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ABSTRACT 

Microbial pathogens commonly transmitted through the aerosol route to surfaces, 

equipment, and hands in the clinical setting leads to costly and life threatening hospital-

acquired infections (HAIs). Even with improved hand hygiene and surface disinfection, 

HAIs continue to persist in healthcare environments, warranting consideration of novel 

interventions to reduce the transmission risk of HAIs. This study quantitated the efficacy 

of ion generating passive air treatment (PAT) against viruses (MS2), bacteria (Escherichia 

coli), and bacterial spores (Bacillus thuringiensis) in a controlled environmental setting.  

Microorganisms were seeded into a 2.72 m3 chamber using a positive pressure 

nebulizing device to generate aerosolized droplets. The PAT unit was then turned on and 

seeded organisms were collected at various time points using impingers to concentrate the 

organisms into sterile aqueous solution. The microorganisms were enumerated using 

approved standard protocols developed in the Environment, Exposure Science, and Risk 

Assessment Center’s laboratory at The University of Arizona.  

Three experiments were conducted to challenge the PAT unit. Experiment one 

evaluated the efficacy of the PAT unit over a single 10-minute period on microbial 

inactivation from the airborne environment following a single seeding; additionally, 

experiment one aimed to determine the efficacy of the PAT unit against viruses, bacteria, 

and bacterial spores on environmental surfaces; experiment two evaluated the efficacy of 

the PAT unit running continuously over a period of 6 hours following a single seeding; and 

experiment three evaluated the efficacy of the PAT unit running two continuously over a 

period of 5.25 hours following two seeding events. Bacterial spores from pre- and post-
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treatment with the PAT unit were collected and analyzed by scanning electron microscopy 

to assess structural differences.  

After a single seeding and 10 minutes of continuous treatment of the PAT unit, 

normalized average microbial log10 reductions of post-treatment compared to pre-treatment 

air concentrations were 1.67, 0.59, and 1.04 for MS2, B. thuringiensis spores, and E. coli, 

respectively. Differences in average log10 reductions between the control unit and the PAT 

unit were statistically significant for MS2 (p=0.009) and B. thuringiensis (p=0.0455), but 

not for E. coli (p=0.0565). The geometric mean log10 surface concentrations of MS2, B. 

thuringiensis, and E. coli after a single seeding and 10 minutes of continuous treatment of 

the PAT unit were 7.30 PFU/100 cm2, 5.90 CFU/100 cm2, and 2.74 CFU/100 cm2, 

respectively, compared to exposure of the control unit, 8.59 PFU/100 cm2, 6.03 CFU/100 

cm2, and 4.96 CFU/100 cm2, respectively. There was a statistically significant difference 

between the mean log10 surface concentrations following 10 minutes of treatment with the 

control unit compared to the PAT unit for E. coli (p=0.002), but not for MS2 (p=0.3358) 

or B. thuringiensis (p=0.0866). 

After a single seeding and 6-hours of continuous treatment of the PAT unit, 

normalized average microbial log10 reductions of MS2 and B. thuringiensis were 1.43 and 

1.32, respectively. The difference in average log10 reduction of all post-treatment samples 

between the control unit and the PAT unit was statistically significant for B. thuringiensis 

(p=0.0008) but not for MS2 (p=0.2568). 

After two seedings and 5.25 hours of continuous treatment of the PAT unit, 

normalized average microbial log10 reductions of MS2 and B. thuringiensis were 1.59 and 

1.26, respectively. There was a statistically significant difference in the average log10 



 11 

reductions between the control unit and the PAT unit for MS2 (p=0.002) and B. 

thuringiensis (p=0.0003). 

Scanning electron microscopy analysis identified visual modification to B. 

thuringiensis spores following treatment with the PAT unit. In this study, the tested ion 

generating PAT unit was effectively able to reduce airborne microbial concentrations 

between 1-2 log10 in a controlled chamber environment within 10 minutes and up to 6 hours 

of treatment. The implications of this study suggest that ion producing PAT systems may 

represent a beneficial supplement to cleaning and disinfection practices in the reduction of 

pathogen contamination from the airborne and fomite-airborne routes. 

Keywords: aerosol, airborne microorganisms, chamber, hospital-acquired infections, 

ions, passive air treatment
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INTRODUCTION AND LITERATURE REVIEW 

Hospital-Acquired Infections 

Despite progress of public health and hospital care in the 20th and 21st centuries, 

hospital-acquired infections (HAIs) continue to burden public health in the United States (US) 

and worldwide. The American Public Health Association defines an HAI as “an infection 

occurring in a patient in a hospital or other healthcare facility in whom the infection was not 

present or incubating at the time of admission. This includes infections acquired in the hospital 

but appearing after discharge, and also occupational infections among staff of the facility”.1 

Annual incidence of HAIs is approximately 1.7 million in the US, and more than 90,000 people 

die of events associated with HAIs each year.2,3 The serious nature of HAIs prolong recovery, 

extend the duration of a patient’s stay in the hospital, and increase a patient’s risk of death. 

HAIs represent the fifth leading cause of death in US acute care hospitals.2 Treatment and 

management of HAIs place significant costs on patients and healthcare facilities, with the 

increased length of stay for HAI patients representing the greatest contributor to cost.4–6 

Estimated direct medical costs to US hospitals associated with HAIs exceeds $45 billion 

annually.7 Furthermore, the increasing prevalence of antibiotic resistant microorganisms 

compounds the high costs associated with HAIs.8 

Some of the most common organisms associated with HAIs include methicillin-

resistant Staphylococcus aureus (MRSA), Clostridium difficile, vancomycin-resistant 

Enterococci (VRE), Pseudomonas aeruginosa, Acinetobacter species, rotavirus, and 

norovirus.9–11 The varying prevalence, survivability, and resistance to antibiotics and/or 

disinfectants of these and other potentially pathogenic microorganisms contribute to the 

lingering problem of HAIs. For instance, MRSA, VRE, P. aeruginosa, Acinetobacter spp., 
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norovirus and C. difficile. have been shown to survive in conditions similar to healthcare 

environmental surfaces from days to months, depending on such factors as temperature, 

humidity, the experimental design, and methods of assessing contamination.10,12,13 Table 1 

summarizes survival on hospital surfaces of common microorganisms associated with HAIs. 

The persistence of microbes in the healthcare environment is an important factor for various 

transmission routes of HAI-associated microorganisms when considering surface 

contamination. 

