bacillus licheniformis - - - - + + + + - - + + - - + +

Pseudomonas fluorescens - - - - - - +/- +/- - - + - + - - +/-

Pseudomonas syringae - - - - - - - - - - + - + - - -

Enterococcus faecalis - - - - - - + +/- - - + + +/- +/- - -

2-AMANP

BODIPY-2

-gal

P186 P186 P186 P186 P186 P186 P186 OE-6003

Ant-gluc Pyr-gluc Ant-gal Ant-glu Ant-S Pyr-P
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Table 3-7 TVO sterility (PA) test TTD table  

 

Unit: hours 

n.d. Negative 

 

Hrs Weak positive hrs Positive 

22 37 22 37 22 37 22 37 22 37 22 37 22 37 22 37

TVO 18-24 18-24 24-48 0-18 48-72 18-24 72-144 18-24 0-18 0-18 24-48 18-24 24-48 0-18 72-144 24-48

Petri 

Film(cfu) 47 47 47 47 47 47 47 47 58 58 47 47 58 58 47 47

TVO n.d. n.d. n.d. n.d. 18-24 0-18 18-24 0-18 24-48 24-48 18-24 18-24 24-48 0-18 48-72 18-24

Petri 

Film(cfu) 114 114 114 114 114 114 114 114 60 60 114 114 60 60 114 114

TVO n.d. n.d. n.d. n.d. n.d. n.d. 24-48 18-24 n.d. n.d. 24-48 18-24 24-48 18-24 0-18 0-18

Petri 

Film(cfu) 16 16 16 16 16 16 16 16 16 16 16 16 14 14 14 14

TVO n.d. n.d. n.d. n.d. 24-48 24-48 18-24 18-24 18-24 n.d. 18-24 18-24 18-24 0-18 48-72 24-48

Petri 

Film(cfu) 53 53 53 53 53 53 53 53 53 53 53 53 99 99 53 53

TVO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 48-72 24-48 18-24 0-18 24-48 0-18 n.d. n.d.

Petri 

Film(cfu) 6 6 6 6 6 6 15 15 15 15 15 15 74 74 6 6

TVO n.d. n.d. n.d. n.d. 24-48 18-24 18-24 0-18 18-24 18-24 18-24 18-24 18-24 0-18 48-72 18-24

Petri 

Film(cfu) 115 115 115 115 115 115 115 115 115 115 115 115 120 120 115 115

TVO n.d. n.d. n.d. n.d. 24-48 18-24 24-48 24-48 72-144 72-144 24-48 0-18 24-48 18-24 48-72 24-48

Petri 

Film(cfu) 54 54 54 54 54 54 54 54 54 54 54 54 60 60 54 54

TVO n.d. n.d. n.d. n.d. 0-18 0-18 24-48 24-48 48-72 0-18 24-48 24-48 24-48 24-48 24-48 24-48

Petri 

Film(cfu) 141 141 141 141 141 141 141 141 141 141 171 171 141 141 141 141

TVO n.d. n.d. n.d. n.d. 24-48 24-48 n.d. n.d. n.d. n.d. 0-18 0-18 24-48 18-24 24-48 24-48

Petri 

Film(cfu) 53 53 53 53 53 53 50 50 53 53 53 53 50 50 50 50

TVO n.d. n.d. n.d. n.d. n.d. n.d. 24-48 n.d. n.d. n.d. 24-48 n.d. 24-48 n.d. n.d. n.d.

Petri 

Film(cfu) 31 0 31 0 31 0 31 0 31 0 31 0 45 0 31 0

TVO n.d. n.d. n.d. n.d. 0-18 0-18 0-18 18-24 n.d. n.d. 0-18 0-18 24-48 18-24 n.d. 0-18

Petri 

Film(cfu) 52 52 52 52 17 17 17 17 52 52 87 87 87 87 17 17

TVO n.d. n.d. n.d. n.d. 24-48 0-18 48-72 0-18 n.d. n.d. 72-144 24-48 n.d. n.d. 24-48 18-24

Petri 

Film(cfu) 13 13 13 13 7 7 8 8 13 13 13 13 8 8 7 7

TVO n.d. n.d. n.d. n.d. n.d. n.d. 0-18 0-18 n.d. n.d. 0-18 n.d. 24-48 n.d. n.d. 0-18

Petri 

Film(cfu) 46 46 24 24 24 24 24 24 24 24 46 46 46 46 24 24

TVO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0-18 n.d. 24-48 n.d. n.d. n.d.

Petri 

Film(cfu) 168 0 168 0 168 0 72 0 168 0 72 0 72 0 168 0

TVO n.d. n.d. n.d. n.d. n.d. n.d. 24-48 0-18 n.d. n.d. 24-48 18-24 0-18 0-18 n.d. n.d.

