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ABSTRACT 

To protect public health, detection and treatment technologies have been improved to monitor 

and inactivate pathogens in drinking water. The goal of this dissertation is to evaluate and utilize 

multiple online sensors and advanced oxidation processes to document both the detection as well 

as destruction of microbial contaminants in real-time. Reviews of rapid detection technologies 

for real-time monitoring of pathogens in drinking water and advanced technologies to inactivate 

pathogens in water are shown in Appendices A and B. 

The study in Appendix C evaluated the efficacy of real-time sensors for the detection of 

microbial contaminants. Bacillus thuringiensis was used in this research as a surrogate for 

Bacillus anthracis to determine each sensor response and detection capability. The minimum 

threshold responses of sensors were determined by injecting B.thuringiensis into deionized (DI), 

raw (unfiltered) tap water, or filtered tap water over a concentration range of 10
2
 - 10

5
 spores/ml.  

The BioSentry sensor responded to increases in concentration over the range of 10
2
 - 10

5
 

spores/ml. Below this range, sensors provided signals undistinguishable from background noise. 

The select sensors can detect microbial water quality changes, and these advanced technologies 

can be integrated to monitor intrusion events in water distribution systems.   

 The study in Appendix D evaluated the efficiency of the UV reactor for inactivation of 

MS2 coliphage. The virus MS2 coliphage (ATCC 15597-B1) has been proposed by the U.S. 

Environmental Protection Agency as a standard for UV reactor validation in the United States. In 

addition, MS2 is used as a surrogate for enteric viruses due to its similar size and morphology. 

Following UV radiation at a flow rate of 2gpm, infective MS2 showed a reduction of 5.3- log10 

when quantified with cultural plaque counts, whereas corresponding quantitative polymerase 

chain reaction (qPCR) data showed only a 1.7- log10 reduction in viral RNA copy number. In 
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contrast, plaque assay revealed a 5.8- log10 inactivation; a slight increase in infective MS2 

coliphage reduction at 1 gal per min but qPCR results indicate a 2.8- log10 reduction in viral 

RNA copy number; a one log more inactivation compared to 2 gpm. When H2O2 was added at 

either 2.5 or 5 mg/l with UV at either flow rate, enhanced MS2 inactivation occurred with a 

greater than 7 log10 reduction observed via plaque counts, indicating that all added MS2 had been 

inactivated, since no plaques were formed after incubation at 37°C for 24 hours. 

Correspondingly, qPCR data only showed a 3-4 log10 reduction in viral RNA copy number.  

 The study in Appendix E utilized online sensor to document the destruction of E.coli and 

Bacillus thuringiensis spores by UV/H2O2 treatment. In this study, Escherichia coli was tested 

for potential UV/H2O2 treatment in DI water and online sensors were also integrated to monitor 

the destruction in real-time. Pilot-scale experiments were performed using a Trojan UVSwift SC 

reactor (Trojan Technologies, London, ON, Canada) at a flow rate of 1 gal./min (gpm). UV 

radiation and UV/H2O2 combination in E.coli cell suspensions resulted in a >6 log10 reduction of 

the viable counts. Similar exposure to B.thuringiensis spores resulted in a 3 log10 reduction in 

viable counts. Scanning electron microscopy of the treated samples revealed severe damage on 

the surface of most E.coli cells, yet there was no significant change observed in the morphology 

of the B. thuringiensis spores. Following UV/ H2O2 exposure, the BioSentry sensor showed an 

increase in the unknown, rod and spores counts, and did not correspond well when compared to 

viable counts assays. Data from this study show that advanced oxidation processes effectively 

inactivate E. coli vegetative cells, but not B.thuringiensis spores which were more resistant to 

UV/ H2O2. 
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CHAPTER 1: INTRODUCTION 

 

As water quality perturbations related to rapid population growth and polluted freshwater 

resources continues to increase throughout the world, effective potable water quality monitoring 

and advanced treatment have become critical for water industry. Also, due to extreme water 

scarcity/water stress, direct potable reuse (DPR) is now being considered to boost supplies of 

drinking water. A 2012 National Research Council report on DPR states that, “Of the 32 billion 

gallons of wastewater discharged every day in the USA, 12 billion - equal to 6% of total U.S. 

water use - is sent to an ocean or estuary and is thus a lost resource (4)”. DPR refers to the use of 

reclaimed water via pipelines or engineered storage tanks directly from a wastewater treatment 

facility to a drinking water distribution system (3). Consequently, scientific and public health 

researchers, water industry specialists, policy makers and community stakeholders are currently 

considering DPR as a way to augment future US Drinking water supplies. However, DPR 

acceptance will only be determined by identifying and resolving concerns regarding advanced 

treatment technology, health risks, regulatory issues, management and operational controls, 

public perception issues and cost (1). This in turn is driving the development of new online 

monitoring and treatment technologies in the water and wastewater treatment fields. While 

advanced treatment and water quality monitoring systems can ensure the delivery of safe, 

sufficient and secure drinking water through DPR, gaining public acceptance remains to be a 

major challenge.  

Current advances in real-time monitoring technology and robustness of existing and new 

technologies, such as enhanced membrane systems and advanced oxidation processes, potentially 

offer complete elimination of microbial and chemical contaminants. Additionally, there has been 

a rapid advance in computing and sensor technology that has served to catalyze the progress of 
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real-time monitoring capabilities within the water industry (5). As a result, these advances have 

greatly enhanced the ability to detect chemical contaminants, organics and particles in water in 

real time, which is a critical need for early warning systems. However, a major concern in 

safeguarding water purity is the real-time detection of microbial contaminants. Currently there is 

no available technology that will specifically identify a microorganism in real-time; however, 

there are commercial sensors available that can detect microbial water quality changes in less 

than five minutes with a sufficient sampling rate as to be considered “real-time”. The current 

technologies and challenges for real-time monitoring of microbial contaminants is discussed in 

Appendix A in detail. Moreover, the drinking water community has now explored the use of 

common water quality sensors for the detection of chemical and biological contamination. Thus, 

water quality parameters such as free chlorine, turbidity, pH, Total organic carbon (TOC) and 

conductivity are now being utilized to monitor water quality. Hence, more water utilities have 

trended towards recent monitoring programs including continuous 24/7 data collection using 

online sensors in water distribution systems. Supervisory control and data acquisition (SCADA) 

systems enhance the detection of water quality changes through the use of algorithms to protect 

public health from a potential microbial intrusion event (5). 

Advanced treatment technologies are also rapidly developing, such as photochemical processes 

induced by Ultra-violet (UV) radiation that removes not only organic matter and chemical 

constituents, but also inactivate microorganisms within water and wastewater. More importantly, 

advanced oxidation processes (AOPs) can be used to maximize the removal rate of organics. 

AOP is the most widely used water treatment technologies for the elimination of disinfection by 

products (DBP), which are not treatable by conventional disinfection technologies. These 

processes involve generation and subsequent reaction of hydroxyl radicals ·OH. Many oxidation 
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processes, such as titanium dioxide (TiO2) and hydrogen peroxide (H2O2) in combination with 

UV, ozone (O3), O3 /UV, O3/H2O2 are currently employed for this purpose. Information on the 

inactivation of microbial contaminants via AOPs is available in Appendix B. 

Current technologies that allow for high quality water production meeting current drinking water 

standards are known as Advanced Drinking Water Treatment (ADWT). ADWT is focused on 

trace constituent removal from reclaimed water beginning with secondary effluent from a 

conventional Waste Water Treatment Plant (WWTP), and followed by tertiary treatment, and 

subsequently advanced oxidation treatment. Microorganisms and chemical contaminants are 

targeted by Microfiltration (MF), Ultrafiltration (UF), Nano filtration (NF), Reverse Osmosis 

(RO) and UV (4). ADWT treatment technology includes MF, RO, Powdered Activated Carbon 

(PAC) or Granular Activated Carbon (GAC), AOPs and chlorination or UV treatment.  

Technologies such as advanced treatment and water quality monitoring systems have been 

improved rapidly to enhance the reliability of safe potable water production (4). However, it 

should be noted that their operation and performance can be impaired in water treatment plants 

and the manufacturers’ specifications may not be met during actual performance in real world 

environments. Thus, it is critical to investigate the operation and performance of these 

technologies to ensure that they are in fact suitable for the intended use. The ability to develop 

effective technologies for water treatment is crucial to overcome water stress/scarcity (2). 

Therefore, it is paramount to test new technologies as they emerge to determine their reliability 

in solving real life issues. Hence, this study seeks to broaden the information about the role of 

early warning systems and AOPs to monitor and remove microbial contaminants in real-time. 
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CHAPTER 2: PRESENT STUDY 

 

Despite the application of a multi-barrier, conventional approach for municipal water treatment, 

outbreaks associated with potable water continue to occur in the United States. Even finished 

waters meeting all regulated water quality parameters have been associated with outbreaks of 

infectious disease. A major concern with drinking water supplies is the introduction of 

pathogenic microorganisms from the distribution system. Microbial intrusion can occur due to 

breaks or leaks in the distribution system or deliberate acts of contamination (i.e., bioterrorism). 

Waterborne outbreaks caused by distribution system deficiencies have been linked to: 1) 

contamination of mains due to construction, repair or flushing; 2) inadequate separation of water 

main and sewer lines; 3) cross-connection, 4) broken or leaking water mains, 5) corrosion, 6) 

contamination of service lines, 7) contamination of household plumbing, and 8) contamination 

during storage.  Moreover, online sensors and AOPs can ensure the detection and removal of 

contaminants found in potable water due to inadequate treatment or intentional contamination 

through acts of bioterrorism. 

The overall goal of this project is to use advanced oxidation and on-line sensor technology to 

demonstrate real-time documentation of contaminant destruction in potable water within 

distribution systems.  

Specific objectives:  

i) Demonstrate real-time technology to ensure contaminant-free potable water, safeguarding 

public health 

ii) Determine the most efficient oxidative process for complete pathogen removal with 

respect to UV energy, and ozone or peroxide concentrations 
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iii) Utilize molecular and cultural assays to validate the use of online sensors that 

demonstrate the absence of microbial contaminants in potable water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 

 

 

CHAPTER 3: DISSERTATION FORMAT 

 This Dissertation is presented in a format in which manuscripts in the process of 

submission for publication are presented in appendices following this introduction.  Appendix A 

and Appendix B contains a literature review.  Appendix C contains a research article formatted 

for publication in the JAWWA.  Appendix D contains a research article formatted for publication 

in the Water Science and Technology. Appendix E contains a research article formatted for 

publication in the Applied and Environmental Microbiology.  All research was conducted at the 

University of Arizona, in Tucson, Arizona, in the laboratories of Dr. Charles P. Gerba and Dr. 

Ian L. Pepper.  Dr. Charles P. Gerba, Dr. Shane A. Snyder and Dr. Ian L. Pepper assisted with 

editing of this dissertation and provided valuable advice throughout the research. 
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APPENDIX – A 

 

RAPID DETECTION TECHNOLOGIES FOR REAL-TIME MONITORING OF 

PATHOGENS IN WATER DISTRIBUTION SYSTEMS 

 

 

 

Abstract  

The evaluation of microbial water quality in drinking water is necessary to protect consumers 

from water-borne or water-based illnesses caused by pathogens such as bacteria, viruses and 

protozoa. In the past, water quality monitoring was determined through the use of indicator 

organisms, whose presence indicated the potential incidence of pathogenic microorganisms in 

water. However, there has been a great debate among scientists, engineers, public health officials 

and water utilities regarding the use of fecal indicators to determine water quality. In addition, 

drinking water outbreaks have occurred regardless of the presence or absence of indicator 

organisms. But consumers still demand safe drinking water that meets health quality standards, 

and aesthetic aspects such as color, turbidity, taste and odor. As a result, most water utilities have 

developed quality management and on-line monitoring systems because of i) lower costs; ii) 

real-time monitoring (independent of laboratory measurements); and iii) recent security concerns 

against bioterrorism. On-line monitoring sensors are installed as early warning systems for 

monitoring treatment efficacy in the distribution system. In this paper, we review recent 

detection strategies based on biosensors and nanotechnology. These technologies allow 

improved sensitivity of detection, and also provide important early warning data to decision-

makers to protect public health.  

Keywords: online monitoring, biosensors, drinking water, water quality 
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Introduction 

Microbial contamination of drinking water is a major issue worldwide because it is still a 

major source of water-borne or water-based illnesses in developed and developing countries, and 

can cause mortality as illustrated by recorded outbreaks. A total of 833 waterborne disease 

outbreaks (WBDOs), 577,991 cases of illness, and 106 deaths were reported during 1971 to 2006 

in the United States. During the 36-year period, total of 854 deficiencies were identified in the 

833 WBDOs, 97.8% with single deficiencies, 2.2% with two or more deficiencies and 38 

outbreaks with unknown deficiencies (1). From 2003 through 2004, thirty-six WBDOs 

associated with drinking water were reported in the U. S. caused by human microbial pathogens 

including protozoa, viruses, and bacteria resulting in 2,760 documented illnesses and 4 deaths 

(4). Approximately 42% of those were due to source water contamination, treatment 

inadequacies, or contamination in the municipal distribution system (DS) (4). In the last decade, 

the overall number of reported outbreaks associated with community water systems has 

decreased; however the number of outbreaks associated with DSs has increased (5). This trend is 

partly due to the rapid advancement of the deteriorating DS pipes in the U.S. since most DS 

networks have reached and exceeded their estimated life span limit (6, 54).  

Additionally, detection of pathogenic bacteria in drinking water has been an important issue for 

water utilities because of its critical impact on public health. The annual number of endemic 

acute gastrointestinal illness cases associated with consumption of public drinking water in the 

United States has been estimated to range from 4.3 to 11.7 million cases (2) and from 5.5 to 32.8 

million cases (3). Although traditional microbiological methods of cell culture and dilution and 

plating are the gold standards to confirm the presence of pathogens, it often takes 24-48 hours to 

complete the process. In addition, water treatment and distribution systems are highly vulnerable 

http://www.ncbi.nlm.nih.gov/pubmed/16895086
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to degradation of quality and reliability of supply as a result of many factors including natural, 

accidental, and intentional intrusion events. Rapid recognition of intentional or accidental 

intrusion contamination is vital to protect the integrity of the water supply, safeguard consumers 

from potentially harmful microbial and chemical contaminants, and ensure compliance with 

environmental regulations. Thus, both private and government sectors are strongly trending 

towards online monitoring using biosensors that can detect pathogens rapidly and precisely (18). 