Table 1. Common organisms associated with HAIs and their survival on hospital 
surfaces. 
Organism Survival on hospital surfaces 
Staphylococcus spp. including MRSA 7 days to over 12 months 14 
Enterococcus spp. including VRE 5 days to 46 months 15 
P. aeruginosa 6 hours to 16 months 13 
Acinetobacter spp. 3 days to 11 months 16 
Norovirus 8 hours to 2 weeks 17 
C. difficile Over 5 months 13 

 
Healthcare environments create a favorable setting for HAI-associated 

microorganisms, as they contain infected persons and persons at increased risk of infection. 

There are several factors that influence the development and spread of HAI-associated 

microorganisms, which include microorganism type, environmental factors, patient 

susceptibility, and microbial resistance to antibiotics and disinfectants. Within healthcare 

environments, HAI-associated microorganisms may be transmitted via a variety of routes 

including person-to-person contact, fomite-to-person contact, and airborne transmission. 

Historically, patients’ endogenous flora and person-to-person contact via contaminated hands 

have been considered the primary routes of transmission of HAI-associated microorganisms. 

Additionally, the role of contaminated surfaces in HAI-associated microorganism transmission 

has been elucidated through transmission modeling studies, microbiologic studies, in vitro and 
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in situ studies, observational epidemiologic studies, intervention studies, and outbreak 

reports.10 Recently, increasing attention, has been placed upon the role of environmental 

contamination with HAI-associated microorganism transmission, as contamination of patient 

environments has been linked with an increase in the risk of developing an HAI.10,12,18–20 

Aerosolization  

A factor increasingly associated with environmental contamination is the 

aerosolization of microorganisms in the healthcare environment. In addition to the ability to 

cause direct infection via the airborne route, aerosolized microorganisms can settle on surfaces 

allowing for resuspension or surface-person exposure.21,22 

A growing body of evidence suggests that airborne microorganisms are a significant 

source of transmission in healthcare environments. Colonized or infected patients and 

healthcare workers constitute a large reservoir of potentially pathogenic microorganisms, like 

S. aureus in healthcare environments. 23 This is a major concern because the main source of 

airborne transmission of HAI-associated microorganisms include shedding, coughing, and 

sneezing.24,25 Microorganisms can also be recirculated and become airborne during movement 

in hospital rooms, including movement of patients and healthcare workers, equipment, and 

cleaning activities.26–29 Changing of patient bedsheets has been implicated as a significant 

mechanism in aerosolizing C. difficile and MRSA-containing particles.26,28,30 Shiomori et al. 

demonstrated approximately 50 times greater MRSA CFU/m3 in hospital rooms of MRSA-

infected patients when medical staff were in the room changing bedsheets compared to resting 

periods without medical staff present, indicating the spread of MRSA with movement.28 In 

another study by Shiomori et al., the CFU/m3 of MRSA airborne counts increased 25 times 

after bed making (p<0.01) from contaminated sheets of infected patients. Best et al. found that 
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environmental surfaces and people’s movement contribute to the circulation and dispersal of 

airborne C. difficile.26 Several studies have found that rooms previously occupied by a patient 

infected with an HAI associated pathogen increases the probability of the next patient 

occupying that room developing an HAI with that pathogen.10,22,31 This indicates that 

pathogens shed from previous patients may persist on surfaces in the room after cleaning, 

remaining viable with the potential to be transmitted to others. Hospital equipment which 

produce aerosols (e.g. pulmonary nebulizers) have also been identified as sources of 

aerosolized microorganisms, including MRSA.27 Furthermore, within 30 minutes of 

mechanical floor cleaning in operating rooms, concentrations of airborne bacteria have been 

measured up to 1000 CFU/m3 with no ventilation and 700 CFU/m3 with full ventilation.32 

Cumulatively, these studies strongly suggest that human activity in healthcare environments 

can result in the resuspension and aerosolization of microorganisms, which can contribute to 

the transmission of HAI-associated microorganisms.  

Passive Air Treatment Systems 

Despite the progress of improved cleaning protocols and hygiene interventions, HAIs 

and transmission of HAI-associated pathogens continue to occur worldwide.10,12,33 While it has 

been demonstrated that enhanced cleaning and improved hand hygiene interventions have led 

to a reduction in HAI rates, microorganisms may persist on surfaces after cleaning, which may 

contribute to the reservoir of infection 12,34–36.  

For instance, one study investigated cleaning effectiveness in surgical wards and 66% 

of all swabbed surfaces tested positive for MRSA after terminal cleaning.37 Thus, “no touch” 

methods (e.g. ultraviolet light (UV) devices, hydrogen peroxide systems, self-disinfecting 

surfaces, and high-efficiency particulate air filters) for disinfection have been suggested to 
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supplement cleaning and reduce the risk of HAIs. 38,39 Of these “no touch” methods of 

disinfection, passive air treatment systems such as UV light devices and hydrogen peroxide 

systems, have been extensively used in clinical settings.40 Disadvantages of UV systems 

include the requirement of direct or indirect line of site to inactivate pathogens, generation of 

ozone, and decreased efficacy against spore-forming organisms. Notable disadvantages of 

hydrogen peroxide systems include the requirement of the heating, ventilation, and air 

condition (HVAC) system be sealed and longer delivery times than UV systems.38,40 With the 

advent of passive air treatment systems like UV light devices and hydrogen peroxide systems, 

another novel system has been developed that can disable airborne microorganisms through 

the generation of positive and negative ions.38,41 Ion producing passive air treatment systems 

have been shown to be bactericidal against Bacillus subtilis spores and produce less than 0.01 

parts per million (ppm) of ozone, which is less than the US Occupational Safety and Health 

Administration permissible exposure limit of 0.1 ppm for ozone.42,43 Thus, passive air 

treatment units that generate ions may have clinical utility in reducing airborne microbial 

concentrations. 

Nebulization and Bioaerosol collection  

  The effect of airborne microorganisms in regards to HAI transmission is less studied 

than environmental contamination or hand hygiene. Factors leading to difficulties in airborne 

microorganism experiments include the production and collection of aerosolized 

microorganisms; challenges not commonly faced with surface and hand hygiene studies.  