Petri 

Film(cfu) 7 7 7 7 7 7 7 7 7 7 7 7 10 10 7 7

Pseudomonas 

fluorescens

Pseudomonas

syringae

Enterococcus 

faecalis

Substrates

PDMS

Temp.

(°C)

Citrobacter 

freundii

Serratia 

marcescens

Hafnia

 alvei

Chryseo

bacterium

Acinetobacter 

lwoffii

Bacillus 

licheniformis

Escherichia coli

(LB only)

Klebsiella 

pneumoniae

Staphylococcus

aureus

Klebsiella 

oxytoca

Pseudomonas 

aeruginosa

Enterobacter 

aerogenes

2-AMANP

BODIPY-2

-gal

P186 P186 P186 P186 P186 P186 P186 OE-6003

Ant-gluc Pyr-gluc Ant-gal Ant-glu Ant-S Pyr-P
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The results in Table 3-6 indicate that there is at least one substrate that can detect each bacteria 

strain. In fact, every bacteria strain can be detected by multiple substrates. All substrates have 

multiple positive results across the list of bacteria except Ant-gluc and Pyr-gluc, which only react 

with glucuronidase, an enzyme only produced by E. coli in this list.  This is consistent with the 

use of glucuronidase enzyme as the selective indicator enzyme in many E. coli specific tests 
[45, 51, 

60, 63]
. Ant-gal and BODIPY-2-gal are two substrates which will be cleaved by galactosidase 

enzyme, used as the selective indicator enzyme in total coliform tests 
[43, 45, 47, 51]

. These gave 

present results for all the bacteria that are in the coliform class, confirming the selectivity of this 

enzyme for Total Coliform testing. 

 

Most bacteria were detected in the same time range at both 22°C and 37°C, or were detected 

earlier at 37°C. The two strains Pseudomonas Syringae and Chryseobacterium were only detected 

at 22°C. These are Psychrophilic bacteria 
[75, 76, 79]

 which have a maximum temperature for growth 

at 20 °C  and prefer to grow at lower temperature. The TVO test results reflected the expected 

growth character of those two strains.  

 

Some strains may contain specific enzymes which may give them unique selectivity patterns to 

the substrates.  Bacillus licheniformis is not a coliform, however, it was reported that there was a 

β-galactosidase encoding gene isolated from Bacillus licheniformi 
[88]

. Both Ant-gal and 

BODIPY-2-gal gave positive results with this non-coliform bacteria strain, indicting this β-

galactosidase encoding gene in Bacillus licheniformis was expressed under our test conditions. 

Ant-gal also gave a weak positive result for the non-coliform Acinetobacter lwoffii.  BODIPY-2-

gal gave weak positive results for Staphylococcus aureus at both 22°C and 37°C,  and for 

Acinetobacter lwoffi and Pseudomonas fluorescens at 37°C.  
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Reference tests using the SP method and X-galactosidase (X-gal) reaction were performed to 

confirm the expression of galactosidase enzyme in strains that were galactosidase positive in our 

tests. The X-gal test gave negative results for Bacillus licheniformis, Acinetobacter lwoffii, 

Pseudomonas fluorescens and Staphylococcus aureus while it gave positive results for Serratia 

marcescens and Hafnia alvei (Figure 3-7). 

 

 

 

 

Figure 3-7 The X-galactosidase results for Bacillus licheniformis and Acinetobacter lwoffi   

Blue color suggested X-gal positive. Serratia marcescens and Hafnia alvei which tested as 

references were in blue color; Bacillus licheniformis, Acinetobacter lwoffii were not in blue color. 

 

This indicates that our test may be more sensitive for enzyme detection than the X-gal method, 

though it could be noted that these negative strains were weak positives in our tests. Tests 

designed for selective coliform detection have other ingredients added that prevent detection of 

non- coliforms that happen to have the galactosidase enzyme. 
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3.4 Conclusion 

 

In the TVO sterility PA test, fifteen bacteria were tested by eight substrates to get the 

‘fingerprint’. Test results suggesting that all eight substrates can detect at least one bacteria strain 

and several substrates have selectivity to different bacteria. Single substrate or substrate 

combinations can be used for water sterility tests. 

 

Of the eight substrates used for these TVO tests, Pyr-P can be considered as the optimal substrate 

because of the relatively short TTD and the ability to detect all the fifteen bacteria strains at one 

or both temperatures. 2-AMANP can also be considered as a good substrate for its good 

performance based on TTD and ability to detect most of the bacteria strains. 
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Chapter 4 

Lake Water and Drinking Water  V  Sterility P/A  est 

 

4.1 Introduction 

 

Water from three sources, lake water, point-of-use treated lake water, and tap water from a city 

distribution system, were collected for the water sample sterility test. The results were then 

compared between each other to validate the TVO sterility P/A method. 

 

Untreated lake water 

 

The untreated lake water was considered as the water sample with the worst hygiene quality. In 

fact all surface water has a risk of containing disease-causing (pathogenic) microorganisms. 