New software and real time instrumentation and monitoring systems provide the tools 

that allows for the design and develop of early warning monitoring systems (55). Proper 

integration of hydraulic modeling systems, online monitoring sensors for the water distribution 

network, and the installation of a supervisory control and data acquisition (SCADA) system for 

both water treatment as well as the monitoring of critical points within the distribution system 

are an invaluable resource that allow water utilities to overcome intentional or intrusion 

contamination (56). Furthermore, after September 11, 2001, research accelerated in an effort to 

determine if conventional water quality monitors could be deployed for extended periods of time, 

and if water quality parameters would change in response to chemical and biological 

contamination. Research using online water quality monitors to detect contamination events has 

been performed and sponsored primarily by manufacturers of water quality monitors as 

described in Table 1. The goal of an early warning monitoring system is to reliably identify low 

probability and high impact contamination events (chemical or microbial) in source water or 

distribution systems in time to allow for an effective local response that reduces or avoids 

entirely the adverse impacts. This requires detection and decision making in real-time (25). Some 

of the advantages of an ideal early warning system over traditional assays would include 
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detection in sufficient time for action and minimal false positive or negative results (Table 2). In 

addition, the ideal sensor should be robust, reproducible, verifiable and durable.  

To date, there are a limited number of studies that have evaluated the use of commercial 

water quality sensors for real-time monitoring in DSs (19-24, 56). Sensors monitoring the DS 

have mostly focused on chemical contaminants or parameters. In contrast, there are only a few 

studies on sensors that detect microorganisms in real-time.  Byer and Carlson (20) performed a 

study evaluating the impact of arsenic, cyanide, and two pesticides on water quality parameters 

such as chlorine residual, turbidity, pH, conductivity, and total organic carbon (TOC).  Their 

results showed that cyanide had a measurable influence on all the sensors, whereas arsenic’s 

effect was primarily on sensors measuring electrical conductivity and turbidity.  In all, this study 

demonstrated that sensors monitoring several general water quality parameters can detect 

contamination events in a DS (20). Hall et al. (21) evaluated six single parameter sensors and 

three multi-parameter sensors that measured free chlorine, turbidity, pH, specific conductance, 

TOC, oxidation reduction potential (ORP), chloride, ammonia, and nitrate.  The study assessed 

the response to contaminants qualitatively using non-chlorinated secondary wastewater effluent. 

Sensors were utilized to detect potassium ferricyanide, a pesticide formulation, an herbicide 

formulation, arsenic trioxide, and nicotine. In addition, the presence of E. coli K-12 strain in 

growth media was detected. Results showed that no single sensor was able to respond to all the 

contaminants used, although the specific conductivity, TOC, free chlorine, chloride, and the ORP 

sensors did respond to a large number of contaminants (21).   

The U.S. EPA’s National Exposure Research Laboratory has developed several new 

detection methods for measuring microorganisms in water (www.epa.gov/nerlcwww) that 

overcome most of the disadvantages associated with conventional techniques in terms of 

http://www.epa.gov/nerlcwww
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sensitivity, specificity, and speed of detection. Traditional cultural methods are often used for 

detection of microorganisms including cell culture, immunological methods, polymerase chain 

reaction (PCR), and microscopic identification. Electrospray ionization (ESI) and matrix-assisted 

laser desorption/ionization (MALDI) mass spectrometry are newer methods that are also now 

being accepted. Many commercial companies have developed either single or multi-parameter 

in-line sensors that measure water quality parameters. Sensors that detect and specifically 

identify microorganisms in a large scale application can be difficult, and thus there are a limited 

number of biological sensor technologies available for real time detection such as: 

immunoassays, detection of bacterial adenosine triphosphate (ATP), flow cytometry or micro-

flow based technology, and multi-angle light scattering technology (9). Additionally, there are 

some emerging sensor technologies that can detect biological activity in water such as the: lateral 

flow assay, labels, magnetic beads, flow-through columns, Raman spectroscopy, microelectrode 

arrays, DNA microarrays, and photoluminescent biochips (9). 

Technologies to detect microbial contaminants 

The challenge in urban water systems is to detect and identify any potential pathogen in the 

presence of many other non-pathogenic microbes. Concentration techniques for increasing 

microbial numbers are essential for increasing the chances of detection and identification. 

Sample pretreatment to improve recovery rate and minimize the time for concentration is still a 

major challenge (99). 

Laboratory, as well as on-site detection, methods have been developed and improved for the 

identification and quantification of a range of micro-organisms (viruses, bacteria, protozoa) in 

water samples, but not in real-time. Characteristics of various technologies are shown in Table 2. 

Examples of these technologies used are described briefly: 
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I. Physical detection principles 

There is an increasing interest in utilizing the physical characteristics of microorganisms as a 

means to detect them (10-17). This area of research is still developing, and some of the 

methodologies include turbidity, vibrational spectroscopy and multi-angle light scattering 

technologies.  

Turbidity 

Turbidity is caused by suspended particles or impurities that interfere with the clarity of the 

water. Turbidimeter technology is currently used by numerous water utilities to monitor water 

quality. Companies such as HACH and S::CAN have developed water quality monitors which 

can measure physical parameters such as turbidity (Table 1). Real-time monitoring of the 

turbidity coupled to the use of “intelligent interpretive algorithms” can be used to establish 

baseline conditions for acceptable water quality, where, changes in these baseline conditions are 

indicative of altered water quality. 

Vibrational spectroscopy 

This technology involves interpreting the spectra that are emitted from transitions between 

vibrational levels of a molecule following excitation by laser light. Molecules such as nucleic 

acids, cytoplasmic proteins, membrane lipids or cell wall components are the building blocks of 

micro-organisms, and their exact composition and distribution is unique for each organism. 

Vibrational spectroscopy is a non-invasive and reagent-less method. It has been successfully 

applied to identify, differentiate and classify pathogenic microorganisms based on their unique 

spectroscopic signatures (70-72). Two methods are described briefly: 

(a) Raman spectroscopy 
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The Raman affect is defined as light excitation due to an elasticity of scattered light and Raman 

spectroscopy utilizes laser wavelengths ranging from ultra-violet through visible to near infra-

red. It has recently been developed into two technologies for microbial detection. Surface 

enhanced Raman-spectroscopy (SERS) is the identification of micro-organisms from the spectra 

produced due to the surface of the organism following reaction with antibodies. The combination 

of antibody and Raman spectroscopy increases the specificity of the identification (85). Since all 

molecules have their unique Raman spectroscopic signatures, the reservoir for SERS labels is 

greater than that of fluorescent labels. The second technique includes an optical tweezer, which 

is used to attach to a micro-organism, followed by laser light that produces a Raman spectrum 

(16). Using this technique, the discrimination between different strains of bacteria (Bacillus 

cereus, Enterobacter aerogenes, Escherichia coli, Streptococcus pyrogenes, Enterococcus 

faecalis and Streptococcus salivarius (17) and the germination of a single Bacillus spore (11) 

have been reported.  

b) Fourier transform infrared spectroscopy (FT-IR spectroscopy) 

The mid-IR region covers the wavelength range of 4000 to 400 cm. The basic principle of this IR 

technique is that various organic functional groups absorb infrared light at specific wavelengths. 

Thus, since every organic molecule has a unique chemical structure, it also has a unique infrared 

spectrum. Biological samples are composed of proteins, carbohydrates, lipids and nucleic acids. 

Since these molecules contain different functional organic groups, the IR spectrum produced 

consists of bands from each of these components. 

Infrared spectra are very complex and contain large amounts of information. To evaluate the data 

requires multivariate statistical analysis. Yu et al. (17) reported the identification of eight 

different micro-organisms in an apple juice matrix based on FT-IR spectroscopy.  

http://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy
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A general drawback of vibrational spectroscopy is that the molecular composition of a 

micro-organism depends on metabolic and environmental factors. Thus potentially any microbe 

can have multiple spectra. These technologies can only be developed further in the future if 

spectrum deviations caused by metabolic or environmental factors are less than the spectral 

deviations between strains. However, the ability to distinguish viable from non-viable cells is of 

great importance in evaluating water quality. Conventional cultural microbiological analysis is 

confounded when the water is contaminated with viable but non culturable (VBNC) 

microorganisms (100) and so, rapid spectroscopic screening of drinking water for the presence of 

pathogenic microorganisms has the potential to become a powerful tool for determining water 

quality and public health security. For example, more research has been initiated into the use of 

vibrational spectroscopy for the on-line detection of microorganisms. 

 

Multi-angle light scattering (MALS) technology 

MALS is a variation of turbidity measurements but instead of one light source, several light 

sources and angles of refraction are used. With proprietary algorithms, the shape, size, refraction 

index and internal structure of a particle can be deduced from the light scattering patterns. With 

this technique, microorganisms can be accurately detected. 

MALS identification of micro-organisms is less reliable than identification by vibrational 

spectroscopy. However, MALS technology is beginning to mature and commercial equipment is 

available in the market such as BioSentry
®

, which is an in-line sensor that allows for continuous 

real-time monitoring of microbial contaminants (Table 1).  The sensor contains a laser beam that 

strikes individual cells or particles in water, resulting in unique light scattering patterns.  Such 

patterns depend on the size and morphological characteristics of the target particle.  Data 
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obtained are compared to patterns with a computerized database of patterns from known 

pathogens, which are then placed into 4 identifying categories: rods, spores, protozoa, and 

unknown. Based on Miles et al., (56) and USEPA (25) evaluation results, sensitivity and 

threshold levels of these devices need to be further improved before implementing into a 

SCADA system in a large-scale water quality monitoring program. However, BioSentry
®

 can 

also be utilized as a real-time trigger that informs the operator that the water quality is degrading, 

and that the situation warrants investigation. This is the case when microbial counts in the water 

increase rapidly. 

 

II. Biosensors 

This sensor group uses biological components, such as a protein (antibody, enzyme, receptor or 

DNA), other cell components, or the whole cell or organism. Rodriguez-Mozaz et al., (32) 

suggested that new biosensors must be evaluated with environmental samples since there may be 

problems with selectivity and sensitivity in these real-world samples. The function of a 

pathogenic biosensor is to transduce receptor recognition towards the target pathogen into a 

detectable signal (78). Pathogenic sensing relies on either immunosensing or nucleic acid 

detection. Immunosensors are based on the interaction between antigens presented on the target 

cells and antibodies immobilized on surfaces (44-45, 86-87). The resulting conjugates have been 

detected via various sensing methods (33-35), including fluorescence, electrical or 

electrochemical impedance (27), cantilever (29), quartz crystalline microbalance (QCM) (26, 

31), or surface plasmon resonance (SPR) (28, 80-82). In contrast, nucleic acid-based sensors 

detect DNA or RNA originating from target cells (79). Because cells contain a low copy number 

of nucleic acids, the sensor generally requires the step of amplifying target nucleic acids using 
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polymerase chain reaction (PCR) or reverse transcriptase PCR (RT-PCR). In addition, there are 

several intricate strategies for amplifying signals that report the hybridization between probe and 

target DNA (36-40). Pathogen sensors based on nucleic acid detection includes several steps 

comprising lysis, extraction of nucleic acids, purification, and detection. While a lab on-a-chip 

sensor can be an attractive platform for real-time sensing, it has been challenging to integrate 

PCR with other required steps for this technology (83-84). In addition, these technologies require 

at least 2 hours and are therefore not real-time. 

Micro and nano-scale sensors are suitable for detecting waterborne pathogens, and common 

nano-scale materials such as carbon nanotubes and quantum dots are now extensively applied for 

quantitative detection of microorganisms including bacteria and protozoa (41-43, 64-66). 

Vikesland and Wigginton (47) recently provided a review on nanomaterial-enabled biosensors. 

Only a few studies have been successful using nanomaterial enabled bioassays to detect 

waterborne pathogens. There are still problems such as nonspecific binding, particle size 

variation, nanoparticle aggregation, nanoparticle stability and most importantly, these techniques 

do not differentiate viable from nonviable cells or viable but noncultural organisms. In another 

review, Connelly and Baeumner (18) discussed the pros and cons of biosensors for detection of 

pathogens in water. They summarize that while DNA biosensors and immunosensors have the 

potential to reduce sampling time and sensitivity of detection, there are still other issues 

including specificity with these techniques. 

III. Molecular biology assays 

Molecular biology assays are based on recognition of specific DNA sequences of 

microorganisms. Although their specificity is very high, these methods do have several 

limitations including the inability to discriminate between live and dead bacterial cells (76).  
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The development of protein nucleic acids (PNA) and nucleic acid sequence based amplification 

(NASBA) assays increases the possibilities for on-line monitoring of microorganisms (77).  

Molecular methods such as quantitative PCR (74-75, 89-90) and pyrosequencing (91-93) have 

been widely used in detection of pathogens in environmental samples , however, there are still 

issues including the inability to differentiate infective and non-infective organisms, the presence 

of target microorganisms at low numbers in the environment, and the presence of PCR-inhibitory 

substances (48, 73). In addition, they are not real-time technologies. These assays need to be 

improved since they overestimate the viable pathogen numbers in disinfected water (49, 76).  A 

near real-time PCR assay was developed by Yanez et al., (51) to measure Helicobacter pylori in 

water. This method was based on the amplification of a fragment of a gene specific to H. pylori 

and the use of an external standard for quantification. In contrast, Janzon et al., (98) failed to 

detect H. pylori in drinking and environmental water samples using highly sensitive qPCR 

assays.   