Several techniques exist in the collection of airborne microorganisms including 

impaction, impingement, filtration, gravity, and cyclone among others.44 However, a recent 

review of bioaerosols found no existing standard protocol or sampling method for airborne 



 17 

microorganisms.44 In bioaerosol studies focusing on quantifying airborne organisms regardless 

of size, impingement and gravitational settling method or gravity sampling are commonly 

used.38,44–47 During impingement, air is drawn in through a narrow inlet tube onto the collecting 

medium through negative pressure, and the suspended particles collide with and collect in the 

liquid.44 Impingement is widely used in scientific studies with well documented collection 

efficiencies.44 The liquid collection medium of impingement allows for adaptable downstream 

enumeration and reduces the issues of overloading (experienced with impaction and 

filtration).44 The impingement method also allows for the control of collection time and 

multiple time point samples during a single study. Furthermore, impingement allows for the 

quantification of airborne concentration of microorganisms, unlike gravity sampling.44 Thus, 

impingement represents an appropriate collection method in aerosol studies testing disinfection 

applications. 

Nebulizers are extensively used for the study and generation of airborne 

microorganisms in the laboratory.48,49 There are several types of nebulizers and techniques that 

have been developed to disperse airborne microorganisms or particles: pneumatic or jet 

nebulizers, ultrasonic nebulizers, bubbling aerosol generator or liquid sparging aerosolizer, and 

dry dispersion methods.48,49 Jet nebulizers are commonly used for the dispersion of 

microorganisms in aerosol studies, specifically the Collison nebulizer. 49–53 Additionally, the 

Collison nebulizer has been used previously in disinfection studies of aerosolized 

microorganisms.45,46,54,55 Conversely, ultrasonic nebulizers are more commonly used as well 

as medical devices for aerosolized treatments.56 Dry dispersion methods are commonly used 

for the aerosolization of fungal spores.49 Recently developed bubbling aerosol generators may 

represent a more efficient method to aerosolize microorganisms than jet nebulizers, have not 
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been frequently used in scientific studies.57 In jet nebulizers, high pressure air is forced through 

a nozzle exiting as a high-velocity air jet, which creates a low-pressure region that forces a 

liquid suspension containing microorganisms up through an exit channel, producing droplets. 

The droplets that have high inertia impact on the nebulizer wall and are recirculated into the 

liquid, and sufficiently small-sized droplets leave the nebulizer as an aerosol. While the 

bubbling aerosol generator may show promise, the Collison nebulizer represents an appropriate 

device to aerosolize microorganisms in aerosol studies testing disinfection applications. 

Pathogen Surrogates 

 Within environmental microbiology and health risk assessment, surrogates are 

organisms, particles, or substances used to study the behavior of pathogens in a selected 

environment.58 Pathogenic and nonpathogenic surrogate organisms have been used in studies 

focused on environmental survival, disinfection, transport, method development, and 

assessment of environmental risk 58–61 The principal benefit of using nonpathogenic surrogate 

organisms is safety. Other advantages of surrogate organisms include the ability to produce 

large numbers at a low cost, simple detection assays, and function related morphology.58 

Disadvantages of surrogate organisms include under- or overestimation of movement, 

inactivation, or resistance, inability to reduce uncertainty in risk assessments, and safety with 

the use of pathogenic surrogates.58 In the end, safety, similarity, and measurability are factors 

to consider in pathogen surrogate selection. 

The bacterial virus, MS2 is a nonpathogenic surrogate for commonly encountered viral 

pathogens associated with HAI (e.g. norovirus).47,61–63 MS2 is a bacteriophage that infects 

Escherichia coli species.64 Like norovirus, MS2 is a non-enveloped, single-stranded RNA 

virus that is adapted to the human intestinal tract 47,65,66. Turgeon et. al determined that MS2 
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was one of the most resistant bacteriophages to aerosolization and sampling, compared to four 

other bacteriophages. Furthermore, previous projects have used MS2 in viral aerosol studies 

testing various disinfection applications.45,55 Therefore, MS2 is an appropriate organism as a 

viral pathogen surrogate due to its safety, extensive use in several studies, and ease of 

enumeration and detectability.58  

E. coli are frequently used as indicator organisms in environmental monitoring and 

disinfection studies.58,67 E. coli are Gram-negative, rod-shaped coliform bacteria commonly 

found as commensal bacteria in the gastrointestinal tract of humans.68 However, some strains 

of E. coli are pathogenic.68 Gram-negative bacteria have an outer membrane composed of 

proteins, lipoproteins, and importantly, lipopolysaccharides, which limit the concentration of 

disinfectants that can enter cells.69 Gram-positive bacteria do not have an outer membrane, 

which makes Gram-positive bacteria more susceptible to disinfectants.69 While Gram-negative 

bacteria associated with HAIs like A. baumannii and P. aeruginosa have been associated with 

environmental contamination,70,71 Gram-positive bacteria have been found to survive longer 

than Gram-negative bacteria on inanimate objects under experimental conditions and within 

healthcare environments.72,73 Therefore, the use of a nonpathogenic, Gram-negative bacterium 

may be a better selection as a pathogen surrogate than a Gram-positive bacterium in aerosol 

studies testing disinfectants due to their resilience against disinfectants. Furthermore, previous 

studies have used nonpathogenic strains of E. coli in aerosol studies testing disinfection 

applications.46,54,74,75 Thus, the use of a nonpathogenic strain of E. coli may represent a 

promising application as a pathogen surrogate for commonly encountered bacterial pathogens 

associated with HAIs in aerosol studies testing disinfection applications.  
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B. thuringiensis are Gram-positive bacteria that produce an endospore (spore) when 

encountered with environmental stresses.76 B. thuringiensis are nonpathogenic to humans, and 

are widely used as insecticides in food crops such as corn and potatoes.76 Bacillus and 

Clostridium species are related as they are both Gram-positive spore forming bacteria and have 

nearly identical processes of sporulation.77,78 Additionally, both B. thuringiensis and C. 

difficile share a common spore structure, the exosporium, which is the outermost structure of 

most bacterial spores.79,80. B. thuringiensis has been extensively utilized as a nonpathogenic 

surrogate for B. anthracis in aerosol studies and in testing various disinfection applications.81–

84 Therefore, because of its safety, physical similarities to Clostridium spp., and prior use in 

aerosol studies, B. thuringiensis represents an appropriate pathogen surrogate for spore 

forming bacteria in aerosol studies testing disinfection applications.  