Animal manure use to agricultural land is considered as a major source of pathogenic 

microorganisms in surface and groundwater systems 
[89]

. Agricultural land and farming practices 

contribute to make the microbial water problems even worse with the large amount faecal from 

the livestock either as a source of the faecal bacteria or as the nutrient source for the 

microorganism.  This is similar everywhere on the earth.  In Canada, people have been negatively 

affected by lapses in the safety of water quality such as the Walkerton, Ontario E. coli outbreak in 

which the animal manure contaminated surface water was getting into drinking water supply 
[15]

.  

 

Therefore,  monitoring, removing of microorganisms by filtration and disinfection before it goes 

into the drinking water distribute system are required for all surface water used for domestic and 
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drinking water purposes 
[90, 91]

. Also, monitoring, alarming, and further action (including beach 

closing) are required for lake water used for recreation.  

 

Faecal coliform, Salmonella bacteria, faecal streptococci and Pseudomonas aeruginosabacteria 

are common bacteria in lake water 
[92]

. People swimming in the lake will be exposed to those 

bacteria. There are two general types of illnesses most commonly contracted by bathers caused by 

those bacteria:  Pseudomonas aeruginosa and Staphylococcus aureus can cause infections of the 

eyes, ears, nose, and throat 
[93, 94]

; Salmonella bacteria can cause stomach upset or gastroenteritis 

illness (GI). Symptoms of gastroenteritis include fever, diarrhea vomiting, and stomach pains 
[95]

. 

The maximum discharge number of E. coli in recreation water is 200 CFU per 100 millilitre 

sample in Canada 
[21]

. A 10-year period (1993-2003) research at 10 Lake Huron recreational 

beaches in Ontario revealed that levels of E. coli can be very different at the same location from 

year to year and between different beach locations 
[96]

.  E. coli values can range from 0 to several 

thousand per 100 mL between isolated areas and areas directly faecal contaminated 
[97, 98, 99]

. 

When the number of E. coli reached this  limit, 1-2% bather may develop GI if the bacteria are 

ingested, other illness-skin rashes, eye, ear, and throat symptoms can be expected 
[21]

. Therefore, 

in Ontario, a beach will be closed when E. coli levels exceed 100 organisms/100 mL according 

local Remedial Actions Plans (RAPs). The beach at Lake Ontario Park in Kingston area was 

closed for several weeks because the E. coli level exceeded acceptable bacteriological water 

quality standards appropriate for swimming in the summer of 2012, and the Reddendale Crerar 

Park  in Kingston area was closed both in the summer 2012 and 2011 for the same reason. 

Therefore, for samples collected from Lake Ontario for this TVO P/A sterility test, positive 

results for the E. coli, total coliform and TVO would be expected. 

 

Point-of-use treated lake water 
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A variety of technologies are available to treat surface water to make it suitable for drinking.  

Well water may also be treated in some cases.  Point-of-use refers to water treatment done locally 

such as in an individual home. Ozone and UV treatments are commonly used to disinfect well or 

lake water to make it “potable” or safe for drinking. Those two treatments can eliminate or 

inactivate the pathogenic micro-organisms without adding chemicals or changing the chemical 

composition of the water. They are effective and currently employed widely as a domestic water 

treatment methods. However, if the water is turbid, the UV treatment efficiency will decrease. 

Furthermore, both treatments require regular maintenance, and a delay in maintenance may cause 

the drinking water hygiene level to decrease, which can be detected with a TVO measurement. 

Thus, an E. coli and total coliform negative result would be expected, but a TVO result could be 

positive or negative depending on the condition of the treatment system. 

 

Tap water from city distribution system 

 

The primary goal of city drinking water treatment is to remove or reduce the concentration of 

microbiological contamination and thereby reduce the risk of illness from pathogenic 

microorganisms. There are strict parameters for the number of the micro-organism in the drinking 

water in Canada (Table 4-1).  
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Table 4-1 Microbiological Parameters for Canadian drinking water (adopted from 

Guidelines for Canadian Drinking Water [100]) 

Parameter (approval) Guideline Common sources 

Bacterial waterborne 
pathogens (2006) 

Some pathogens not regulated Human and animal faeces; 
some are naturally occurring 

Enteric viruses (2011) Treatment goal: Minimum 4 log 
reduction and/or inactivation 
of enteric viruses 

Human and animal faeces; 
some are naturally occurring 

Escherichia coli (E. coli) (2006) MAC: None detectable per 
100mL 

Human and animal faeces 

Heterotrophic plate count 
(HPC) (2006) 

No specified Naturally occurring 

Protozoa: Giardia and 
Cryptosporidium (2004) 

Treatment goal: Minimum 3 log 
reduction and/or inactivation 

Human and animal faeces 

Total coliforms (2006) At exit of municipal treatment 
plant or throughout semipublic 
systems: MAC of none 
detectable/100 mL  
In municipal distribution 
systems: No consecutive 
samples or no more than 10% 
of samples should contain total 
coliforms 

Human and animal faeces; 
naturally occurring in water, 
soil and vegetation 

Turbidity (2003) Guideline treated water < 0.1 
NTU 

1
 at all times. 