To overcome the problems associated with conventional cell culture and PCR assays, Reynolds 

et al., (88) developed a new method combining cell culture with PCR (ICC-PCR). Rodriquez et 

al., (76) discussed the pros and cons of this ICC-PCR approach. Advantages include reduced 

time needed for detection of infectious viruses in environmental samples and detection via this 

technique implies that the virus were infective since growth in cell culture prior to PCR is a 

prerequisite. Similarly, the use of propidium monoazide (PMA) in conjunction with end-point 

PCR and denaturing gradient gel electrophoresis (DGGE) can also discriminate between live and 

dead cells (94-96). 
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IV. ATP measurements 

Adenosine triphosphate (ATP) is the energy transporter of living organisms and as soon as an 

organism dies ATP concentrations rapidly decrease. The concentration of ATP in micro-

organisms depends on species, strain, metabolic activity and environmental factors. The 

determination of ATP using a bioluminescence assay is based on a reaction between the enzyme 

luciferase, the substrate luciferin and ATP. Light is emitted during this reaction and can be 

measured quantitatively to estimate the amount of bacteria present in a water sample (59). ATP 

measurements are rapid, and on-site analyses are available within a couple of minutes. However, 

disadvantages of ATP measurements include the cost and the ambiguous relation between the 

measured signal and the numbers and activity of the organisms present. The enzymes required 

for the analysis are very expensive. Separation of cell-bound ATP from free ATP and removal of 

any eukaryotic cells would provide a more reliable estimate of bacterial numbers, particularly if 

this was an automated process. This may yield a powerful tool in the future, when combined with 

specific microbial identification techniques (61).  

V. Antibody assays 

Antibody assays are less selective than molecular biology assays due to the differences in 

specificity of proteins and carbohydrates. Antibodies can be manufactured to recognize specific 

protein and carbohydrate structures, a principle that can be exploited to identify micro-

organisms. The exterior of any micro-organisms consists of multiple protein and carbohydrate 

molecules and some of these are species or strain-specific. The main drawbacks to antibody 

assays are the requirements for reagents and vulnerability to matrix effects of the sample. Highly 

selective and sensitive antibodies are readily available for many pathogens, and there are a 

number of well-established methods to conjugate antibodies to nanomaterials. For these reasons, 
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immunological recognition by antibodies continues to be the most widely used tool for the 

selective capture and labeling of microorganisms. Antibody-based methods have been used 

extensively to detect bacteria, virus, toxins, and spores as shown in Table 3.   

 

VI. Immunomagnetic Separation Methods and Flow Cytometry 

Flow cytometry methods are rapid and quantitative and can be versatile since many 

methods can be combined such as nucleic acid probes and immunofluorescence to monitor 

viability (57). The use of the flow cytometry instrument in the water industry has been evaluated 

for the identification of Escherichia coli O157:H7 and Cryptosporidium parvum (53, 58, and 60).  

A portable hand-held fluorescence detector was developed by Wildeboer et al., (50) for the rapid 

detection of E. coli in water. This method used a 4-methyl-umbelliferone-β-D-glucuronide as a 

substrate and results obtained could be easily compared to other traditional methods.  

MALDI-MS has also been used to identify and characterize microorganisms. Glassmeyer et al., 

(46) developed MALDI-time of flight mass spectrometry (TOF/MS) to analyze Cryptosporidium 

parvum oocysts. This is not real-time since oocysts of C. parvum and the matrix have to be 

mixed and held for at least 45 min. In another study, Li et al. (52) developed a new ICP-MS 

method using gold nanoparticle labeling to measure E. coli O157:H7 in water. This technique 

was very rapid with high specificity and sensitivity, but didn’t distinguish viable and non-viable 

cells. However, a new method developed by Liu et al., (97) was capable of quantifying viable but 

non culturable (VBNC) E.coli 0157:H7. This approach combined reverse transcription and qPCR 

targeting the rpoS mRNA and was capable of quantifying E. coli O157:H7 in tap and river water 

(97).  
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Conclusion 

Currently, the development of various sensors and on-line monitoring systems is progressing 

rapidly. These technologies can have clear and multiple benefits for water utilities such as lower 

costs and real-time detection. However, many of these technologies need to be developed further 

and have not been tested in real world scenarios. With most new technologies, there are still 

problems with robustness, sensitivity, precision and reliability. On the other hand, most on-line 

sensors are utilized for physical parameters such as TOC, turbidity, pH, and water temperature. 

Other parameters include free chlorine, fluoride, spectral adsorption, and conductivity. Sensors 

for microbial contaminants are less frequently utilized by water utilities. 

Water system distribution networks are a major area of vulnerability. Water systems require the 

ability to track the transport of microbial contaminants and therefore, these online sensors have 

to be placed at points throughout the distribution system. This is an extremely complex process 

that will require sophisticated distribution water quality modeling for real-time monitoring. 

While it isn’t reasonable or feasible to use real-time monitoring for every biological agent that 

could be introduced deliberately into a water system, it is practical to monitor overall microbial 

water quality parameters where a change in numbers can signal in real-time, the potential for the 

presence of other pathogenic microorganisms in water. Most important, these monitors must be 

capable of remote operation, be maintainable, sensitive, quality assured, and last but not least 

affordable. In summary, proper design and integration of the hydraulic modeling systems, online 

monitoring sensors and SCADA system can allow water utilities to plan for and rapidly react to 

an accidental or intentional contamination of water distribution systems. 
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Table 1: Commercial Sensor Characteristics  

Sensor Approximate 

Purchase 

Price(US $) 

Description 

JMAR BioSentry™ 

Technology: Light 

Scattering
 

(JMAR, 10905 Technology 

Place, San Diego, CA 

92127) 

 

50,000 The Multi-Angle Light Scattering (MALS) technologies use laser beams to strike individual cells or particles in 

water within a distribution system, resulting in unique light scattering patterns.  Such patterns depend on the 

morphological characteristics of the target particle.  Comparisons of obtained patterns with a computerized data 

base of patterns from known pathogens, allows for continuous real-time monitoring of microbial contaminants.   

 

S::CAN spectro::lyser 

Technology: Light 

Scattering (s::can 

Measuring Systems LLC, 

P.O. Box 36402, 

Cincinnati, OH 45236) 

 

25,000 The S::CAN uses UV-spectroscopy to generate a broadband picture of overall water quality.  The assumption is 

that any new contaminant in the water will be detected as a deviation from the baseline or reference signal.  The 

reference signal is normally generated from historical samples that allow for the system to be trained to a specific 

water.  This training is essential for real-time monitoring to reduce the incidence of false alarms.   

 

HACH Monitoring 

Platforms: Non-Specific 

Sensors (HACH, P.O. Box 

389, Loveland, CO 80539) 

 

30,000 This unit utilizes in-line sensors that would likely change following a change in water quality that result from a 

chemical or microbial intrusion.  The parameters include: pH, total organic carbon, free chlorine, turbidity and 

electrical conductivity.  TOC is measured with a non-dispersive infrared (NDIR) method by adding 0.6 M 

phosphoric acid and 0.6 M sodium per sulfate to the water sample to produce TOC.  Subsequently the TOC is 

oxidized by UV light to make CO2 and this gas/liquid mixture is separated and the gas read by an NDIR detector.  

The output is directly proportional to the original TOC in the sample. 

 

Real Tech Real UVT (1375 

Hopkins Street 

Whitby ON L1N 2C2 

Canada) 

5,000 The Real UVT Online monitor is a continuous UV 254nm testing monitor. The UV 254 wavelength provides an 

estimate of organic content in test water.  The instrument measures UV transmittance referenced to a test water 

sample.  The UVT online monitor uses two different path lengths to overcome this parameter’s typical problems 

with lamp drift or flow-cell fouling.  

 

GE 5310 Online Total 

Organic Carbon (TOC) unit 

(GE Analytical 

Instruments, 6060 Spine 

Rd., Boulder, CO 80301)  

 

25,000 The GE TOC unit is a single parameter sensor that measures TOC with selective membrane conductimetric 

technology.  This process separates organic molecules into Cl, CO2, and SO4 by an ultraviolet light reactor.  These 

molecules pass into a CO2 transfer module containing a membrane that only allows CO2 to pass through.  The CO2 

can then be further separated into H
+
 and HCO3.  Thereafter the TOC is measured as it accumulates in the 

conductivity cell.   
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Table 2: Comparison of Detection Systems for Waterborne Pathogens 

 

Characteristics of 

Test Method 

Online 

sensors 

Traditional 

Microbiology 

Molecular 

Techniques 

(PCR) 

ATP 

Luminescenc

e 

Immunoassay

s 

      

Sample Type Continuous 

flow 

Grab sample Grab 

sample 

Grab sample Grab sample 

Assay time Minutes Hours to days Hours Minutes Hours 

Performance 

Approach 

Full 

Automation 

Manual Semi-

automated 

Semi-

automated 

Semi-

automated 

 

Remote 

Operation 

     
 

Automated 

Notification 

     
 

 

Customized 

Thresholds 

     
 

 

SCADA 

compatible  

     
 

 

Consumable/ 

Reagent costs  

Low Cost Low Cost High Cost Low Cost High Cost 
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Table 3: Nanomaterial enabled sensor applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Signal 

transduction 

method 

Recognition 

element 

Nanoparticle 

identity 

Organisms Detection limit References 

Electrochemical Antibody Gold 

nanoparticle 

S.typhi 98.9cfu/ml 

(PBS) 

(62) 

 Antibody Magnetic 

nanoparticle 

Adenovirus  10
3
pfu/ml(PBS) (63) 

fluorescence Antibody Quantum dot S.typhi 10
3
 cells/ml (64) 

 Antibody Quantum dot E.coli 0157:H7 10
6
 

cells/ml(PBS) 

(65) 

 Antibody Quantum dot C.parvum, G. 

lamblia 

Not reported (66) 

magnetic Antibody Magnetic 

nanoparticle 

Mycobacterum 

avium spp. 

Paratuberculosis 

15.5 cfu/ml (67) 

Surface 

plasmon 

resonance  

Antibody Gold nanorod E.coli 0157:H7 1-10 

cfu/ml(PBS) 

(68) 

 Antibody Silver 

nanoshell 

E.coli 3-5 cells 

(water) 

(69) 

Surface 

enhanced 

Raman 

Antibody Gold 

nanoparticle 

Feline 

Calicivirus 

10
6
 pfu/ml (70) 

 

 Antibody Gold 

nanoparticle 

Cryptosporidium 

parvum 

Not reported (71) 

 Antibody Silver 

nanoparticle 

E.coli Not reported (72) 
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APPENDIX – B 

 

ADVANCED OXIDATION PROCESSES: MICROBIAL INACTIVATION 

 

Abstract  

 

 

Industrialized countries are increasingly implementing more advanced water treatment 

technologies to treat a wide range of emerging organic contaminants including endocrine 

disrupting chemicals (EDCs) such as pharmaceutical and personal care compounds (PPCC). It is 

important to investigate treatment efficacy for removal of such emerging contaminants and 

pathogenic microorganisms from wastewater treatment plant and drinking water sources. In 

particular, Advanced Oxidation Processes (AOPs) are becoming more popular than UV 

disinfection due to their ability to produce highly reactive hydroxyl radicals (.OH). However, 

there are very few available reports on inactivation of microorganisms via free hydroxyl radical 

oxidation in-line flowing through systems. This article reviews the application of different 

advanced oxidation processes (AOPs) including: UV/H2O2 (ultraviolet radiation/hydrogen 

peroxide), UV/O3 (ultraviolet radiation/ozone) and O3/H2O2 (ozone/hydrogen peroxide) for the 

reduction of microbial contaminants in continuous-flow reactors.  
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Introduction  

Access to high quality water through advanced treatment is essential to contemporary life, and 

over the last few years there has been an increased interest in UV disinfection technology since it 

is very effective for the inactivation of Cryptosporidium parvum oocysts and Giardia lamblia. 

UV light can be also used for the inactivation of other water pathogens. Chevrefils et al., (1) 

presented a summary of the UV dose required to inactivate bacteria, protozoa and viruses in the 

laboratory using a collimated beam apparatus. However, after the implementation of the Long 

Term 2 Enhanced Surface Water Treatment Rule and the Stage 2 Disinfectant and Disinfection 

Byproducts Rule (18), water utilities have trended towards more extensive treatment 

technologies. Integration of advanced oxidation processes (AOPs) such as the combined 

application of UV/H2O2, UV/O3 and O3/H2O2 has been shown to be highly effective and 

economical for the treatment of contaminants in drinking water and wastewater (2). Numerous 

studies report that AOPs are effective for the destruction of natural organic matter and various 

emerging pollutants such as endocrine disruptors and pharmaceuticals (3, 4 and 25); but there are 

very few available reports on inactivation of microorganisms via .OH radical oxidation in flow 

through systems (11).  

Currently, there are different ways to produce UV radiation: via low pressure (LP); low pressure 

high output (LP-HO) lamps; or medium pressure (MP) mercury lamps as well as excimer lamps. 

LP lamps emit their energy output at a wavelength of 253.7 nm, while MP lamps emit 

polychromatic radiation at different emission regions. However, the intensity of MP lamps is 

much greater than LP lamps.  Thus, fewer MP lamps are required for an equivalent dosage (18). 

Most recently, xenon excimers (Xe2) lamps have been gaining appeal for UV disinfection, as 
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they are mercury- free and emit nearly monochromatic radiation at wavelengths ranging from 12 

to 345 nm (10). 

 

Advanced Oxidation Processes (AOPs) 

To date, advanced oxidation processes (AOPs) are not commonly used in drinking water 

treatment in the United States. H2O2/ozone has been used in drinking water treatment plants by 

mixing H2O2 with the influent of the ozone reactor (12, 14). For UV/ H2O2, the water treatment 

plant in Andjik, Netherlands was the first large drinking water treatment plant that installed the 

UV/ H2O2 AOP, and has been in operation since 2004 (9). 

 

AOPs include photochemical degradation processes, such as UV/H2O2, UV/O3, and 

UV/O3/H2O2, in which UV radiation plays a secondary role by initiating the photoreaction in the 

presence of oxidizing agents to produce highly reactive intermediates known as hydroxyl 

radicals (.OH), which can degrade organic contaminants rapidly (20). The advantages and 

disadvantages of each AOP system are described in Table 1.  