A main factor in surrogate selection is safety, in that illness or infections in humans 

will not occur. Certain surrogates can be used outside of laboratory environments with human 

populations. For example, to assess workers and nearby populations exposure to aerosolized 

human enteric pathogenic viruses, Tanner et al. used MS2 during the land application of 

wastewater biosolids under actual field conditions.85 The coliphage MS2 can be used in real 

environments because the hosts that can become infected are only coliphage bacteria. 

Alternatively, surrogates such as E. coli and B. thuringiensis can only be used in controlled 

environments without human populations because of their ability to cause opportunistic 

infections, especially in immunocompromised humans.86,87 Ultimately in the appropriate 

selection of a surrogate, the organism of choice should behave as close as possible to the 

pathogen in the selected environment, be easily measurable, and are safe to use, particularly 

around immunocompromised populations. 
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Hospital-acquired infections (HAIs) are a significant public health concern. HAIs 

continue to be problematic to treat and prevent due to multiple routes of transmission of HAI-

associated microorganisms, environmental persistence, and resistance to various antibiotics 

and disinfectants. Airborne dispersal of pathogenic microorganisms represents an important 

mechanism in the transmission of HAIs in healthcare environments. In addition to the airborne 

route of exposure, aerosolized microorganisms can ultimately land on surfaces, contributing to 

infection reservoirs. With several activities contributing to the aerosolization of pathogenic 

microorganisms, including routine cleaning, the need for enhanced infection control practices 

in healthcare environments is warranted. In aerosol studies testing disinfection applications, 

appropriate selection of nonpathogenic organisms as pathogen surrogates should consider the 

relatedness in their behavior in the selected environment, their ease of use, and their safety. 

Passive air treatment systems that continuously produce ions may represent a valuable method 

of reducing microbial loads in healthcare environments.    

Statement of Purpose 

This study aimed to quantify the efficacy of an ion generating Passive Air Treatment 

(PAT) unit against airborne viruses, bacteria, and bacterial spores in a controlled 

environmental setting. The purpose of experiment one was to evaluate the efficacy of the PAT 

unit following a ten-minute period of microbial inactivation from the airborne environment 

following a single surrogate organism seeding; experiment two evaluated the efficacy of the 

PAT unit running continuously over a period of six hours following a single seeding; and 

experiment three evaluated the efficacy of the PAT unit running continuously over two 

seedings. Bacterial spores from pre- and post-treatment with the PAT unit were collected and 

analyzed by scanning electron microscopy (SEM) to assess structural differences. 
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Additionally, this study aimed to determine the efficacy of the PAT unit following a ten-minute 

period of microbial inactivation on surfaces from the aerosol-fomite route. 

 
 
 

METHODOLOGY 

Passive Air Treatment Unit 

The Passive Air Treatment (PAT) unit (XSTREAM Infection Control, Oakton, VA) 

used in this study generated negative and positive ions that form airborne ion clusters. These 

ion clusters surround airborne particles to inactivate them.38 The negative control unit was the 

PAT unit with a deactivated ion generating device. 

Air Seeding 

 The air within the chamber was seeded with surrogate organisms via nebulized aerosol 

administration of MS2, E. coli, and B. thuringiensis spores with geometric mean titer 

concentrations of 10.32 log10 PFU/mL (std. dev.=0.89), 9.84 log10 CFU/mL (std. dev.=0.86), 

and 7.04 log10 CFU/mL (std. dev.=0.72), respectively. Table 2 summarizes the geometric mean 

titer concentration for the organisms in each experiment. A 6-jet Collison nebulizer (BGI Inc., 

Waltham, MA) was employed, using compressed air that provided appropriate mass median 

diameter (MMD) for aerosolization of the seeded surrogate organisms. The nebulizer was 

placed 0.61m above the floor and dispersed aerosolized organisms at 12.7 L/min for 10 

minutes, 30 minutes, and 20 minutes with MS2, E. coli, and B. thuringiensis, respectively for 

experiment one; 25 minutes for experiment two with MS2 and B. thuringiensis; and two 15-

minute seedings for experiment three with MS2 and B. thuringiensis. Seeding times varied for 

each organism based on troubleshooting trials (data not shown) prior to experiment one. The 

criteria for the selected seeding times were based on reaching sufficiently high initial 
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concentrations in subsequent enumeration assays, to allow for the measurement of at least a 3 

log reduction during treatment to compare to EPA laboratory testing requirements of a 3 log10 

reduction for sanitizers.88 However, it is important to note that the EPA laboratory testing 

requirements are for surface sanitizers (and disinfectants), and there are currently no method 

for evaluating air sanitizers. 89 

Table 2. Geometric mean log10 titer concentrations. 

 MS2 
(log10 PFU/mL) ±SD 

B. thuringienisis (log10 
CFU/mL) ±SD 

E. coli (log10 
CFU/mL) ±SD 

Experiment one 10.17 ± 1.04 6.92 ± 0.70 9.73 ± 0.95 

Experiment two 10.16 ± 0.68 7.77 ± 0.24 NA 

Experiment three 9.69 ± 0.03 7.46 ± 0.20 NA 
PFU = plague forming units, CFU= colony forming units, and SD= standard deviation 
 
Air Sampling  

Air sampling activities were performed using standard industrial hygiene indoor air 

biological sampling techniques using all-glass Biosamplerâ impingers (SKC, Inc., Eighty 

Four, PA) containing 5 mL of phosphate buffered water (PBW). Virus, bacterial, and spore 

sample collection followed American Conference of Governmental Industrial Hygienists 

(ACGIH) methodology.90 Air samples were collected with D-2 Moldlite Samplerâ pumps 

(Allegro Industries, Piedmont, SC) for 5 minutes at 4 L/min (± 5%). All pumps used in this 

study were calibrated before and after each trial using the Defender 510â calibrator (Mesa 

Laboratories, Butler, NJ). Impingers were placed 0.52m above the floor.  

After the last time point was collected, impingers were sealed with Parafilm and placed 

on ice in a cooler for transportation to The University of Arizona’s Environmental, Exposure 

Science and Risk Assessment Center (ESRAC) laboratory for processing. After a 10 second 

vortex to detach microorganisms from the impinger walls, PBW from the impingers was 



 24 

aseptically transferred into sterile 15 mL conical tubes. Samples were then serially diluted with 

sterile PBW in 1 mL aliquots for the microbial assays. 

Organism Culture and Processing.  