Where not achievable: 
≤ 0.3 NTU 

2 

≤ 1.0 NTU 
3 

≤ 0.1 NTU 
4 

Naturally occurring particles: 
Inorganic: clays, silts, metal 
precipitates 
Organic: decomposed plant & 
animal debris, microorganisms 

1) Where possible, filtration systems should be designed and operated to reduce turbidity levels as low as 

possible, with a treated water turbidity target of less than 0.1 NTU at all times 

 ) Chemically assisted filtration: ≤ 0.3  TU in at least 95% of a) measurements made or b) the time each 

calendar month; never to exceed 1.0 NTU. 

3) Slow sand or diatomaceous earth filtration: ≤ 1.0  TU in at least 95% of a) measurements made or b) 

the time each calendar month; never to exceed 3.0 NTU. 

4) Membrane filtration: ≤ 0.1 NTU in at least 99% of a) measurements made or b) the time each calendar 

month; never to exceed 0.3 NTU. 



63 

 

 

As discussed in Chapter 1, HPC results are not an indicator of drinking water safety and should 

not be used to indicate potential negative effects to human health according to this latest 

microbial parameter for Canadian drinking water. However HPC is still considered as a helpful 

operational tool for monitoring general water microorganism quality through the drinking water 

treatment process and the distribution system. For continuously positive HPC results for bacteria 

test, the further inspection needs to be done. The lower HPC value, the better the water quality is. 

If increases in HPC values above baseline level occur, the drinking water system should be 

examined to determine the reason; HPC level should be minimized through effective disinfection 

and treatment and stabilize over time 
[100]

. Thus, although the HPC results are not use as an 

indicator of the drinking water safety and not used as public information, they are widely 

collected as operator information for monitoring the distribution system. The continuously high 

HPC value may suggest an alarm of the distribution system which should be taken seriously. 

 

Therefore, E. coli, total coliform, and TVO negative results were expected from the TVO P/A 

sterility test for tap water from the city distribution system.  

 

4.2 Method 

4.2.1 Water samples 

 

Lake water was collected from Lake Ontario (Kingston). Point-of-use treated lake water was 

collected from a residence on Wolfe Island, Ontario, after treatment by filter (5 micron filter) and 

UV light (Trojan UV Max C4 System). Tap water was collected from a faucet in the bioscience 

building of Queen’s University (Kingston, Ontario) by two steps: first, let the water run from the 

faucet for 2 minutes prior to the collection; second, collected water into a sterilized container with 
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thiosulphate (the concentration of thiosulphate in water sample was 5×10
-3

g/L) in it. These three 

water samples were stored in a refrigerator for up to 4 hours before testing. 

 

4.2.2 Medium and instrument 

 

The instrument is described in Chapter 3. Cuvettes were gamma-sterilized after loading the 

substrates as described in Chapter 3. The medium was the same as in Chapter 3 except the 

concentration of the R2A broth was prepared at double the normal concentration to provide the 

correct final concentration after mixing with equal volume of water sample.  

 

Water sample TVO sterility test procedure 

 

The samples were prepared in triplicate by aseptically adding 500 μL of tested water into the 

every cuvette with 500 μL of double-concentration R2A broth inside. The cuvettes were then 

covered with a lid and sealed with Parafilm and inverted several times to mix. The fluorescence 

signal in the bottom film of each cuvette was recorded at 0, 18, 24, 48, 72, 168, 240, and 336 

hours, the spectrum of the product as shown in Appendix D. Samples were stored in 22°C and 

37°C separately in a Styrofoam tube holder in the dark during the experiments. Samples were 

recorded as bacteria present when fluorescence exceed the specific PA threshold value (Table 3-5  

in Chapter3). 

 

Control samples were prepared by adding 500 μL sterile water and 500 μL double-strength R2A 

broth in gamma sterilized cuvettes. Replicates all samples were tested with Petrifilm to compare 

with the TVO test results. 
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Tests using mixtures of substrates simultaneously added to a sample were done to demonstrate 

the principle of detecting multiple vs. single indicator enzymes.  The tests used the Pyr-gluc, 

BODIPY-2-gal and Ant-S substrates because they can target different groups of bacteria, and they 

produce different fluorescent products that can be separately monitored at individual 

wavelengths. 10 μL of 4 mM solution of each substrate solution was added to the same cuvette 

and dried overnight before addition of the sample and medium.  

 

4.2.3 Reference methods 

 

3M™ Petrifilm™ Plates were used as the reference method for the TVO quantitative test. 1 mL 

water samples were spiked on the plates separately and cultured in 37°C for 48 hours for the 

bacteria counting. Another method, Colilert®-18 (from IDEXX, USA), was used as a reference 

test for TC and EC bacteria. The Colilert®-18 reagent was added into the 100 mL water sample 

and incubated at 37 °C, with results recorded at 18, 24, and 48 hours. 