AOPs are usually intended to treat organic constituents with high toxicity profiles including 

endocrine disruptors, personal care products, pharmaceutical active compounds and their 

metabolites, pesticides, herbicides as well as carcinogenic disinfection by-products (DBPs), such 

as thrihalomethanes and nitrosamines (21, 23). 

Since conventional treatment processes do not remove these kinds of contaminants, AOPs are 

becoming an excellent complement for wastewater treatment (22). Thus, this technology 

increases the ability to remove organic compounds as well as emerging contaminants and 

disinfection by products, and also inactivate microorganisms. Hydroxyl radicals have the ability 
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to destroy microbial cell walls and unsaturated bonds of fatty acids in the cell membrane, thus 

altering its permeability subsequently causing cell death (11). Studies applying various AOPs for 

microbial inactivation in flow through systems are summarized in Table 2. The accumulated 

literature data on the inactivation of microorganisms demonstrate that AOPs is effective against 

most pathogenic micro-organisms. However, Adenoviruses and bacterial spores are highly UV 

resistant, whereas bacterial vegetative cells and oocysts of Cryptosporidium and Giardia are 

more susceptible with a UV dose of 20 mJcm
-2 

(18). Linden et al., (16) demonstrated that 

medium pressure UV lamps can achieve >4-log reduction of Adenoviruses at economically 

effective UV doses lower than 100 mJ/cm
2
, whereas low pressure requires 186 mJ/cm

2
 for a 4-

log reduction according to USEPA reports (18). When AOPs are applied during wastewater 

treatment, the occurrence of photo-reactivation of bacteria is a concern and requires further 

research. Guo et al. (26) showed that E.coli can undergo photorepair following exposure to low 

pressure (LP) and medium pressure (MP) UV lamps. UV induced pyrimidine dimers in DNA 

were continuously repaired during exposure to both LP and MP lamps (26). Bacterial spores are 

also highly resistant to both MP and LP lamps because the UV does not act directly on the DNA 

of Bacillus subtilis spores, but rather on the dipicolinic acid (DPA) spore coat, with an 

absorption peak close to 270 nm (8). 

Several studies have reported the inactivation of microorganisms by UV, but environmental 

bacteria and bacterial spores may be more resistant to UV than lab cultured organisms. This 

means that higher UV fluence is required to obtain inactivation of indigenous spores (27). 

According to Linden et al., (18), the wavelengths of polychromatic MP UV lamps are more 

effective at killing larger and more UV-resistant micro-organisms than LP monochromatic UV 
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lamps. More recently, there is interest on the development of light-emitting diode (LEDs) and 

xenon excimers lamps to replace traditional mercury lamps.   

 

AOP Technologies 

I. H2O2/O3 advanced oxidation processes  

When H2O2 and O3 are simultaneously applied to water, they react to form hydroxyl radicals 

(.OH), which can oxidize most chemical and microbial contaminants (12, 14).  

H20 + H202       
 
        HO2

-
+ H30

+ 

 

O3 + HO2 
-    

                 .OH + O2
- 
+ O2 

H2O2 is a weak acid that partially dissociates into the hydroperoxide ion (HO2 
-
), which rapidly 

reacts with O3 to form .OH radicals (11). 

II. UV/H2O2 advanced oxidation processes 

Hydrogen peroxide generates hydroxyl radicals upon irradiation with ultraviolet light. A greater 

number of radicals are produced when MP-UV lamps are used compared to the LP-UV lamps 

(6). 

H2O2      
hʋ

             2 .OH  

III. O3/UV advanced oxidation processes 

Hydroxyl radicals are generated from the reaction of ozone with ultraviolet radiation (11). The 

LP or MP UV radiation can be used to ozonate water to form highly reactive hydroxyl radicals as 

follows: 

O3 + H20       
hʋ

         O 2 + H2O2 (λ <300 nm) 

2O3 + H2O2                      2.OH +3O2 
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Concluding Remarks 

AOPs are becoming a promising technology for both water and wastewater treatment processes. 

It has been shown that photochemical processes are one of the most efficient processes among 

AOPs to produce the hydroxyl radical (.OH), which is a powerful oxidant for the removal of 

emerging contaminants. Thus, AOPs are now widely used in water treatment for removing 

organic pollutants and microorganisms. Many oxidation processes, such as TiO2 /UV, H2O2 /UV, 

Photo-Fenton, and ozone O3, O3 /UV, O3/H2O2 are currently being investigated for this purpose. 

However, the main disadvantage of AOPs is their high cost compared to conventional treatment 

(24). The use of AOPs for water treatment has been studied extensively, but over the coming 

decades research will increasingly focus on the reduction of operational costs for AOPs.  
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Table 1: Pros and Cons of AOPs Technologies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AOP Technology Advantages  Disadvantages  

   

H2O2/O3 More effective than  H2O2 or O3 alone 

Supplemental Disinfectant  

Potential for bromate formation 

May require treatment of excess  H2O2 due to 

potential microbial growth 

Require an air-permit for ozone emissions and 

off-gas treatment 

O3/UV More effective than O3 or UV alone 

More efficient at generating hydroxyl 

radicals than  H2O2/UV AOP for equal 

oxidant concentrations 

Low solubility with water 

Potential for bromate formation 

Turbidity can interfere with UV light 

penetration  

Potential release of mercury from UV lamps 

and sleeve failures 

Less energetically efficient for production of 

large quantities of .OH radicals  

May require ozone off-gas treatment or 

permitting 

 

UV/H2O2 NO potential for bromate formation  

MP or LP-UV can serve as disinfectant  

No off-gas treatment required 

More effective than  H2O2 or UV alone 

Relative easy H2O2 storage 

High  H2O2 solubility with water   

Potential increase in DBPs when combined 

with pre or post chlorination 

Interfering compounds ( e.g. nitrate) can 

absorb UV light 

Potential release of mercury from UV lamps 

and sleeve failures 

Less stoichiometrically efficient at generating  

hydroxyl radicals than  O3/UV process 
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Table 2: A brief summary of studies on microbial inactivation via AOPs in flow-through systems 

 

 

 

 

NA: Not Available 

NR: Not Reported 

 

 

 

 

 

 

UV only or AOP  UV lamp UV dose mJ cm
-2

 Microorganisms Log 

reduction 

References 

      

      

UV/H2O2 MP or LP 450 MS2  >8 (6) 

UV only  LP 100 MS2 4 (8) 

   Cryptosporidium  

Giardia muris 

Adenovirus 

>6 

>4 

>1-2 

 

      

UV/H2O2 MP 120 MS2 Phage 

Bacillus spores 

Cryptosporidium 

>3 

4 

>4.5 

(9) 

UV only MP <100 Adenovirus >4 (16) 

UV only LP NR MS2 2-3 (17) 

UV only  

 

NR 80 B. subtilis spores 4.5 (13) 

 

O3/H2O2 NA NA E.coli  >6.59 (12) 

   ɸX174 

MS2 

PRD-1 

B. subtilis spores 

>5.91 

>6.64 

>6.26 

0.38 

 

      

O3/H2O2 NA NA Total coliforms 

Fecal coliforms 

Bacillus spores 

MS2 

2.5 

3.5 

NR 

>6.5 

(14) 

O3/UV NR NR Total heterotrophic 

bacteria counts  

Total coliforms 

1.6-2.7 

 

2.5-4.3 

(15) 

O3/UV NA NA MS2 6.5 (19) 

UV only Excilamp 40 Bacillus 

subtilis(spores) 

4 (7) 

 Excilamp 60 Bacillus 

subtilis(spores) 

>5 (5) 
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Abstract 

Water utility treatment failure, as well as intentional or accidental water intrusions can 

introduce biological and/or chemical contaminants into public drinking water distribution 

systems. Recently developed real-time water quality sensors can be implemented to detect such 

contamination events. The overall objective of this study was to evaluate the potential for real-

time monitoring of bacterial spores using several different water quality sensors including: the 

HACH Guardian Blue Monitoring Platform; the JMAR BioSentry unit; and the S::CAN 

spectro::lyser technology. Bacillus thuringiensis spores were used as a surrogate for Bacillus 

anthracis. The minimum threshold response of sensors to the microbial contaminant was 

determined by injecting B. thuringiensis spores into deionized (DI), filtered or unfiltered tap 

water. Out of these three sensors, the BioSentry sensor responded to an increase in B. 

thuringiensis spore concentrations with a range between 10
2
 -10

5 
spores/ml. In contrast, the 

HACH and S::CAN units measured other water quality parameters such as turbidity, pH, total 

organic carbon, and conductivity. The sensors were able to detect microbial water quality 

changes at high densities and can be utilized as part of a contaminant warning system for 

monitoring intrusion events in water distribution systems.   

 

Keywords: online monitoring, water quality sensors, Bacillus spore, real-time monitoring 
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Introduction 

Access to high quality water through sustainable treatment and effective water 

distribution systems is essential to contemporary life in developed countries.  To monitor for 

microbial contaminants most municipal water utilities rely on indicator organism tests (i.e. fecal 

coliform or E. coli) that can take up to 24 hours before results are obtained.  As a consequence, 

distribution systems are relatively unprotected and vulnerable to intentional, natural, or 

accidental contamination from microbial agents (Helbling and Vanbriesen, 2008).  The lack of 

real-time monitoring of distribution systems means that of contaminants enter a distribution 

system via an intrusion event, more people are potentially exposed.    

The use of integrated and intelligent sensors to operate in real-time, with the ability to 

recognize and diagnose day-to-day and perhaps minute-to-minute water quality disturbances can 

aid in proving increase security for detection of intentional or operational intrusion events. When 

contamination events are recognized in real-time, a rapid response can minimize the impact of 

these contamination events and limit the potential for adverse effects (NRC, 2007). 

The objective of this study was to evaluate the potential for real-time monitoring of B. 

thuringiensis spores as a surrogate for B. anthracis using a variety of water quality sensors. 

 

Experimental Methods 

At the University of Arizona Real-time sensor Lab, water is delivered by the City of Tucson 

Water public utility. Deionized (DI) water as a control or prefiltered tap water using 1µm pore 

size filter was used (Water Tec of Tucson, Inc. Tucson, AZ, USA).  

Sensors evaluated in experiments include: 
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HACH Monitoring Platforms: Non-Specific Sensors 

(HACH, PO Box 389, Loveland, CO 80539) 

This multi-parameter unit utilizes in-line sensors.  The measured parameters include: pH; 

total organic carbon (TOC); free chlorine; turbidity; electrical conductivity; pressure; and 

temperature.  TOC is measured with a non-dispersive infrared (NDIR) method by adding 

0.6 M phosphoric acid and 0.6 M sodium per sulfate and UV light to produce CO2. 

Following the separation of the CO2 gad/liquid mixture, the gas is read by an NDIR 

detector. The output is directly proportional to the original TOC in the sample.  

BioSentry™ Technology: Light Scattering 

(JMAR, 10905 Technology Place, San Diego, CA 92127) 

 The BioSentry is an in-line sensor that allows for continuous real-time monitoring of 

particulates by using Multi-Angle Light Scattering (MALS) technology.  The sensor 

contains a laser beam that strikes individual cells or particles in water, resulting in unique 

light scattering patterns. Such patterns depend on the size and morphological 

characteristics of the target particle.  Data obtained are compared to patterns with a 

computerized database of patterns from different kinds of microbes, which are then 

placed into four identifiable categories: rods, spores, protozoa, and unknown (applied for 

particles of an appropriate size for the prior categories but not classified specifically as 

being a member of the three categories).  The data output is shown in counts/minute for 

each category, and can be converted to organisms/ml allowing comparison with standard 

microbial measurements such as colony forming units/ml or spores/ml.   
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S::CAN spectro::lyser Technology: Light Scattering 

(s::can Measuring Systems LLC, PO Box 36402, Cincinnati, OH 45236) 

The S::CAN is a multi-parameter sensor that uses UV-Visible spectroscopy to identify 

soluble chemical species in the water. Once the UV spectrum for non-contaminated water 

is established, any new contaminant in the water can be detected as a deviation from the 

baseline or reference UV spectrum.  The reference UV signal is normally generated from 

multiple non-contaminated water samples. The sensor produces spectral data between 

200 and 700 nm referenced to pre-set algorithms for several water quality parameters that 

detect changes from the baseline UV spectrum.  Output measurements from the S::CAN 

analyzed for this study include turbidity, dissolved organic carbon (DOC), and total 

organic carbon (TOC).   

 

Experimental Design 

 For all experiments a baseline output from all sensors was established for 30-60 minutes 

by passage of either DI or tap water.  Subsequently, sensors were challenged with B. 

thuringiensis (ATCC, #10792) as the bacterial surrogate for Bacillus anthracis to evaluate the 

response of a microbial intrusion.  B. thuringiensis was cultured in 2XSG sporulation media 

(Greenberg and Wagner, 2007), The sporulation medium contained 16g Difco nutrient broth, 17 

g agar, 2g KCl, 0.5g MgSO4, 1ml 1M Ca(NO3)2, 1 ml 0.1 M MnCl2.4H2O, 1ml 1M FeSO4.4H2O 

and 0.5% glucose (pH 7.0). After incubation at 37°C for one  week, spores were suspended into 

sterile deionized water, washed three times centrifuged at 2,400 x g for 30 minutes, and when 

sufficiently clean (>90% spores), were examined with a Petroff Hausser counting chamber 

(model 3900; Hausser Scientific, Horsham, PA). Confirmation of the inactivation of vegetative 



 

 

62  

cells was confirmed by plating dilutions of preparations in duplicates after heating at 80°C for 10 

minutes. The experiments used B. thuringiensis spores suspended in cold sterile distilled water. 

The B. thuringiensis suspension was diluted into a 50 L carboy containing 45 L of water to 

achieve final spore concentrations of 10
2
, 10

3
, 10

4
, or 10

5
spores/ml. The 45 L water sample was 

mixed with a water pump for five minutes prior to the start of each experiment.  Water samples 

were pumped into in-line sensors that were arranged in parallel so that each sensor contacted the 

same contaminated water at essentially the same time.  During the injection, the pressure and 

temperature remained constant with a water flow rate of 1.2L/min for 30 minutes to create a 

steady state injection.  Fifteen milliliter water samples were obtained at sampling point #1 during 

the 10, 15, 20, 25, and 30 minutes time points (Figure 1). Spores were enumerated with a Petroff 

Hausser (PH) counting chamber, and also by cultural plating to assess consistency between spore 

preparation and viability. In addition, control experiments were also run without injecting spores.  