Due to the potential hazards and health effects of sampling airborne pathogenic 

microorganisms, nonpathogenic, biosafety level 1 microorganisms were utilized in this study 

as pathogen surrogates. All organism assays were completed in triplicate.  

MS2 coliphage was used as a surrogate for human enteric and respiratory viruses. On 

the day of a trial, a working titer from the stock solution was diluted to 109-1010 plaque forming 

units (PFU)/mL. Double agar layers were utilized to detect coliphage strain MS2 (ATCC 

15597-B1) on selected hosts (E. coli C-3000; ATCC 15597) following a modified version of 

EPA methods 1601 without antibiotics.91 Clearings in the host lawn were counted and reported 

as PFU/m3. ΦX-174 coliphage was used as a positive control for verification of media integrity. 

Sterile reagent water was used as negative controls for verification of method integrity.92 

A nonpathogenic Escherichia coli strain (ATCC 29522) was utilized in this study as a 

surrogate for commonly encountered bacterial pathogens associated with HAIs (e.g. Klebsiella 

spp., Acinetobacter spp., MRSA, and P. aeruginosa). A colony of E. coli was streak plated on 

a new TSA plate within 5 days prior to a trial. The day preceding a trial, E. coli was incubated 

for 24 hours at 37°C in tryptic soy broth (TSB). E. coli was centrifuged at 4000 RPM for 10 

min and washed with sterilized deionized water three times. Working titers on the day of a trial 

were 108 -1010 colony forming units (CFU)/mL. Membrane filtration with mENDO agar was 

employed to determine the airborne concentrations of E. coli. Green colonies were counted 

and reported as CFU/m3. Prior to a trial, undiluted E. coli titer was used as a positive control 

for verification of media integrity. Sterile reagent water was used as negative controls.  
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Bacillus thuringiensis spores, referred to simply as Bacillus thuringiensis for the rest 

of this thesis, were used as a surrogate for Clostridium difficile spores. A known sporulation 

protocol was followed,93 and B. thuringiensis stock cultures of the ESRAC lab were used for 

this study. Sporulated B. thuringiensis cells were prepared within 5 days of a trial. Sporulated 

B. thuringiensis stock solution was prepared to a titer of 107-108. On the day of a trial, a working 

titer from the stock was diluted to 106 -107 CFU/mL. Spread plating on TSA plates after a 10-

minute heat shock at 80 °C was employed to determine the airborne concentrations of non-

vegetative B. thuringiensis. Spore colonies were counted and reported as CFU/ m3. Prior to a 

trial, undiluted B. thuringiensis stock solution was used as a positive control for verification of 

media integrity. Sterile reagent water was used as negative controls.  

Experimental Design 

 A controlled environment was created using an enclosed Plexiglas chamber 

measuring 2.44m x 1.22m x 0.92m. A schematic of the chamber design is provided in Figure 

1. The study involved three experimental conditions to challenge the PAT unit (Table 3), with 

an example configuration shown in Figure 2.  

The purpose of experiment one was to evaluate the efficacy of the PAT unit over a 

single 10-minute period on microbial inactivation from the airborne environment following 

surrogate organism seeding. Additionally, experiment one aimed to determine the efficacy of 

the PAT unit against viruses, bacteria, and bacterium spores on environmental surfaces. 

Experiment one included a negative control (T0), followed by either a 10-minute, 30-minute, 

and 20-minute seeding with MS2, E. coli, and B. thuringiensis, respectively. Pre-treatment 

samples (1A and 1C) were collected immediately after seeding. Then a 10-minute treatment 

was run, and post-treatment samples (2A and 2C) were collected. “A” corresponds to samples 
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collected from impingers located closer to the PAT unit, and “C” corresponds to samples 

collected from impingers located closer to the nebulizer. Sixty-five microbial air samples and 

30 surface samples were collected.  

The purpose of experiment two was to evaluate the efficacy of the PAT unit running 

continuously over a period of six hours following a single seeding. Experiment two included a 

negative control (T0), followed by a 25-minute seeding then the treatment was continuously 

run and T1 sample was collected immediately after seeding. Samples were collected after 1 

hour (T2), 2 hours (T3), 3 hours (T4), and 6 hours (T5) of treatment. 35 total microbial air 

samples were collected. 

The purpose of experiment three was to evaluate the efficacy of the PAT unit running 

continuously during two seedings. Experiment three included a negative control (T0), followed 

by a 15-minute seeding then the treatment was continuously run and T1 sample was collected 

immediately after seeding. Samples were collected after 1 hour (T2) and 2 hours (T3) of 

treatment, followed by a second 15-minute seeding. Samples were then collected 45 minutes 

(T4) and 3 hours (T5) of treatment after the second seeding. 36 total microbial air samples 

were collected. 

  E. coli was not used in either experiment two or three. Initial tests with E. coli 

demonstrated the limits of E. coli in the study design with longer time points, in which E. coli 

experienced low survivability. The limitations of E. coli may be due to the fragility of E. coli 

during nebulization or impingement. For instance, Thomas et al. found that 99.9% of an E. coli 

population suffered mechanical injury following a 10-min aerosolization by a Collison 

nebulizer.94 Furthermore, Zhen et. al. suggested further stress to the cell membrane of E. coli 

cells from the process of impingement in addition to aerosolization by a Collison nebulizer.95 



 27 

 

 
Figure 1. Schematic of the controlled chamber configuration. 

Table 3. Seeding and time point sampling summary. 
Time 
Point Experiment one Experiment two Experiment three 

T0 air sample (negative 
control) 

air sample (negative 
control) 

air sample (negative 
control) 

T1 
 
 

seeding seeding first seeding 

air sample 
air sample sample 

treatment started treatment started 

T2 
treatment started 

air sample air sample air sample 
treatment ended 

T3 surface sample air sample sample 
second seeding 

T4 NA air sample air sample 

T5 NA air sample air sample 
treatment ended treatment ended 
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Figure 2. Controlled chamber configuration with PAT unit (left), impingers (middle), 
and nebulizer (right). 
 
Environmental Conditions 

Air temperature and percent relative humidity were recorded at the beginning and end 

of each sampling step using a digital hygrometer/thermometer (Fischer Scientific Certified 

Traceable, product number 11-661-8). 