 

4.3 Results and discussion 

 

Three water samples were tested with eight fluorescent substrates separately at both room 

temperature (22°C) and physiological temperature (37°C) for 2 weeks.  The present/absent 

response was recorded along with the detection time range.  ( as shown in Table 4-2) 
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Table 4-2 The P/A results at each time point of one of the three trials of the drink water 

from three sources Unit: a.u. 

 

a) The results of tap water from city distribution system 

Trial1: 

 

 

Trial 2: 

 

 

 

 

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - - +/- + +/-

37°C - - - - - - - -

22°C - - - - - + + +

37°C - - - - - + + -

22°C - - - - - +/- + +

37°C - - - - - + - -

22°C - - - - - + + +

37°C - - - - +/- + + +

22°C - - - - - + + +

37°C - - - - - - - -

22°C - - - - - + + +

37°C - - - - - + + -

22°C - - - - - + + +

37°C - - - - - + + +

22°C - - - - - - +/- +/-

37°C - +/- +/- +/- + + + +

Ant-S

Pyr-P

2AMANP

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Ant-glu

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - +/- +/- + +/-

37°C - - - - - - - -

22°C - - - - - - - -

37°C - - - + + + + -

22°C - +/- +/- +/- - + + +

37°C - - - - +/- + - -

22°C - - - - - +/- + +

37°C - - - +/- +/- + + +

22°C - - - - - + + +

37°C - - - - - + + +

22°C - - - - - - +/- +

37°C - - - - - +/- + +/-

22°C - - - - - + + +

37°C - - - - + + + -

22°C - - - - - +/- +/- +/-

37°C - - - - - + + +

Ant-glu

Pyr-P

2AMANP

Ant-S

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal
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Trial 3: 

 

 

 

b) the results from point-of-use treated lake water 

Trial1: 

 

 

 

 

 

 

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - +/- - - -

37°C - - - - - +/- - -

22°C - - - - - - - -

37°C - - - - - + +/- -

22°C - - - - - + + +

37°C - - - - - + +/- -

22°C - - - - - - - -

37°C - - - +/- +/- + + +

22°C - - - - - + + +/-

37°C - - - - - +/- +/- -

22°C - - - - - + + +

37°C - - - - - + + -

22°C - - - - - + + +

37°C - - - - + + + -

22°C - - - - - + + +

37°C - - - - +/- + + +

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Ant-glu

Ant-S

Pyr-P

2AMANP

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - - - - -

37°C - - - - - - - -

22°C - - - - - - - -

37°C - - - - - - - -

22°C - - - - - +/- +/- +

37°C - - - - - + + +/-

22°C - - - - - - - -

37°C - - - - +/- +/- +/- +/-

22°C - - - - - - +/- +

37°C - - - - - +/- + -

22°C - - - + + + + +

37°C - +/- +/- + + + + +

22°C - - +/- + + + - +

37°C - - +/- +/- + + + +

22°C - - - - - +/- +/- +

37°C - - +/- +/- +/- + + +

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Ant-glu

Ant-S

Pyr-P

2AMANP
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Trial 2: 

 

 

Trial 3: 

 

 

 

 

 

 

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - - - - -

37°C - - - - - - - -

22°C - - - - - - - -

37°C - - - - - - - -

22°C - - - - - +/- +/- +

37°C - - - - - - - -

22°C - - - - - - - +/-

37°C - - - - - +/- +/- +/-

22°C - - - - - - - +/-

37°C - - - - - +/- + +

22°C - + +/- + + + + +

37°C - +/- +/- + + + + +

22°C - - - +/- + + + +

37°C - - +/- + + + + +

22°C - - - + + + + +

37°C - - - + + + + +

Ant-glu

Ant-S

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Pyr-P

2AMANP

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - - - - -

37°C - - - - - - - -

22°C - - - - - - - -

37°C - - - - - - - -

22°C - +/- +/- +/- +/- +/- + +

37°C - - - - - - +/- +/-

22°C - - - - - - - +/-

37°C - - - - +/- +/- +/- +/-

22°C - - - - +/- + + +

37°C - - - - - + + +

22°C - - - - +/- + + +

37°C - +/- + + + + + +

22°C - - - + + + + +

37°C - - - + + + + +

22°C - - - + + + + +

37°C - +/- + + + + + +

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Ant-glu

Ant-S

Pyr-P

2AMANP
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c) the results from untreated lake water 

Trial 1: 

 

 

Trial 2: 

 

 

 

 

 