The values used in the analysis of the data were an average of the values at the peak of the 

injection.  Normalized values were calculated as follows: 

ΔI= (I-Io)/Io 

Where: 

I = Average signal value at peak 

Io = Baseline signal value at the beginning of experiment 

 

To determine how the BioSentry reacts to a mixture of vegetative cells and spores, 

known amounts of E. coli and Bacillus thuringiensis spores were both added to 45 L of DI water 

and injected into a distribution system.  E. coli (ATCC, #15597) was grown in tryptic soy broth 

(TSB) (BD, Sparks, MD) to late log phase.  Samples were obtained as previously described and 
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were subsequently diluted and plated on tryptic soy agar (TSA) (Neogen, Lansing, MI) to 

determine E. coli concentrations. The plates were incubated for 24 hr, and colonies were counted 

to confirm the bacterial concentration in the water samples. In addition, the samples were also 

stained with acridine orange to obtain a direct count (AODC) of E. coli cells. In contrast, B. 

thuringiensis spores were enumerated as described previously.  

 

Results and Discussion  

The objective of this study was to evaluate the ability of commercial sensors to detect 

bacterial spores in-line and in real-time using B. thuringiensis.  To this end, three sensors were 

all evaluated in parallel. Experiments were performed by inoculating DI and tap water with B. 

thuringiensis at concentrations between 10
2
 and 10

5
spores/ml, and injecting this water to a field 

scale test-bed distribution system for 30 minutes in a single-pass mode at 1.2 L/min. The 

BioSentry was successful in recognizing the pulse of spores coming through the carboy in the 

intermediate-scale testing water distribution system laboratory (Tables 1-3). None of the other 

sensors showed significant consistent responses from the baseline values (HACH, S::CAN). The 

numerical value of the BioSentry output for spore counts correlated well with the actual input 

spore concentration with an R
2
 value 0.93 in DI water. Corresponding correlations for B. 

thuringiensis in filtered and unfiltered were R
2
 = 0.87 and R

2
 = 0.88 respectively. Overall, 

similar high correlations were also seen in a USEPA study (2010).  However, the maximum 

concentration used in the EPA study was 2.5×10
4
 spores/ml, and the B. globigii concentrations 

were compared only to the unknown category output from the BioSentry. Despite this, the study 

exhibited an R
2
 value of 0.99 (USEPA, 2010).   
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            When examining each concentration individually, the BioSentry output for B. 

thuringiensis injections generally correlated well with the absolute counts from the Petroff 

Hausser and cultural plating (Figures 2- 4). However, there were a few exceptions to this. The 

BioSentry spore equivalent was significantly lower than the cultural and Petroff Hausser method 

when Bacillus thuringiensis was introduced into DI water at a concentration of 10
5
 spores/ml. At 

high spore concentrations, some spores can potentially be blocked from laser light resulting in 

the sensor becoming saturated at higher concentrations.  In contrast, the BioSentry spore count 

was significantly higher than the means of cultural, and Petroff Hausser measurements for B. 

thuringiensis at 10
2 

and 10
3
 spores/ml in DI and in unfiltered or filtered tap water (p<0.05), but 

the reason for this is not clear. Overall, BioSentry counts correlated very well with the known 

injected concentrations for most of the trials. To determine how the BioSentry reacts to mixture 

of spores in the presence of vegetative bacterial cells, known amounts of E. coli and B. 

thuringiensis spores were jointly added to 45 L of DI water and passed through the sensors. The 

BioSentry response was significantly higher for E. coli vegetative cells compared to B. 

thuringiensis spores (p<0.05, Figure 5). Interestingly, unknown counts from the BioSentry 

sensor were also higher than vegetative cells or spore counts. In addition, both E. coli and spore 

BioSentry counts were 2-3 orders of magnitude lower than what was actually added. These data 

suggest that BioSentry had difficulty distinguishing the mixture of cells and spores, and therefore 

classified more of them into the unknown category. Our results agree with Miles et al., (2011) 

who investigated the effects of turbidity to determine whether the BioSentry could differentiate 

turbidity causing colloidal particles from microorganisms, and found that the sensor could not 

distinguish between particulates and E. coli vegetative cells.  
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Other comparisons can be made between different sensor outputs for total organic carbon 

(TOC) following the addition of spores to DI and filtered tap water.  Multiple TOC 

measurements are provided by the real-time data acquired from the HACH and the S::CAN 

sensors. Each of the two TOC sensors uses a different technology for measuring TOC and 

interestingly, the output received from each TOC sensor was significantly different (p<0.05) 

even though the concentration of the B. thuringiensis injected was the same (Figures 6-7). One 

exception to this was for the one concentration of 10
4
 spores/ml in filtered tap water, where the 

TOC concentrations resulting from both sensors were similar. Overall, the responses from these 

sensors fluctuated as the B. thuringiensis concentration increased (Tables 1-3). Moreover, most 

parameters decreased with an increase in B. thuringiensis concentration. These results agree with 

previous research which has shown that washed and unwashed B. globigii spores will have 

different effects on water quality parameters such as free chlorine and turbidity (USEPA, 2009). 

According to these EPA results, normalized, signal-to-noise corrected sensor parameter response 

for turbidity in a single pass mode distribution system to unwashed B. globigii spores was 2.4 

whereas for washed B. globigii spores was -0.1. This indicates that biological suspensions if 

injected with the culture media in which they were cultured, will affect the response of water 

quality sensors. 

Several studies have also shown that Bacillus spores can be detected using biosensors. 

Campbell and Mutharasan (2006) showed that the piezoelectric excited millimeter-sized 

cantilever (PEMC) sensors can be used to detect Bacillus anthracis spores in real time.  Their 

results suggest that the antibody-functionalized sensor was highly selective to the targeted 

pathogen. The PEMC sensor is a viable practical sensor for B. anthracis spores in liquid 

medium, and in presence of Bacillus thuringiensis spores. Hao et al., (2009) developed a 
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biosensor that utilized an anti-Bacillus anthracis monoclonal antibody designated to a mAb 8G3 

functionalized quartz crystal microbalance (QCM). They also indicated that the sensor yielded a 

distinct response to B. anthracis spores and vegetative cells with a detection limit of 10
3 

cfu/ml. 

Wan et al., (2007) demonstrated that phage-based, magneto elastic, wireless biosensors can be 

used to detect B. anthracis Sterne strain spores with greater binding affinity and longevity than 

antibody based biosensors. Additionally, there is an increased interest in using aptasensors for 

the detection of Bacillus spores (Bruno and Carrillo, 2012). Ikanovic et al., (2007) developed 

Aptamer-functionalized quantum dots (QDs) to detect Bacillus thuringiensis spores with a 

detection limit of 10
3
 spores/ml. However, despite the development of a number of laboratory 

based sensors for the detection of Bacillus spores; it is uncommon for these devices to operate in 

an on-line or real-time mode. 

 To date there are a limited number of studies that have evaluated the use of commercial 

water quality sensors for real-time monitoring in distribution systems (Miles et al., 2011; USEPA 

2010; Hall et al., 2007; Allmann et al., 2005; Byer and Carlson, 2005; King et al., 2005; Kroll et 

al., 2005). These studies that evaluated commercial sensors in a distribution system show that the 

magnitude of the response depended on the sensor’s ability to detect the contaminant, and the 

concentration of the contaminate itself.  Nevertheless, these studies show that there is potential 

for using such commercially-available sensors to monitor water in a distribution system. 

However, only a few published studies demonstrate how sensors respond to microbial 

contaminants in real-time, which highlights the challenge for the detection of microbial intrusion 

events. The great majority of commercial sensors measure chemical parameters within drinking 

water; but in contrast, there are only few available sensors that allow for the detection of 

microorganisms in real time (USEPA, 2006; Miles et al., 2011). 
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This study was successful in evaluating water quality sensors when B. thuringiensis was 

introduced into water within a distribution system. It should be noted that most of the sensors 

during this study did not respond to spore concentrations <10
2
 spores/ml because this 

concentration could not be distinguished from the background particulates and indigenous 

organisms in the water.  A study conducted by USEPA, evaluated different water quality sensors, 

and found that multiple angle light scattering device (JMAR BioSentry
®
) performed best for the 

microbial detection of E. coli and B. globigii spores. Their level of sensitivity was also <1x10
2
 

spores/ml (USEPA, 2010). In addition most sensors problems are related to flow and reagent 

issues. Reagent flow blockage could lead to the instrument failure and unstable readings. 

Therefore, it is critical to schedule weekly maintenance and maintain calibration standards in 

order to ensure everything is operating normally.   

The data from this study evaluated the sensitivity and threshold levels for several in-line 

sensors that detect microbial intrusions in real-time. The BioSentry sensor successfully detected 

B. thuringiensis spores in real time with a detection limit of 10
2
spores/ml. Other in-line sensors 

utilized were incapable of such real-time detection. Overall, data suggest that the BioSentry 

could be utilized as part of a contaminant warning Supervisory Control and Data System 

(SCADA, for monitoring intrusion events in water distribution systems. 
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Table 1: Sensor values for Bacillus thuringiensis spores in DI water 

  
Final Spore 

Concentration 

(spores/ml)                                                                                                       

BioSentry 

 (spores/ml) 

HACH  

Temperature 

(°C) 

HACH 

Turbidity 

(NTU) 

HACH 

Conductivity 

(µS/cm) 

HACH 

TOC 

(mg/L) 

HACH 

Chlorine 

(mg/L) 

S::CAN 

Turbidity 

(FTU) eq 

S::CAN 

DOC 

(mg/L) eq  

S::CAN 

 TOC 

(mg/L) eq 

          

1.0E+02 

 

3.3+E03 ± 2.6+E03 25.93±1.95 0.18±0.19 288.97±36.7 0.62±0.11 0.06±0.03 0.16±0.02 0.25±0.03 0.86±0.05 

1.1 -0.08 -0.84 -0.57 -0.56 -0.07 -0.06 0.04 0.30 

1.0E+03 2.6+E04 ± 1.1+E04 

5.5 

28±2.33 

-0.09 

0.31±0.14 

-0.61 

379.88±3.7 

-0.58 

0.18±0.01 

0.02 

 

0.04±0.01 

-0.93 

0.19±0.01 

-0.15 

0.32±0.05 

0.17 

0.4±0.07 

0.08 

1.0E+04 

 

3.5+E04 ± 2.8+E04 25.6±1.34 0.3±0.21 160.72±3.05 0.17±0.07 0.33±0.4 0.18±0.01 0.22±0.02 0.49±0.05 

6.3 -0.09 -0.65 -0.7 -0.5 0.1 0.00 -0.02 -0.07 

1.0E+05 

 

1.7+E05 ± 8.0+E04 27.06±1.17 1.25±0.17 224.16±3.41 0.31±0.12 0.04±0.01 0.23±0.04 0.26±0.04 0.66±0.08 

11.7 -0.03 2.68 -0.48 0.47 -0.70 0.24 0.25 0.26 

 

Control 4.0+E00 ± 1.01+E00 

-0.2 

 

26.94±2.47 

-0.01 

0.26±0.03 

-0.02 

281.62±7.16 

-0.01 

0.98±0.02 

0.02 

0.09±0.01 

0.02 

0.19±0.00 

0.02 

0.25±0.00 

0.01 

0.70±0.03 

-0.02 

 

Top number=average ± standard deviation 

Bottom number= dimensionless normalized value, where positive and negative values indicate the magnitude of the increase or 

decrease in the response of the sensor from background level  
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Table 2: Sensor values for Bacillus thuringiensis spores in filtered tap water 

 

 
Final 

Concentration 

(spores/ml)                                                                                                       

BioSentry 

 (spores/ml) 

HACH  

Temperature 

(°C) 

HACH 

Turbidity 

(NTU) 

HACH 

Conductivity 

(µS/cm) 

HACH 

TOC 

(mg/L) 

HACH 

Chlorine 

(mg/L) 

S::CAN 

Turbidity 

(FTU) eq 

S::CAN 

DOC 

(mg/L) eq  

S::CAN 

 TOC 

(mg/L) eq 

          

1.0E+02 

 

1.8+E03 ± 1.3+E02 29.39±0.57 0.67±0.35 841.86±30.40 0.53±0.05 0.11±0.10 0.21±0.04 0.28±0.04 0.71±0.11 

1.6 0.00 1.08 -0.01 0.04 -0.21 -0.78 -0.84 -0.82 

1.0E+03 

 

3.2+E04 ± 4.1+E03 

1.2 

30±0.26 

-0.02 

0.53±0.14 

2.8 

856.16±43.55 

-0.01 

0..68±0.02 

0.26 

0.03±0.00 

-0.13 

0.23±0.02 

0.33 

0.33±0.02 

0.39 

1.01±0.07 

0.50 

 

1.0E+04 

 

3.7+E04 ± 2.5+E04 29.8±0.12 1.62±2.3 919.21±29.24 0.8±0.08 0.09±0.02 0.3±0.35 0.5±0.65 0.8±0.06 

2.0 0.00 0.14 0.11 0.95 -0.22 0.66 1.17 0.34 

 

1.0E+05 

 

1.5+E05 ± 1.1+E05 29.3±0.47 0.91±0.33 822.27±64.5 0.47±0.03 0.08±0.03 0.29±0.06 0.33±0.07 0.89±0.09 

5.1 0.00 2.67 -0.04 0.00 -0.29 0.50 0.67 0.56 

 

 Control 4.4+E00±1.6+E00 

0.2 

 

27.48±0.03 

0.00 

0.26±0.02 

0.01 

788.96±0.53 

0.00 

1.03±0.09 

0.00 

0.09±0.00 

0.01 

0.19±0.00 

0.00 

0.25±0.01 

0.00 

0.73±0.01 

0.00 

 