Surface Sampling 

Surface samples were collected from two designated floor locations (100 cm2) In the 

chamber using one sponge-stick moistened in Letheen Broth per area (3M, Maplewood, 

Minnesota) after the last air sample time point. Surrogate organisms were eluted from the 

swabs via manual agitation for 10 seconds and assayed using standard culture methods 

described above. Samples were reported as PFU or CFU/100 cm2. 

Scanning Electron Microscopy Analysis 

B. thuringiensis spores from pre- and post-treatment trials were collected and analyzed 

by scanning electron microscopy (SEM) to determine the visual structure. For the SEM 
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analysis pre-treatment trial, B. thuringiensis spores were seeded for 1 hour and air samples 

were collected for 30 minutes with 5 mL of sterile deionized water. For the SEM analysis post-

treatment trial, B. thuringiensis spores were seeded for 1 hour while the PAT unit was running 

continuously, and air samples were collected for 30 minutes in impingers with 5 mL of sterile 

deionized water. After samples were collected, impingers were sealed with Parafilm and placed 

on ice in a cooler for transportation to The University of Arizona’s ESRAC laboratory for 

processing. Air samples were centrifuged for 10 minutes at 3000 RPM, and 4 mL of 

supernatant were discarded. After vortexing, 10 µL were aliquoted onto silica-coated SEM 

pins. The SEM pins were then placed in a desiccator for 30 minutes prior to analysis by SEM. 

Dr. Wallace and the SEM laboratory at the University of Arizona provided invaluable 

assistance with the SEM experimental design protocol and analyzing the samples via SEM.  

Calculations and Statistical Analyses 

Calculations for air and fomite concentrations were performed using Microsoft Excel 

2010. Normality was assessed via the Shapiro-Wilk test. Differences between pre- and post-

treatment microbial concentrations and between log10 reductions with treatment of the PAT 

unit and the control unit were analyzed for significance by the Wilcoxon rank-sum test for 

nonparametric data and by the Welch’s t-test for parametric data. The level of statistical 

significance was defined as follows: p>0.05 indicating no significance and p<0.05 indicating 

significant difference. Log10 transformation of the air and fomite concentrations were used for 

calculations and subsequent analyses. The geometric mean was used for averaging air and 

fomite concentrations. In order to obtain the average log10 reductions caused by the PAT unit, 

the average log10 reduction of the control unit at each time point was subtracted from the log10 
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reduction of the PAT unit.96 Statistical analyses were performed using Stata/SE12 (StataCorp, 

College Station, TX). All averages are reported as geometric means unless otherwise stated.  

In the microbiologic enumeration assays mentioned previously, positives were reported 

as colony forming units CFU or PFU/mL and concentrations were determined by equation 1. 

 Equation 1. Assay concentrations, 𝐶𝐹𝑈	𝑜𝑟	𝑃𝐹𝑈/𝑚𝐿 = ,-.	/0	1-./23
456785/9

 
To report the plate counts as air concentrations, the CFU or PFU/mL concentrations were 

multiplied by a factor of one million to convert to CFU or PFU/m3 (equation 2). 

Equation 2. 𝐶𝑜𝑛ve𝑟si𝑜𝑛 𝑜𝑓 𝐶𝐹𝑈 𝑜𝑟 𝑃𝐹𝑈/𝑚𝐿 𝑡𝑜 𝐶𝐹𝑈 𝑜𝑟 𝑃𝐹𝑈/m3 = ABC	DE	FBC
GH

∗

														J∗JK
LGH

JGM  
Log10 reductions were determined by comparing post-treatment air concentrations to pre-

treatment air concentrations (equation 3). 

Equation 3. Log10 reduction = 
logJK

ADQRSQTEUTVDQWESTESUTGSQT
ADQRSQTEUTVDQWDXTTESUTGSQT

𝑙𝑜𝑔JK
[50	\/9\]980[85/9	^0]	80][82]98
[50	\/9\]980[85/9	^/_8	80][82]98  

Log10 reductions of the PAT unit were normalized to adjust for the settling rate of the 

organisms with treatment of the control unit.96 To normalize log10 reductions, the average log10 

reductions of the control unit were subtracted from the average log10 reductions of the PAT 

unit for each organism (equation 4). 

Equation 4. Normalization of Log10 Reductions = PAT unit log10 reduction – average 
control unit log10 reduction 
 

Air concentrations with treatment of the PAT unit were normalized to adjust for the settling 

rate of the organisms with treatment of the control unit. To normalize air concentrations, the 

difference of the geometric mean log10 air concentration of the respective organism treated with 

the control unit and from the geometric mean log10 air concentration of the respective organism 

treated the PAT unit was subtracted from the geometric mean log10 air concentration of the 

respective organism at each time point treatment with the PAT unit (equation 5).  
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Equation 5. Normalization of Log10 Air Concentrations = 
𝑎𝑖𝑟	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑎𝑡	𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒	𝑡𝑖𝑚𝑒	𝑝𝑜𝑖𝑛𝑡	 −
	(𝑚𝑒𝑎𝑛	𝑎𝑖𝑟	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑤𝑖𝑡ℎ	𝑐𝑜𝑛𝑡𝑟𝑜𝑙	𝑢𝑛𝑖𝑡	–𝑚𝑒𝑎𝑛	𝑎𝑖𝑟	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑤𝑖𝑡ℎ	𝑃𝐴𝑇	𝑢𝑛𝑖𝑡 
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RESULTS 

Environmental Conditions  

Air temperatures in the chamber ranged from 20.1°C to 26.3°C with an arithmetic 

average of 23.9°C (std. dev.=1.62). Relative humidity ranged from 15% to 32% and an 

airthmetic average of 21.57% (std. dev.=4.15). The effect of relative humidity on the efficacy 

of the PAT unit was assessed in experiments two and three. Two trials were run at an arithmetic 

average of 47.08% (std. dev.=17.59) relative humidity, but no measurable differences were 

identified in microbial concentrations compared to the trials run at the ambient relative 

humidity (21.57%, std. dev.=4.15) in the chamber. There were no statistically significant 

differences between the geometric mean log10 titer concentrations in trials run with the control 

unit versus trials run with the PAT unit for each organism in experiments one, two, and three.  

Efficacy of the PAT unit on airborne microbial inactivation with a 10-minute treatment 

following a single seeding 

During experiment one, which included a single seeding and a 10-minute PAT unit 

treatment, 65 microbial air samples were collected: 27 for MS2, 20 for B. thuringiensis, and 

18 for E. coli. Results are summarized for MS2 in Table 4, B. thuringiensis in Table 5, and E. 

coli in Table 6. Additionally, log10 reduction results are summarized in Figure 3. 