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - +/- +/- +/- - -

37°C - - - - - - - -

22°C - +/- + + + + + +

37°C - +/- + + + + +/- +/-

22°C - +/- +/- + + + + +

37°C - +/- +/- + + + +/- +/-

22°C - - - +/- +/- + + +

37°C - - + + + + + +

22°C - + + + + + + +

37°C - + + + + + + +/-

22°C - +/- +/- + + + + +

37°C - - +/- +/- +/- + +/- +/-

22°C - + - + + + + +

37°C - + + + + + + +

22°C - +/- +/- + + + + +

37°C - +/- + + + + + +

Ant-glu

Ant-S

Pyr-P

2AMANP

Ant-gluc

Pyr-gluc

Ant-gal

BODIPY-2-gal

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - - +/- +/- +/- +/-

37°C - - - +/- +/- +/- - -

22°C - - - +/- + + + +

37°C - +/- + + + + +/- -

22°C - - - +/- +/- +/- + +/-

37°C - + + + + + +/- -

22°C - - - + + + + +

37°C - +/- + + + + + +

22°C - + + + + + + +

37°C - + + + + + + +

22°C - +/- +/- + + + + +

37°C - - - +/- + + + +/-

22°C - + + + + + + +

37°C - + + + + + + +

22°C - +/- +/- + + + + +

37°C - + + + + + + +

Pyr-P

2AMANP

BODIPY-2-gal

Ant-gluc

Pyr-gluc

Ant-gal

Ant-glu

Ant-S
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Trial 3: 

  

 

 

All the results were eventually divided into two time periods (0  to 72 hours, 72 to 336 hours) for 

easy comparison with other reference test results (Table 4-3). The results suggested that lake 

water has the highest bacteria levels, and contains coliforms and probably E. coli. The 0 to 72 

hours results suggested that home treated lake water and the tap water from the city distribution 

system are E. coli free and coliform free, so both are safe for drinking. The results also suggested 

that for heterotrophic bacteria, the water from the city distribution system has fewer bacteria than 

the treated lake water.  The test results can be compared with the pattern for specific bacteria 

presented in Chapter 3 (Table 3-6), and the pattern indicates that the city tap water was free of 

Chryseobacterium, Pseudomonas fluorescens and Pseudomonas syringae. 

 

It is good that the HPC level is low in city tap water, because as mentioned in Chapter 1, high 

HPC measurements in tap water do indicate favorable conditions for bacterial regrowth and 

should be remedied. In this case, the city tap water has a higher hygiene level than the home 

Substrates Temp. 0 hrs 18 hrs 24 hrs 48 hrs 72 hrs 168 hrs 240 hrs 336 hrs

22°C - - - +/- +/- +/- +/- +/-

37°C - - - +/- +/- - - -

22°C - - - +/- + + + +

37°C - - + + + + +/- -

22°C - - - +/- + + + +

37°C - +/- +/- + + + +/- +/-

22°C - - - + + + + +

37°C - - + + + + + +

22°C - + + + + + + +

37°C - + + + + + + +

22°C - - - +/- + + + +

37°C - - - +/- + + +/- -

22°C - + + + + + + +

37°C - + + + + + + +

22°C - +/- +/- + + + + +

37°C - +/- + + + + + +2AMANP

BODIPY-2-gal

Ant-gluc

Pyr-gluc

Ant-gal

Ant-glu

Ant-S

Pyr-P
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treated lake water. The results suggested that the home treated lake water is safe to consume for 

now, however, it has a higher TVO result in the 0 to 72 hours. If the future TVO test results of 

this water are continuously positive, further inspection and possibly maintenance of both the 

home water treatment system and the plumbing carrying the treated water should be carried out.  

All three results from this test are completely consistent with the reference test results.  

 

The fluorescence spectrum suggested that multiple substrates test spectrum give the consistent 

negative or positive results as the single substrates test results (Figure 4-1). The 33 of the 36 

results of the of the multiple substrates TVO PA test are consistent with the single substrate 

results, which means 92% of the results are consistent (Table 4-4). 
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Table 4-3 The real water sample TVO sterility PA test results   the bottom: reference test results 

Substrate 
Temp. 

(°c) 

Untreated 
lake water 

 

Home-treated 
lake water 

 

Tap water from  
city distrubution system 

First 72 hours 72-336 hours First 72 hours 72-336 hours First 72 hours 72-336 hours 

Ant-gluc 

22 +/- +/- - - - + 

37 +/- +/- - - - - 

Pyr-gluc 

22 + + - - - - 

37 + + - - - + 

Ant-gal 

22 + + - + - + 

37 + + - +/- - + 

BODIPY-2-gal 

22 + + - +/- - + 

37 + + +/- + +/- + 

Ant-glu 

22 + + - + - + 

37 + + +/- + - +/- 

Ant-S 

22 + + + + - + 

37 + + + + - + 

Pyr-P 

22 + + + + - + 

37 + + + + + + 

2AMANP 

22 + + + + - +/- 

37 + + + + +/- + 
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Sample type  
Lake water 
untreated 