Top number=average ± standard deviation 

Bottom number= dimensionless normalized value, where positive and negative values indicate the magnitude of the increase or 

decrease in the response of the sensor from background level  
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Table 3: Sensor values for Bacillus thuringiensis spores in unfiltered tap water 

 

 
Final 

Concentration 

(spores/ml)                                                                                                       

BioSentry 

 (spores/ml) 

HACH  

Temperature 

(°C) 

HACH 

Turbidity 

(NTU) 

HACH 

Conductivity 

(µS/cm) 

HACH 

TOC 

(mg/L) 

HACH 

Chlorine 

(mg/L) 

S::CAN 

Turbidity 

(FTU) eq 

S::CAN 

DOC 

(mg/L) eq  

S::CAN 

 TOC 

(mg/L) eq 

          

1.0E+02 

 

2.09+E03 ± 1.0+E03 30.28±0.64 0.03±0.00 694.63±9.81 IN 0.06±0.02 IN 0.64±0.07 0.65±0.24 

2.0 0.04 0.1 0.004  0.6  0.17 3.82 

1.0E+03 

 

5.15+E03±1.13+E03 

5.1 

30.31±0.65 

0.04 

0.03±0.00 

0.09 

679.84±6.94 

-0.02 

IN 

 

0.07±0.02 

1.15 

IN 0.61±0.05 

0.11 

0.5±0.13 

2.65 

1.0E+04 

 

1.02+E04±1.81+E03 29.1±0.44 0.075±0.00 707.2±8.9 IN 0.04±0.00 IN 0.72±0.13 0.88±0.4 

7.2 -0.01 1.6 -0.02  -0.15  0.31 5.45 

1.0E+05 

 

2.14+E05±7.47+E03 28.8±0.62 0.073±0.00 701.41±5.4 IN 0.03±0.00 IN 0.82±0.17 1.45±0.1 

10.1 -0.01 1.43 0.01  -0.20  0.5 9.66 

 Control 2.98+E00±1.08+E00 

0.8 

 

29.15±0.14 

0.004 

0.03±0.00 

0.006 

691.74±13.7 

-0.02 

IN 

 

0.03±0.00 

0.04 

IN 0.54±0.00 

-0.03 

0.14±0.05 

0.42 

 

IN=measurement invalid 

Top number=average ± standard deviation 

Bottom number= dimensionless normalized value, where positive and negative values indicate the magnitude of the increase or 

decrease in the response of the sensor from background level  
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Figure 1: Experimental set-up at the sensor lab 
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Figure 2: Comparison between cultural, direct and BioSentry counts in response to B. thuringiensis spores in DI water 
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Figure 3: Comparison between cultural, direct and BioSentry counts in response to B. thuringiensis spores in filtered tap water 
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Figure 4: Comparison between cultural, direct and BioSentry counts in response to B. thuringiensis spores in unfiltered tap water 
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 Figure 5: Biosentry response following exposure to E. coli vegetative cells and B.thuringiensis spores jointly added together  

(*AODC= Acridine Orange Direct Counts, PH=Petroff Hausser) 
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Figure 6: Total organic carbon in DI water following addition of B. thuringiensis spores  
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Figure 7: Total organic carbon in filtered tap water following addition of B. thuringiensis spores 
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Abstract 

The efficacy of an in-line UV reactor with a distribution system in combination with hydrogen 

peroxide (H2O2) for MS2 inactivation was evaluated in this study. Following UV radiation , MS2 

showed a reduction of 5.3- 5.8 log10 when quantified with cultural plaque counts, whereas 

corresponding quantitative polymerase chain reaction (qPCR) data showed only a 1.7-2.8 log10 

reduction in viral RNA copy number. When H2O2 was added at either 2.5 or 5 mg/l with UV, 

enhanced MS2 inactivation occurred with a more than 7 log10 reduction observed via plaque 

counts, indicating that all added MS2 had been inactivated, since no plaques were formed after 

incubation at 37°C for 24 hours. In contrast, qPCR only showed a corresponding 3-4 log10 

reduction in viral RNA copy number. Data from this study show that in-line UV/H2O2 

effectively inactivates phage virus. Additionally, qPCR can be used to rapidly detect MS2 

concentration after advanced oxidation relative to traditional plaque methodology; however 

qPCR detection overestimates the true number of infective virus.  

Keywords: UV disinfection, drinking water, qPCR, plaque assay  
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Introduction 

Over the last few years there has been an increased interest in UV disinfection technology 

since it is very effective in inactivating Cryptosporidium parvum oocysts and Giardia lamblia. In 

particular, after the implementation of the Long Term 2 Enhanced Surface Water Treatment Rule 

and the Stage 2 Disinfectant and Disinfection Byproducts Rule (USEPA, 2006), water utilities 

have trended towards more extensive treatment technologies. Integration of advanced oxidation 

processes (AOP) such as the combined application of ozone/hydrogen peroxide, or ultraviolet 

radiation/ozone, or ultraviolet radiation/hydrogen peroxide has been shown to be highly effective 

for treating chemical contaminants in drinking water and wastewater economically (USEPA, 

2006). Numerous studies have shown that UV/H2O2 AOP is effective for the destruction of 

various pollutants such as endocrine disruptors and pharmaceuticals (Rosario-Ortiz et al. 2010); 

however there are only a few studies on inactivation of microorganisms via OH radical oxidation 

(Mamane et al., 2007; Timchak and Gitis, 2012). In bench tests, IJpelaar et al., (2010) showed at 

least  8 log removal of MS2 coliphage with medium pressure (MP) - UV/H2O2 and low pressure 

(LP) - UV/H2O2 using a UV light dose of 450 mJ per cm
2
. The novelty of our study is to evaluate 

the small community reactor which is “L-shaped” in an in-line system using both cultural as well 

as molecular methods.   

Historically, traditional cultural methods were considered the gold standard for isolation, 

detection, and identification of microbial agents in water (Lim et al. 2005); however, these 

methods are laborious and can require several days for confirmation. In contrast, molecular 

methods, such as quantitative polymerase chain reaction (qPCR), are sensitive and quantitative, 

and have the potential for near real-time detection of pathogens resulting from deliberate or 

accidental contaminant intrusion events. Although it is understood that methods such as qPCR 
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are more rapid and efficient than traditional cultural methods, it has long been known that a 

positive PCR result for viruses does not discriminate between infective and inactivated viruses in 

environmental matrices (Ma et al. 1994, Straub et al. 1995). However, qPCR is a near real-time 

(<3 hours) technology available to monitor for the presence of virus. In the present study, we 

evaluated the efficacy of a small UV reactor for the inactivation of MS2 coliphage and 

enumerated numbers of phage via qPCR detection and traditional plaque assay enumeration. 

MS2 coliphage (ATCC 15597-B1) has been proposed by the U.S. Environmental Protection 

Agency as a standard for UV reactor validation in the United States. MS2 is known to be more 

resistant to UV disinfection than most enteric viruses, other than adenovirus, and is considered to 

be a conservative surrogate because of its similar size and morphology to many human viruses 

(Meng and Gerba 1996; Havelaar et al., 1990; Hijnen et al., 2006; Shang et al., 2007). We 

focused on the ability of qPCR to rapidly detect MS2 viral RNA, and compared viral copy 

numbers detected by qPCR to virus organisms detected by plaque assay, following treatment of 

water via advanced oxidation undertaken to inactivate virus. The advanced oxidation processes 

evaluated included UV alone and in combination with hydrogen peroxide.  

The objective of this study was to evaluate the efficacy of a small community reactor consisting 

of energy efficient high-output Amalgam lamps for the inactivation of MS2 coliphage in the Real 

Time Sensor Laboratory at the University of Arizona, Tucson, AZ, USA. An additional objective 

was to evaluate near real-time qPCR detection of MS2 following UV/H2O2 treatment. 

Experimental Methods 

Experimental Setup 

A water distribution system at the Real Time Monitoring Laboratory was constructed of 4.44 cm 

diameter Polyvinyl chloride (PVC) pipes and 0.63 cm diameter micro tubing in an open system.  
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Tap water in Tucson, Arizona originates from groundwater, and is delivered by the City of 

Tucson Water public utility.  DI water as a control or tap water filtered with a 1 micron 

microfiber filter (Water Tec of Tucson, Inc. Tucson, AZ, USA) was used during all experiments. 

The DI water was produced via a reverse osmosis system and then stored in a tank until needed.  

Prior to use, the stored water was passed through 2 deionizer tanks and 5 sequential filters with, 

respectively, pore sizes of 10, 1, 0.6, 0.2, and 0.04 microns.   

 

Growth and assay of Bacteriophage 

 MS2 (ATCC 15977-B1) was propagated and enumerated according to the International standard 

ISO (2000), with host E. coli bacteria ATCC 15597 grown in tryptic soy broth (TSB; Difco, 

Detroit, MI). One ml of the host cells (E. coli) approximately ~10
8
 colony forming units (cfu)/ml 

and 0.1 ml of the MS2 dilution were mixed in 4 ml of molten overlay agar and poured on to 

presolidified Tryptic soy agar (TSA, 1.5% agar; Difco, Detroit, MI) petri dishes.  Plates were 

inverted and incubated at 37°C for 24 h, after which 5 ml of sterile Tris-buffered saline were 

added per petri dish for an hour. The phages were harvested from the plates and centrifuged at 

≥15,000 g for 20 min to remove bacterial debris. The supernatant was passed through a 0.2 µm 

Acrodisc
®
 25 mm Syringe Filter (PALL Corporation, Ann Arbor, MI). This resulted in a MS2 

concentration of 10
11

 /ml plaque forming units (pfu) prior to UV/AOP treatment. Treated 

samples were collected and assayed in the same way as phage propagation.  

 

MS2 Inactivation by Advanced Oxidation 

The pilot-scale experiments were performed using a TrojanUVSwift™SC (London, ON, 

Canada). The reactor is “L-shaped” reactor consisting of two low-pressure high output amalgam 
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lamps (LP), a UV sensor and a hydrogen peroxide addition site. These high-output amalgam 

lamps are energy efficient minimizing operating costs compared to traditional UV systems using 

low-pressure lamps. The reactor was operated in single-pass mode at a process flow rate of 1gpm 

or 2 gpm and samples were taken at two different locations within the system: the influent and 

effluent sampling sites as shown in Figure 1. To perform biodosimetry, collimated beam 

apparatus was assembled as described by Meng and Gerba (1996). The collimated beam 

apparatus was equipped with low pressure lamps and the UV radiation was measured with a 

Research Radiometer IL1700 (International Light Inc., Newburyport, MA) to detect incident 

intensity at 254nm wavelength; the average dose of the UV reactor was found to be 127 mJcm
-2 

(Figure 2). Three sets of influent and effluent samples were collected during each of the three 

challenge tests conducted. Negative control samples (DI water) with no MS2 virus were also 

assayed. Positive control samples were also assayed after the completion of the challenge tests 

with the system UV lamps off but still with the addition of hydrogen peroxide. The conditions 

tested in this study were: Trojan UV Swift SC reactor, H2O2 at 2.5 or 5 mg/l (50 wt. % in H2O2 

Sigma-Aldrich
® 

product no-516813), and the combined UV/H2O2 (2.5 or 5 mg/l) on inactivation 

of MS2 in DI water. 

 

Quantitative Polymerase Chain Reaction 

Nucleic acid was extracted directly from 200 µl of the collected influent and effluent samples 

using ZR DNA/RNA virus extraction kit (Zymo Research, Irvine, CA) as per manufacturer's 

instructions. Briefly, 600µl of ZR Viral RNA Buffer was added to 200 µl of sample. The mixture 

was then transferred to a Zymo-Spin™ IC Column in a collection tube and centrifuged at 

≥12,000 x g for 1-2 minutes. Subsequently, 300 µl of RNA wash buffer was added and 
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centrifuged at ≥12,000 x g for 30 seconds. The flow-through from the collection tube was 

discarded and the column was centrifuged in an empty collection tube to completely remove 

wash buffer. Subsequently, the column was placed into a provided DNase/RNase-Free Tube and 

10 µl of the provided DNase/RNase-Free Water was added to the column. Finally, the column 

was centrifuged at ≥12,000 x g for 1 minute to elute RNA.  

Reverse transcription (RT) was carried out using a high capacity cDNA reverse transcription kit 

(Applied Biosystems, Foster City, CA). Amplicons were purified with a DNA Clean & 

Concentrator™-5 kit (Zymo Research, Irvine, CA, USA), cloned into the TOPO
®
 vector 

(Invitrogen, Carlsbad, CA, USA). Plasmids were purified with a Quick Plasmid Miniprep kit 

(Invitrogen), and the standard curve was produced using purified plasmid for qPCR.  

The qPCR reactions were prepared in 200-µl optical tubes with the following components for a 

total volume of 25 µl (per reaction): 12.5 µl iQ™ Supermix ((Bio-Rad, Hercules, CA).); 1µl of 

TaqMan-based probe; 1.25 µl of each forward and reverse primers (Table 1) developed by Wolf 

et al. (2008). The reactions were monitored in an iQ5 real-time PCR detection system (Bio-Rad, 

Hercules, CA), utilizing the following amplification conditions: 95°C for 5 min; 45 cycles of 

95°C for 15 s, annealing/extension  at 58°C for 60 s. All samples were run in duplicates. The 

qPCR positive controls and no template controls (NTCs) were also run in duplicates. For NTCs, 

molecular-grade reagent water was used instead of DNA template.  

Statistical analyses 

Statistical analyses were performed with the R
® 

program (R version 2.15.1). Analysis of 

variance (ANOVA) was used for data comparison at two flow rates to identify significant 

differences (p<0.05) in qPCR copy numbers.  
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Results and Discussion 

The goal of this study was to evaluate the efficacy of the small community reactor and document 

the inactivation of MS2 via UV/H2O2 AOP in DI water. MS2 phage was selected as a test 

organism since it is known to be a good biodosimeter with respect to ease of analysis and it is 

relatively resistant to UV irradiation, compared with most other enteric viruses (Meng and 

Gerba, 1996). In order to obtain a 4 log reduction for Adenovirus, 186 mJ/cm
2
 UV dose is 

required whereas for Cryptosporidium and Giardia 22 mJ/cm
2
 is sufficient (USEPA, 2006). 