The mean air concentrations prior to treatment with the PAT unit achieved for 

aerosolized MS2, B. thuringiensis, and E. coli were 11.20 log10 PFU/m3 (std. dev.=1.44), 10.80 

log10 CFU/m3 (std. dev.=0.34) and 8.96 log10 CFU/m3 (std. dev.=0.02), respectively. The mean 

air concentrations with 10 minutes of PAT unit treatment achieved of aerosolized MS2, B. 

thuringiensis, and E. coli were 9.56 log10 PFU/m3 (std. dev.=1.29), 10.04 log10 CFU/m3 (st 

dev=0.27), and 7.11 log10 CFU/m3 (std. dev.=0.12), respectively. The differences in mean air 
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concentrations between pre- and post-treatment of the PAT unit were statistically significant 

for B. thuringiensis (p=0.0019) and E. coli (p<0.0209), but not for MS2 (p=0.0935). 

 Average normalized log10 reductions of MS2, B. thuringiensis, and E. coli following a 

10-minute treatment of the PAT unit were 1.67 (std. dev.=0.31), 0.59 (std. dev.=0.11), and 

1.04 (std. dev.=0.13), respectively. Differences in mean log10 reductions between the control 

unit and the PAT unit were statistically significant for MS2 (p=0.009) and B. thuringiensis 

(p=0.0455), but not for E. coli (p=0.0565).  

Table 4. MS2 air concentrations and reductions following a single seeding and 10-
minute treatment of control unit or PAT unit. 

Test 
organism 

Treatment 
type Contact time Sample 

Size (n) 
Log10 GM (PFU/m3) ± 

SD Log10 reduction ±SD 

MS2 

Control unit 

Negative control 4 0.00 NA 

Pre-treatment 4 12.25 ± 1.61 NA 

Post-treatment 4  12.26 ± 1.69 -0.02 ± 0.08 

PAT unit 

Negative control 5 0.00  NA 

Pre-treatment 5 11.20 ± 1.44 NA 

Post-treatment 5 9.56 ± 1.29 1.65 ± 0.39 

PFU = plaque forming units; GM = geometric mean; SD = standard deviation; n = number of 
samples 
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Table 5. B. thuringiensis air concentrations and reductions following a single seeding 
and 10-minute treatment of control unit or PAT unit. 

Test organism Treatment 
type 

Contact 
time Sample Size (n) Log10 GM (CFU/m3) ± 

SD 
Log10 reduction 

±SD 

B. 
thuringiensis 

Control unit 

Negative 
control 2 0.00 NA 

Pre-
treatment 2 10.28 ± 0.005 NA 

Post-
treatment 2 10.11 ± 0.05 0.17 ± 0.05 

PAT unit 

Negative 
control 6 0.00 NA 

Pre-
treatment 6 10.80 ± 0.34 NA 

Post-
treatment 6 10.04 ± 0.27 0.76 ± 0.11 

 

CFU = colony forming units; GM = geometric mean; SD = standard deviation; n = number of 
samples 
 
Table 6. E. coli air concentrations and reductions following a single seeding and 10-
minute treatment of control unit or PAT unit. 

Test 
organism Treatment type Contact time Sample 

Size (n) 
Log10 GM 

(CFU/m3) ± SD Log10 reduction ± SD 

E. coli 

Control unit 

Negative 
control 1 0.00 NA 

Pre-treatment 2 9.59 ± 1.30 NA 

Post-
treatment 2 8.78 ± 1.40 0.80 ± 0.10 

PAT unit 

Negative 
control 4 0.00 NA 

Pre-treatment 4 8.96 ± 0.02 NA 

Post-
treatment 4  7.11 ± 0.12 1.83 ± 0.13 

CFU = colony forming units; GM = geometric mean; SD = standard deviation; n = number of 
samples 
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Figure 3. Average log10 reductions of MS2, B. thuringiensis, and E. coli following a 
single seeding and 10-minute treatment of the control or PAT unit. 
PAT indicates the PAT unit. -CTRL indicates the PAT control unit without the ion 
generating device. Average log10 reductions were determined by comparing pre-treatment air 
concentration averages (1A and 1C) to post-treatment air concentration averages (2A and 
2C). 
 
Efficacy of the PAT unit on surface microbial inactivation with a 10-minute treatment 

following a single seeding 

Thirty microbial surface samples were collected and analyzed during experiment one: 

12 for MS2, 8 for B. thuringiensis, and 10 for E. coli. After a 10-minute treatment with the 

control unit, the mean surface concentrations achieved for MS2, B. thuringiensis, and E. coli 

were 8.59 log10 PFU/100 cm2 (std. dev.=1.49), 6.03 log10 CFU/100 cm2 (std. dev.=0.01), and 

4.96 log10 CFU/100 cm2 (std. dev.=0.26), respectively. After a 10-minute treatment with the 

PAT unit, the mean surface concentrations achieved for MS2, B. thuringiensis, and E. coli were 

7.30 log10 PFU/100 cm2 (std. dev.=0.42), 5.90 log10 CFU/100 cm2 (std. dev.=0.15), and 2.74 

-0.02

0.17 0.80

1.65

0.76

1.83

-0.5

0.0

0.5

1.0

1.5

2.0

B. thuringiensis E. coli

Lo
g 1

0
R

ed
uc

tio
n

-CTRL PAT

MS2



 36 

log10 CFU/100 cm2 (std. dev.=1.14), respectively. There was a statistically significant 

difference between the mean surface concentrations following 10 minutes of treatment with 

the control unit compared to the PAT unit for E coli (p=0.002), but not for MS2 (p=0.3358) or 

B. thuringiensis (p=0.0866). The results for the microbial surface sampling are summarized in 

Table 7 and Figure 4. 

Table 7. Organism surface concentrations following a single seeding and 10-minute 
treatment of control unit or PAT unit. 