Lake water 
Home-treated 

Tap water from  
city distrubution 

system 

Reference method Colilert, Petrifilm (CFU/mL) 

E. coli 4 (37°C) Absent Absent 

Coliform 85 (37°C) Absent Absent 

HPC 171 (21°C) 101 (21°C) <250 (37°C)1 
 

1) The tap water from city distribution system HPC -reference result was obtained from Kingston water-quality reports 
[101]
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Figure 4-1 The kinetic curves of lake water sterility tests  a) using Pyr-gluc only; b) using 

BODIPY-2-gal  only; c) using Ant-S only; d) using Pyr-gluc, BODIPY -2-gal and Ant-S mixture; 

e) the fluorescence spectrum of test using Pyr-gluc, BODIPY -2-gal and Ant-S mixture at 0, 72 

and 336 hours. 
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Table 4-4 The comparison of the results of the multiple substrates and single substrate tests.  

92% of the multiple substrates results are consistent with single substrate result, others are 

highlighted. 

 

Substrate 
Temp. 

(°c) 

Lake water 
untreated 

Lake water 
Home-treated 

Tap water from  
city distrubution system 

First 72 hours 72-336 hours First 72 hours 72-336 hours First 72 hours 
72-336 
hours 

Pyr-gluc 

22 + + - - - - 

37 + + - - - + 

BODIPY -2-gal 

22 + + - +/- - + 

37 + + +/- + +/- + 

Ant-S 

22 + + + + - + 

37 + + + + - + 

Pyr-gluc  
in mixture 

22 + + - - - - 

37 + + - - - + 

BODIPY -2-gal 
in mixture 

22 + + - +/- - + 

37 + + - +/- - + 

Ant-S 
in mixture 

22 + + + + - + 

37 + + + + - + 
 

 

4.4 Conclusions 

 

The TVO present/absent test results for three types water samples corresponded well with 

reference test results indicating that this TVO method can be used for water quality assessment 

and can give useful information about the water sterility or hygiene level.  It can also give more 

selective information, for example, the test results suggested city tap water was free of 

Chryseobacterium, Pseudomonas fluorescens and Pseudomonas syringae. The multiple substrates 
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test suggested a possibility that specific bacteria strains could be distinguished in a single test by 

using properly chosen substrates. Two or more substrates working together may give a clue of the 

presence of one or several specific bacteria according the finger print table in Chapter 3.  
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Chapter 5 

 onclusions and Future Work 

  

5.1 Conclusions 

 

The key to developing an effective TVO test is to show it can detect a wide range of bacteria in a 

variety of water samples. In this study, we chose a set of bacteria strains similar to the set of 

fourteen bacteria strains used previously to as representative of aquatic heterotrophs 
[39]

. The 

purpose of using the set of strains is to compare our new TVO method with other established 

methods.  The results indicate that our new substrates can be used to detect heterotrophs, but the 

series of substrates can also provide more information by giving an enzyme activity “finger 

print”. The established tests use up to three substrates and all produce the same product, usually 

4-MU, whereas we characterized eight substrates for six different enzymes. With this set of 

results, more information about the water samples could be determined.  For example, we could 

show that the city tap water was free of Chryseobacterium, Pseudomonas fluorescens and 

Pseudomonas syringae while the lake water contained coliforms and probably E. coli.  Therefore 

this new method can provide more information regarding the hygiene level of the samples. 

 

The “finger print” results were generated by running individual substrates with multiple sub-

samples.  The spectrometer in this instrument can do full spectral measurements over a wide 

wavelength range, so three substrates which produce different fluorescent products and target 

different enzymes were loaded in one cuvette to test one water sample. The spectrometer was able 
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to distinguish the enzyme activities for the three substrates simultaneously, indicating future tests 

may be possible where the finger print is obtained from a single sample.  

 

In this study, a prototype instrument was developed for this work, where samples from 500 μL to 

1 mL can be easily tested.  For temperature control, the optical fibre coupling was used to 

monitor the sample cell placed in an incubator oven. 

 

For E. coli present/absent tests, other methods such as TECTA from ENDETEC use a selective 

medium to inhibit the detection of potentially interfering bacteria.  The combination of the 

selective medium and glucuronidase enzyme activity allow those tests to detect E. coli bacteria 

specifically with high reliability.  The medium we used in this TVO method is not selective for 

specific bacteria types. The positive glucuronidase enzyme result may due to the presence of the 

other bacteria strains, and cannot be used as a definitive indicator of E. coli in a water sample. A 

positive glucuronidase result in this test only suggests that water sample might contain E. coli, 

and a further E. coli test would be needed to determine if E. coli was definitely present.  