In this study, more than 5 log reduction of MS2 phage by the UV/H2O2 process was observed in 

the small community reactor consisting of two low pressure high output lamps. Positive control 

experiments were conducted to test the effect of H2O2 alone on inactivation of the coliphage. 

Results indicate that less than a log inactivation of MS2 at a H2O2 dose of up to 5 mg/l (Table 2).  

Our results agree with Koivunen and Heinonen-Tanski (2005), who found that H2O2 at a 

concentration of 150 mg/l only showed <0.2 log inactivation of MS2 inactivation. Other studies 

have also reported a weak disinfection efficiency of hydrogen peroxide against viruses (Sommer 

et al., 2004; Lubello et al., 2002; Wagner et al., 2002). We also tested the effect of UV alone 

(Trojan UVSwift SC) on MS2 coliphage which resulted in a more than 5 log reduction via 

plaque counts (Table 2, Table 4). Bohrerova et al., (2006) revealed 2-3 log reduction of MS2 

using the test reactor containing one low pressure UV lamp at two flow conditions (7.5 and 15 

gpm). Another study by Hijnen et al., (2006) found a 4 log MS2 inactivation in a flow-through 

system at 100 mJcm
-2 

UV fluence. Snicer et al., (1996) also compared the susceptibility of MS-2 

coliphage to UV radiation in a pilot plant study and found 6 log reductions with 111 mJ/cm
2 

UV 

dose in pilot plant 1 and 135.5 mJ/cm
2
 in pilot plant 2. In our study, with a 127 mJ/cm

2 
UV dose, 

we observed more than 5 log reduction of MS2 coliphage.  

http://www.sciencedirect.com/science/article/pii/S0043135405000497#bib10
http://www.sciencedirect.com/science/article/pii/S0043135405000497#bib11
http://www.sciencedirect.com/science/article/pii/S0043135405000497#bib21
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Table 2 also summarizes the inactivation of MS2 by UV and UV/ H2O2 (2.5, and 5 mg/l H2O2) in 

DI water at 2 gpm. Rapid inactivation of MS2 occurred with exposure to UV plus hydrogen 

peroxide, resulting in a two log greater inactivation than by UV alone, which indicated that all 

MS2 phage were inactivated as no plaques were observed after incubation at 37°C for 24 hours. 

Similar results were observed by Timchak and Gitis (2012), who showed that adding 0.2 M 

hydrogen peroxide and 70 mJ per cm
2
 UV dose increased the inactivation of MS2 phage by two 

logs. Furthermore, IJpelaar et al., (2010) demonstrated that MS2 coliphages were below the 

detection limit (i.e., a removal of at least 8 log units or completely inactivated) when treated in 

the bench UV reactor with combination of 10 mg/l hydrogen peroxide. 

These results can be explained by the differences in the mechanisms of inactivation. UV 

irradiation can cause nucleic pyrimidine dimer formation with minimal or no modification of the 

viral proteins. It disrupts the organism’s nucleic acid structure (Meng and Gerba, 1996). In 

contrast, UV/ H2O2 bring about oxidation by the generation of the highly reactive .OH radical. 

Hydroxyl radicals are able to inactivate MS2 by denaturing capsid proteins with high oxidative 

power (Mamane et al., 2007). Another study by Wigginton et al., (2010) demonstrated that 

chemical modifications in the MS2 major capsid protein occurred when treated with UV and 

singlet oxygen. They also suggested that damage to amino acids in the viral capsid proteins may 

prevent attachment to the receptor sites on the host cell, and is directly linked to virus loss of 

infectivity. According to Nwachcuku and Gerba (2004), both damage to the genome and the 

capsid protein may contribute on virus inactivation by oxidizing disinfectants.   

Data show that there was a decrease in the copy number detected by qPCR of 1 to 4 log10 

reduction depending on the treatment (Table 3). This suggests there was a significant decrease in 

the viral RNA, particularly when there was exposure to hydrogen peroxide. However, since viral 
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nucleic acid was detected even when no infective phage were present (Table 3, Table 5), this 

demonstrated that care must be taken when interpreting qPCR data for virus infectivity. Our 

results agree with Sobsey et al., (1998), who found that reverse transcriptase-PCR amplification 

detects inactivated Poliovirus type 1 and coliphage MS2 in water and wastewater. They also 

suggested caution when interpreting RT-PCR detection for the presence of viruses and 

infectivity. Moreover, it is well documented that qPCR overestimates the number of infective 

viruses and results are not equivalent to infectivity plaque assays (Simonet and Gantzer, 2006; 

Pecson et al., 2009).  

When the UV dose was increased by decreasing the flow rate of water, a slightly greater 

inactivation of infective phage occurred at 1gpm, 5.8 log10 reduction via plaque counts (Table 4). 

When hydrogen peroxide was added at 2.5 or 5 mg/l, > 8 log10 reductions was determined by 

plaque assay (Table 4); indicating all infective phage were inactivated. However, viral RNA 

copy number reductions were similar to those obtained with the flow rate of 2gpm exposure 

suggesting that the hydrogen peroxide was responsible for nucleic acid degradation rather than 

the UV. Overall, we observed a reduction in viral RNA from 2 to 4 log10 depending on the flow 

rate conditions (Table 3 and Table 5). Fig. 3(a-c) shows the overall decrease in the viral RNA 

MS-2 phages by UV (Fig. 3a) and UV/hydrogen peroxide combination (Fig. 3b and Fig. 3c) at 

2gpm, versus Fig. 4(a-c), which show the corresponding decrease in viral RNA at 1gpm. The log 

inactivation of MS2 RNA copy number at the flow of 1 gpm in the UV reactor was significantly 

higher (p<0.05) compared to MS2 inactivation when the flow through the reactor was 2 gpm. 

However, there was no significant difference between log10 reduction observed via plaque assay 

at two flow rates (p>0.05).  The rate of MS-2 phage inactivation increased as the H2O2 

concentration was increased (Fig. 3 and Table 2, Table 4) under the UV irradiation treatment. 
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This suggests that the addition of H2O2 was critical in enhancing inactivation kinetics for MS-2 

phage at 1 gpm and 2 gpm. It is noteworthy that the inactivation rate gradually increased as the 

H2O2 concentration was increased (Fig 3c and Fig.4c). The rate was found to be enhanced mostly 

by free hydroxyl radicals produced from the photolysis of H2O2 by UV. Also, a very low 

correlation (r=0.32) at 2 gpm and (r=0.16) at 1gpm was observed between the viral genome 

copies determined by qPCR versus viable counts by plaque assay (Figure 5). 

Overall, this study shows that an in-line UV reactor within a distribution system in combination 

with H2O2 was highly effective in inactivating MS2 phage and could be used to ensure the 

absence of infective virus. Specifically, UV (127 mJcm
-2

) plus H2O2 at 2.5 or 5 mg/l resulted in 

>7 log10 reduction of MS2 phage as shown by the absence of plaques following a cultural plaque 

assay. This compares to a 5.3 – 5.8 log10 inactivation with UV alone. In contrast, qPCR showed 

only a 3-4 log10 reduction in viral RNA copy number. Thus, although qPCR can be used as a 

near-real-time sensor for the detection of viruses but it does not determine whether or not the 

phage are infective, or whether there is a public health threat. 

 

Acknowledgements 

This work was supported by the University of Arizona National Science Foundation 

Water and Environmental Technology Center. The comments and views detailed herein may not 

necessarily reflect the views of the funding agency. 

 

 

 

 



 

 

92  

 

 

 

Figure 1: Schematic of experimental Set-up.  
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Table 1: Primers and Probe for qPCR 

 

Name Sequence (5′–3′)   Tm 

(°C) 

Product 

length 

 Reference   

Genogroup I     

Forward  GTCCTGCTCRACTTCCTGT 57–60          82  Wolf et al. 

2008 

  

Probe  

CAWGGTAGCGTCTCGCTAAAGACATTA 

67     

Reverse  CGGCTACCTACAGCGATAG 60     
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Figure 2:  Biodosimetry (MS2) dose–response calibration plot using low pressure UV source 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

95  

Table 2: Reduction of infectivity of MS2 in response to UV/H2O2 (2 gpm) 

 

      log10 reduction*   

    UV only UV/2.5 mg/l H
2
O

2
 UV/5 mg/l  H

2
O

2
 

Plaque assay Negative control ND ND ND 

      Positive control -0.62±0.17 -0.42±0.11 -0.2±0.00 

  Challenge 1 -4.96±0.85            >7.81±0.1 >7.88±0.56 

  Challenge 2 -5.38±0.22 >7.65±0.06 >7.96±0.04 

  Challenge 3 -5.49±0.23 >7.74±0.05 >7.97±0.02 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*log (N/N
o
) was calculated from the concentrations before (treatment N

o
) and after treatment (N)  

ND Not Detected 
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Table 3: Reduction of MS2 genomic copy number in response to UV/H2O2 (2gpm) 

 

      log
10 

reduction*   

    UV only UV/2.5 mg/l H
2
O

2
 UV/5 mg/l  H

2
O

2
 

qPCR Negative control ND  ND  ND 

   Positive control -0.16±0.11 -0.05±0.19 -0.45±0.58 

  Challenge 1 -1.49±0.04 -1.76±0.21 -4.33±0.16 

  Challenge 2 -1.60±0.12 -3.28±0.24 -4.40±0.20 

  Challenge 3 -2.15±0.44 -3.73±0.59 -4.33±0.31 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*log (N/N
o
) was calculated from the concentrations before (treatment N

o
) and after treatment (N)  

ND Not Detected 
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Table 4: Reduction of MS2 infectivity in response to UV/H2O2 (1 gpm) 

 

      log10 reduction*   

    UV only UV/2.5 mg/l H
2
O

2
 UV/5 mg/l  H

2
O

2
 

Plaque assay Negative control ND ND ND 

      Positive control -0.51±0.07 -0.20±0.1 -0.7±0.00 

  Challenge 1 -5.98±0.05 >8.24±0.6 >8.16±0.46 

  Challenge 2 -5.69±0.57 >8.07±0.7 >7.83±0.06 

  Challenge 3 -5.79±0.06 >8.29±0.6 >8.15±0.59 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*log (N/N
o
) was calculated from the concentrations before (treatment N

o
) and after treatment (N)  

ND Not Detected 
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Table 5: Reduction of MS2 genomic copy number in response to UV/H2O2 (1gpm) 

 

      log
10 

reduction*   

    UV only UV/2.5 mg/l H
2
O

2
 UV/5 mg/l  H

2
O

2
 

qPCR Negative control ND  ND  ND 

    Positive control -0.39±0.00 -0.14±0.02 -0.51±0.5 

  Challenge 1 -2.62±0.33 -3.06±0.96 -4.44±1.86 

  Challenge 2 -2.95±1.13 -3.42±0.52 -3.75±1.58 

  Challenge 3 -2.79±0.48 -3.65±0.7 -4.17±1.03 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*log (N/N
o
) was calculated from the concentrations before (treatment N

o
) and after treatment (N)  

ND Not Detected 



 

 

99  

a)                                                                                b)                                                                 c) 

   
 

 

 

 

 

 

  
 
 
  

 

 

 

 

 

 

 

 

 

Figure 3: Viral copy numbers detected by qPCR at 2 gpm following a) UV exposure b) UV and 2.5 mg/l H2O2 c) UV and 5 mg/l H2O2 

Influent 

Effluent 
Effluent 

Influent Influent 

Effluent 

*After UV treatment, genomic copy numbers decreased but nucleic acid is still present. As H2O2 is added, copy number is decreased; 

however, viral RNA is still detected.  
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a)                                                                            b)                                                                      c) 

   
 

 

 
 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

Figure 4: Viral copy numbers detected by qPCR at 1 gpm following UV exposure b) UV and 2.5 mg/l H2O2 c) UV and 5 mg/l H2O2  
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Fir 
 

 

a)                                                                                                           b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Correlation between viral genome copies and viable counts a) 1 gpm and b) 2 gpm  
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Abstract  

 

Various studies have shown that advanced oxidation processes (AOPs) such as UV light in 

combination with hydrogen peroxide is an efficient process for the removal of a large variety of 

emerging contaminants including microorganisms. The mechanism of destruction in the presence 

of H2O2 is the enhanced formation of hydroxyl (HO·) radicals, which have a high oxidation 

potential.  The goal of this study was to utilize in-line advanced oxidation to inactivate microbes, 

and document the inactivation via an in-line real-time sensor. Escherichia coli cells and Bacillus 

thuringiensis spores were exposed to UV/H2O2 treatment in DI water, and the online sensor 

BioSentry
®
 was evaluated for its potential to monitor inactivation in real-time. B. thuringiensis 

was selected as a target organism as a surrogate for B. anthracis. Pilot-scale experiments were 

performed using a Trojan UVSwift SC reactor (Trojan Technologies, London, ON, Canada) at a 

flow rate of 1 gal./min (gpm). UV radiation and UV/H2O2 exposure resulted in a >6 log10 

reduction of the viable culturable counts of E. coli vegetative cells, and a 3 log10 reduction of 

culturable B.thuringiensis spores. Scanning electron microscopy of the treated samples revealed 

severe damage on the surface of most E. coli cells, yet there was no significant change observed 

in the morphology of the B. thuringiensis spores. Following AOP exposure, the BioSentry sensor 

showed an increase in the categories of unknown, rod and spores counts, but overall, did not 

correspond well with viable count assays. Data from this study show that advanced oxidation 

processes effectively inactivate E. coli vegetative cells, but not B.thuringiensis spores which 

were more resistant to AOP. Further, the BioSentry in-line sensor was not successful in 

documenting destruction of the microbial cells in real-time. 

Keywords: advanced oxidation, water quality, drinking water,  
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Introduction 

 

Pathogens can enter potable water in distribution systems via breakages or leaks in pipes, and/or 

deliberate intrusion events via terrorist activity (1).  