However, a negative glucuronidase result does suggest that sample is E. coli absent. Also, 

multiple substrates may not tell if specific bacteria are present in the sample, but they can be 

certain of the absence of one or more bacteria that would react with those substrates,which means 

this application can be used to test sterile water now.  Therefore, compared to other commercial 

TVO applications which can only provide absent or present results for a group of bacteria, this 

TVO application will be more relevant for testing samples with generally high hygiene levels (not 

much bacteria, such as “potable” or drinkable water, including sterile water such as 

pharmaceutical water) to confirm the absence of a certain types of bacteria.  
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In this study, four types of water samples – untreated lake water, point-of-use treated lake water, 

tap water from city distribution system, and sterile water – were tested for hygiene quality using 

all the substrates. The results indicated that the untreated lake water had the highest bacteria 

levels (both number and variety), including coliforms and possibly E. coli.  The home treated lake 

water and tap water were E. coli and coliform free, while the former had more heterotrophic 

bacteria than the latter.  The samples tested in Chapter 3 included sterile water, which was shown 

to be TVO-free based on a negative result for all substrates, as expected.  The results of the four 

water types tested were consistent with the expected result based on sample characteristics and 

reference test results. 

  

5.2 Future work 

 

A prototype detection instrument was demonstrated in this work.  A commercial version of this 

instrument would include an integrated sample holder (can fit 16 or even more samples) and 

incubator (temperature range from 21°C to 42°C), and probably a redesigned custom cuvette with 

polymer coating. For quantifying bacteria in a sample, water sub-samples can be loaded into a 

certain number of the cuvettes, each giving a positive or negative result, and an MPN method can 

be used to convert the results to an estimate of the bacteria level.  

 

To detect an even wider range of organisms, or to provide more information about the organisms 

in a mixture, more products with different spectrum wavelengths could be used to synthesize new 

substrates to distinguish more enzymes simultaneously.  For qualitative water testing, using a 
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selective medium (such as a medium containing antibiotics) to inhibit certain type of bacteria will 

allow greater characterization of which bacteria may or may not be present in a sample.   
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Appendix A 

The final results for maximum fluorescence intensity and the time used 

to reach that intensity 

The maximum intensities and the time used to reach that intensities of the polymer and 

fluorophore combinations  (The concentration of each product in 1 mL water sample is 4×10
-5

M) 

    P184 P186 OE-6003 OE-6002 

BODIPY-1 

Time to reach 
the maximum 
intensity (hour) 

48* 42.38 48* 48* 

Maximum 
intensity(a.u.) 
at 513nm 

6744* 14502 7363* 10047* 

AntOH 

Time to reach 
the maximum 
intensity (hour) 

5.52 3.78 5.62 5.60 

Maximum 
intensity(a.u.) 
at 436nm 

5382 8444 6252 7002 

PyrOH 

Time to reach 
the maximum 
intensity (hour) 

5.52 2.43 5.85 7.83 

Maximum 
intensity(a.u.) 
at 386nm 

13293 12422 16346 14799 

1-AMA 

Time to reach 
the maximum 
intensity (hour) 

1.67 1.30 1.79 2.07 

Maximum 
intensity(a.u.) 
at 497nm 

3791 6261 4535 3781 

2-AMA 

Time to reach 
the maximum 
intensity (hour) 

7.94 5.18 8.09 7.76 

Maximum 
intensity(a.u.) 
at 481nm 

1117 2523 1406 2111 
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BODIPY-2 

Time to reach 
the maximum 
intensity (hour) 

46.65 48* 35.14 47.30 

Maximum 
intensity(a.u.) 
at 541nm 

1137 2744* 1782 1819 

* The signal was still increasing at 48 hours, actual values for equilibration time and intensity are greater 

than the values indicated. 

 

Maximum intensity with standard deviation for six products in four PDMS types, 

respectively 
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Appendix B 

Fluorescence emission spectrum of six fluorescent products   
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Appendix C 

The spectrum of four products in PDMS film for TVO sterility test 

TVO test: E. coli with Ant-glu at 168 hours (37ºC) 

 

TVO test: E. coli with Pyr-gluc at 48 hours (37ºC) 
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TVO test: E. coli with 2-AMANP at 72 hours (37ºC) 

 

TVO test: E. coli with BODIPY-2-gal at 72 hours (37ºC) 
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Appendix D 

The spectrum of four products in PDMS film for lake water sterility test 

Lake water with Ant-glu at 48 hours (37ºC) 

 

Lake water with Pyr-gluc at 72 hours (37ºC)
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Lake water with 2-AMANP at 72 hours (37ºC) 

 

Lake water with BODIPY-2-gal at 72 hours (37ºC) 

 

 

0

2000

4000

6000

8000

10000

12000

14000

350 400 450 500 550 600

In
te

n
si

ty
 (

a.
u

.)
 

Wavelength (hour) 

2-AMA in P186 film in lake water test  

Background

2-AMA

0

5000

10000

15000

20000

350 400 450 500 550 600

In
te

n
si

ty
 (

a.
u

.)
 

Wavelength (hour) 

BODIPY-2 in OE-6003 film in lake water 
test  

Background

BODIPY-2