Currently the monitoring of potable water for contaminants relies on laboratory analyses such as 

the fecal coliform indicator test, which takes several hours to complete, and during this time 

period, consumers may be vulnerable to pathogen exposure within contaminated water.  Because 

of this, water quality regulatory requirements have been stringent and have directly influenced 

the development and availability of online sensors for real-time monitoring of water quality 

following advanced water treatment (2). 

To safeguard potable water  real-time sensors following advanced oxidation can play a valuable 

role in reducing consumer vulnerability. The field of real-time detection is still in its infancy, and 

few water distribution systems have online sensors for contaminant detection. Additionally no 

single real-time sensor has the broad-based capability of detecting and identifying a wide variety 

of  microbial contaminants. In recent years, the use of AOPs has become increasingly popular in 

the water industry.This technology utilizes combinations of oxidants such as UV and ozone, or 

UV and hydrogen peroxide for the destruction both trace organic and disinfection by products 

(3). AOPs are technologies based on the generation of hydroxyl radicals (
•
OH) and include 

UV/hydrogen peroxide, UV/Ozone, titanium dioxide (TiO2) photocatalysis, and Fenton reagent 

(ferrous iron and hydrogen peroxide). The objective of this study was to evaluate the 

effectiveness of available in-line sensor technology to provide real-time information necessary to 

assess pathogen inactivation following AOP treatment.  

Specifically we evaluated the efficacy of the BioSentry sensor and UV/H2O2 treatment to 

document the destruction of E.coli and Bacillus spores in real-time. BioSentry Technology 



 

 

107  

utilizes Multi-Angle Light Scattering of laser beams that strike individual cells or particles in 

water within a distributionsystem, resulting in unique light scattering patterns (4). In addition, the 

changes on the morphological characteristics of the E.coli cells and B. thuringiensis spores 

following advanced oxidation treatment were also observed through the use of scanning electron 

microscope (SEM). This was done to determine the physical integrity of cell structure following 

AOP. 

 

Materials and Methods 

Experimental Setup 

A water distribution system at the University of Arizona Real Time Monitoring Laboratory was 

constructed of 4.44 cm diameter Polyvinyl chloride (PVC) pipes and 0.63 cm diameter micro 

tubing in an open system.  Tap water in Tucson, Arizona originates from groundwater and well 

water, and is delivered by the City of Tucson Water public utility.  Deionized water (DI) water as 

a control or tap water (filtered with a 1 micron microfiber filter) was used for all experiments.  

The DI water was ultra-pure water produced via a reverse osmosis system, and then stored in a 

tank until needed.  Prior to use, the stored water was passed through two deionizer tanks and 5 

sequential microporous filters (Water Tec of Tucson, Inc. Tucson, AZ, USA) with, respectively, 

pore sizes of 10, 1, 0.6, 0.2, and 0.04 microns.   

Sensors 

BioSentry™ Technology: The BioSentry (JMAR, 10905 Technology Place, San Diego, CA 

92127) is an in-line sensor that allows for continuous real-time monitoring of microbial 

contaminants by using a Multi-Angle Light Scattering (MALS) technology.  The sensor contains 

a laser beam that strikes individual cells or particles in water, resulting in unique light scattering 
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patterns.  Such patterns depend on the size and morphological characteristics of the target 

particle.  Data obtained are compared to patterns within a computerized database of patterns 

from known pathogens, which are then placed into 4 identifying categories: rods, spores, 

protozoa, and “unknown” (Figure 1).  The data output is shown in counts/minute for each 

category and can be converted to organisms/mL (org/mL) allowing comparison with standard 

microbial assays such as colony forming units/mL (cfu/mL) that result from dilution and plating.   

Advanced Oxidation Treatment  

The pilot-scale experiments were performed using a Trojan UV Swift SC (London, ON, 

Canada). The reactor consists of two low-pressure high output amalgam lamps (LP), a UV sensor 

and a hydrogen peroxide feeding site. Based on biodosimetry experiments with MS2, the average 

RED (Reduction Equivalent Dose) was found to be 127 mJcm
-2

. The reactor was operated in 

single-pass mode at a process flow rate of 1gpm treating a 45 gallons batch of water seeded with 

microbial contaminants. Samples were taken at two different locations within the system: the 

influent and effluent sampling sites as shown in Figure 2. Effluent water subsequently flowed 

through the online BioSentry sensor to evaluate the inactivation following exposure to AOP 

microorganisms. Five sets of influent and effluent samples were collected during each of the two 

challenge tests conducted. Positive control samples were also assayed with the system UV lamps 

turned off. The conditions tested in this study were: Trojan UV Swift SC reactor, H2O2 at 2.5 

mg/l (50 wt. % in H2O Sigma-Aldrich
® 

product no-516813), and the combined UV/H2O2 (2.5 

mg/l) on inactivation of E.coli and Bacillus thuringiensis spores in DI water.  
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Microbe Preparation and Enumeration  

E. coli (ATCC, #15597) was grown in tryptic soy broth (TSB) (BD, cat#211825) to late log 

phase, and subsequently diluted and plated on tryptic soy agar (TSA) (BD, cat#236920). The 

plates were then incubated at 37°C for 24 hr prior to the counting of colonies. This resulted in a 

final cell concentration of approximately 10
7
–10

8
 colony-forming units per milliliter (CFU/mL) 

utilized for the test challenge. 

B. thuringiensis was cultured in 2XSG sporulation media (Greenberg and Wagner, 2007), The 

sporulation medium contained16g Difco nutrient broth, 17 g agar, 2gKCl, 0.5g MgSO4, 1ml 1M 

Ca(NO3)2, 1 ml 0.1 M MnCl2 .4H2O, 1ml 1M FeSO4.4H2O and 0.5% glucose (pH 7.0). After 

incubation at 37°C for 1 week, the resulting spores were suspended into sterile deionized water, 

washed 3 times and centrifuged at 2,400 X G for 30 minutes. When sufficiently clean (>90% 

spores) were confirmed by plating dilutions of preparations in duplicates after heating at 80°C 

for 10 minutes for inactivation of vegetative cells. The experiments utilizing B. thuringiensis 

spores were suspended in cold sterile distilled water. This resulted in a spore concentration of 

10
9
-10

10
 spores/ ml for testing.  Collected influent and effluent samples were enumerated 

culturally as described for vegetative cells. 

 

Scanning electron microscopy 

After E. coli and B. thuringiensis spores were exposed to UV radiation or UV/H2O2 combination, 

the morphological changes were also confirmed by Scanning electron microscope (SEM). The 

bacterial suspensions were fixed for 60 min with 1% glutaraldehyde, then rinsed thrice with 0.1 

M Phosphate buffer, and postfixed with 1% osmium tetroxide for 60 min. This was followed by 

washing three times with deionized water. Subsequently, samples were dehydrated with serial 



 

 

110  

concentrations of ethanol (30%, 50%, 70%, 95%, and 100%). The dried samples were coated 

with Platinum and observed under HITACHI S-4800 Field-Emission Scanning Electron 

Microscope. 

 

Statistical analyses were performed with the R
® 

program (R version 2.15.1). Specific 

comparisons between control and treatments were analyzed by an ANOVA test with p-values 

less than 0.05 considered being statistically significant. 

 

Results and Discussion 

Inactivation of E. coli and B.thuringiensis spores by UV and UV/H2O2 

The viable counts of E. coli after UV or UV/H2O2 were significantly decreased (Figure 3), as 

evidenced by the fact that no colonies were observed after incubation at 37°C for 24 hours. 

When treated with UV or UV/2.5 mg/l H2O2, a >6 log10 reduction in the viable counts was 

observed (Figure 3). In contrast, there was a corresponding 3.16- log10 reduction in 

B.thuringiensis culturable spore counts with UV treatment (Figure 4). An addition of 2.5 mg/l 

hydrogen peroxide with UV light resulted in a 3.32-log reduction in the B.thuringiensis spore 

counts, indicating that B. thuringiensis spores were resistant to both treatments (Figure 4). 

Because spore coats are thicker and stronger than that of gram-negative bacteria, B.thuringiensis 

spores are likely to be more resistant to UV radiation than E. coli. 

Overall, UV disrupts bacterial DNA structure with pyrimidine dimers of thymine/uracil altering 

the double-helical structure and preventing cell reproduction, which ultimately leads to the death 

of the cell. Kruithof et al., (5) demonstrated that hydroxyl radicals increase the efficiency of the 

UV treatment with high oxidative power that can destroy most microbes. Our results agree with 

Yeon et al., (6) who showed that Bacillus spores are resistant to UV radiation due to the spore 
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coat which shield the core from UV radiation; thus UV treatment has little effect on the DNA. 

Bacillus spore DNA is protected against hydrogen peroxide and UV damage by small, acid-

soluble, spore proteins (SASP), which bind to DNA thereby providing protection (7). In addition, 

it is also well documented that the UV does not act directly on the DNA of Bacillus spores, but 

rather on the dipicolinic acid (DPA) within the spore coat (8, 9). Our results agree with the 

findings of Kruithof et al. (5), who reported that with an UV-dose of 100 mJcm
-2

, E. coli is 

inactivated completely, MS-2 phage is inactivated by 2.7 log, and Bacillus spores by 3.4 log. In 

contrast, Cryptosporidium was completely eliminated (>3 log). Hijnen et al., (10) also showed 

that 105 mJcm
-2

 of UV dose inactivated all E. coli cells.  According to Mamane et al., (11), 

hydroxyl radicals disrupt both the cell wall and cell membrane, and may also may inactivate 

enzymes, interfere with protein synthesis and damage intracellular components. 

 

Effect of UV or UV/H2O2 treatment on the surface structure of challenged microbes 

 

Microbial samples before and after exposure to UV or AOP were examined using a scanning 

electron microscope, and the morphologies of their surface structures were compared. Figure 

5(a) shows a representative SEM image of E. coli cells before treatment. The outer membrane of 

E. coli is composed of LPS, a phospholipid layer peptidoglycan and in this control sample; the 

surfaces of E. coli are smooth, damage-free and with intact cell walls. It indicates that the cells 

are healthy before they are treated with UV or UV/H2O2. However, after UV radiation and even 

more so in the presence of hydrogen peroxide, the cell morphologies show drastic changes. It 

was found that most of the treated cells exhibited severe destruction with a high degree of 

misconfigurations including surface damage. Figure 5(b) and 5(c) show shrinking, significant 

disruption of cell walls, and erosion of cell membrane. UV/H2O2 exposure (Figure 5c) indicates 

http://www.omicsonline.org/2157-7463/2157-7463-2-112.php#Figure2
http://www.omicsonline.org/2157-7463/2157-7463-2-112.php#Figure2
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that .OH radicals caused oxidative damage to the surface of the vegetative cells, including 

punctures of the cell wall which could lead to loss of metabolic activities. The SEM images show 

that UV or UV/H2O2 treatment would result in the loss of cell viability. However, SEM images 

of B. thuringiensis spores before and after AOP were similar with less apparent damage to the 

spore surface (Figure 6). This result confirms that E. coli cells suffered greater damage than 

B.thuringiensis spores following AOP treatment. Our results agree with Mamane et al., (11), who 

likewise found more damage to vegetative cells than spores.  In addition, according to Lenhart et 

al., (12), the pathways for genome replication, repair and mutagenesis in the Gram-positive 

bacterium Bacillus are often different from the Gram-negative bacterium E. coli.   

 

Sensitivity of BioSentry to treated cells and spores  

 

To evaluate the efficacy of UV or UV/H2O2 on E. coli and B. thuringiensis spores, the treated 

effluent samples were also examined using the BioSentry sensor. When UV or UV/2.5 mg/l 

H2O2 treated E. coli was passed through the sensor, both unknown and rod-shaped cell counts 

gave a positive signal. Surprisingly, it was observed that unknown and rod counts did not 

decrease in spite of a significant reduction in the viable counts (Figure 7). This may be due to the 

fact that the BioSentry uses MALS technology and cannot always distinguish between 

particulates and E. coli (4). When UV or UV/2.5 mg/l H2O2 treated Bacillus thuringiensis spores 

effluent was passed through the sensor; it was observed that spore counts were lower than 

unknown counts (Figure 8).SEM images indicated that following UV or UV/2.5 mg/l H2O2 

treatment, spores somewhat changed the size of the cells which were also found to be more 

round-shaped. This might be the reason for the sensor not being able to recognize the spores and 

perhaps due to imposed stress, subsequently categorizing them as unknown counts. However, 
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there was no significant difference in BioSentry unknown and spore counts between positive 

control and treatments (p>0.05). This also indicates that the BioSentry was not able to document 

the destruction of vegetative cells and spores in real-time.  

This study demonstrated that advanced oxidation processes can be used to inactivate bacterial 

contaminants, and that destruction can be verified to some extent by sensors in real-time. In 

addition, AOP treatment of Bacillus spores by AOP was not totally effective, nor would 

inactivation be documented in real-time. However, new innovative techniques using optical 

fluorescence and nano biosensors are now being explored, but they are still in their infancy, and 

require further development to improve reliability, robustness, and sensitivity. There are also few 

other methods that can be used simultaneously with the intrinsic fluorescence technology for 

identification of viable or dead microorganisms. 
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Figure 1: Standard Scatter patterns  
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Figure 2: Schematic of experimental Set-up  
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Figure 3: UV/ H2O2 inactivation of E. coli evaluated via standard cultural assay (*<DL = below detection limit (<30 CFU per plate) 
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Figure 4: UV/ H2O2 inactivation results of Bacillus thuringiensis spores evaluated via standard cultural assay 
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Fig 5 a) Untreated E.coli cells                       b) UV treated E.coli cells                               c) UV/2.5 mg/l H2O2 treated E.coli cells 
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Fig 6 a) Untreated B.thuringiensis spores   b) UV treated B.thuringiensis spores      c) UV/2.5 mg/l H2O2 treated B.thuringiensis spores         
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Figure 7: BioSentry response to E. coli cells following UV/ H2O2 exposure 
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Figure 8: BioSentry response to Bacillus thuringiensis spores following UV/ H2O2 treatment 

 

 

 

 

 