Test organism Treatment type Sample size (n) Log10 GM (CFU or PFU/m3) ± SD 

MS2 

Control unit 6 8.59 ± 1.49 

PAT unit 6 7.30 ± 0.42 

B. thuringiensis 

Control unit 2 6.03 ± 0.01 

PAT unit 6 5.90 ± 0.15 

E. coli 

Control unit 2 4.96 ± 0.26 

PAT unit 8  2.74± 1.14 

PFU = plaque forming units; CFU = colony forming units; GM = geometric mean; SD = 
standard deviation; n = number of samples 
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Figure 4. Mean surface concentrations of MS2, B. thuringiensis, and E. coli measured 
after a single seeding and 10-minute treatment of control unit or PAT unit. 
PAT indicates the PAT unit and -CTRL indicates the PAT control unit without the ion 
generating device. 
 
Efficacy of the PAT unit on airborne microbial inactivation with a 6-hour treatment 

following a single seeding 

During experiment two, which included a single seeding and a six-hour PAT unit 

treatment, 35 microbial air samples were collected: 17 for MS2 and 18 for B. thuringiensis. E. 

coli was not included in experiment two because of low survivability of E. coli through 

nebulization or sample collection for the longer seeding and sampling event times. Results for 

MS2 and B. thuringiensis are summarized in Tables 8 and 9 respectively. 

Mean air concentrations prior to treatment with the PAT unit for MS2 and B. 

thuringiensis were 12.12 log10 PFU/m3 (std. dev.=0.36) and log10 10.84 CFU/m3 (std. 

dev.=0.84), respectively. The mean of all post-treatment (T2-T5) air concentrations of 

aerosolized MS2 and B. thuringiensis were 9.64 log10 PFU/m3 (std. dev.=2.09) and 8.98 log10 
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CFU/m3 (std. dev.=0.73), respectively. The normalized mean air concentrations at each time 

point for MS2 and B. thuringiensis can be found in figure 5. The difference in mean air 

concentrations between pre- and all post-treatment samples with treatment of the PAT unit 

were statistically significant for B. thuringiensis (p=0.0223) but not for MS2 (p=0.0550).  

Normalized average log10 reductions of all post-treatment samples within six hours of 

treatment of the PAT unit for MS2 and B. thuringiensis were 1.43 (std. dev.=2.28) and 1.31 

(std. dev.=0.44), respectively. Average log10 reductions at each time point for MS2 and B. 

thuringiensis can be found in Tables 8 and 9, respectively and figure 6. The difference in 

average log10 reduction of all post-treatment samples between the control unit and the PAT unit 

was statistically significant for B. thuringiensis (p=0.0008) but not for MS2 (p=0.2568). The 

average log10 reduction results are summarized in Figure 7. 

Table 8. MS2 air concentrations and reductions following a single seeding and 6-hour 
treatment of control unit or PAT unit. 

Test 
organism 

Treatment 
type Contact time Time 

point 
Sample 
Size (n) 

Log10 GM 
(PFU/m3) ± SD 

Log10 reduction ± 
SD 

MS2 

Control unit 

Negative control T0 1 0.00 NA 

Pre-treatment T1 1 12.73 NA 

1 hour post-treatment T2 1 12.30 0.43 

2 hours post-treatment T3 1 11.79 0.94 

3 hours post-treatment T4 1 11.73 1.00 

6 hours post-treatment T5 1 11.69 1.04 

PAT unit 

Negative control T0 2 0.00 NA 

Pre-treatment T1 2 12.12 ± 0.36 NA 

1 hour post-treatment T2 2 8.52 ± 2.92 3.36 ±2.57 

2 hours post-treatment T3 1 7.22 4.91 

3 hours post-treatment T4 2 11.29 ± 0.78 0.82 ±1.14 

6 hours post-treatment T5 2 10.75 ± 1.33 1.33 ±1.69 

PFU = plaque forming units; GM = geometric mean; GSD = geometric standard deviation; n 
= number of samples 
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Table 9. B. thuringiensis air concentrations and reductions following a single seeding 
and 6-hour treatment of control unit or PAT unit. 

Test organism Treatment 
type Contact time 

Sampl
e size 

(n) 

Time 
point 

Log10 GM 
(CFU/m3) ± SD 

Log10 reduction ± 
SD 

B. thuringiensis 

Control unit 

negative 
control 1 T0 0.00 NA 

Pre-treatment 1 T1 10.81 NA 

1 hour post-
treatment 1 T2 10.60 0.21 

2 hours post-
treatment 1 T3 10.34 0.47 

3 hours post-
treatment 1 T4 10.42 0.40 

6 hours post-
treatment 1 T5 9.75 1.06 

PAT unit 

Negative 
control 2 T0 0.00 NA 

Pre-treatment 2 T1 10.84 ± 0.84 NA 

1 hour post-
treatment 2 T2 9.10 ± 0.92 1.73 ± 0.08 

2 hours post-
treatment 2 T3 8.95 ± 1.23 1.86 ± 0.39 

3 hours post-
treatment 2 T4 8.98 ± 1.13 1.84 ± 0.28 

6 hours post-
treatment 2 T5 8.90 ± 0.19 1.96 ± 1.03 

CFU = colony forming units; GM = geo metric mean; GSD = geometric standard deviation; n 
= number of samples 
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Figure 5. Normalized mean air concentrations at each time point following a single 
seeding.  
Pre-treatment samples are represented at 0 hours, and post-treatment samples are represented 
at 1, 3, and 6 hours. The * indicates a seeding.  
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Figure 6. Average log10 reduction at each time point following a single seeding and 6-
hour treatment of control unit or PAT unit. 
PAT indicates the PAT unit. -CTRL indicates the PAT unit without the ion generating 
device. The * indicates a seeding. Log10 reductions at each time point were determined by 
comparing pre-treatment air concentration (T1) to post-treatment air concentrations collected 
at each time point. 
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Figure 7. Average log10 reduction of MS2 and B. thuringiensis following a single seeding 
and 6-hour treatment of control unit or PAT unit.  
PAT indicates the PAT unit and -CTRL UNIT indicates the PAT control unit without the ion 
generating device. Average log10 reductions were determined by comparing pre-treatment air 
concentration averages (T1) to post-treatment air concentration averages (T2-T5). 
 
Efficacy of the PAT unit on airborne microbial inactivation with a 5.25-hour treatment 
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coli was not included in experiment three because low survivability of E. coli was observed 

through either nebulization and/or sample collection. Experiment three included two 15-

minute seedings; one after T0 and one after T3. Results for MS2 and B. thuringiensis in 
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10.29 log10 PFU/m3 (std. dev.=0.31) and 7.84 log10 CFU/m3 (std. dev.=0.70), respectively. 

After the second seeding, the \ mean air concentrations with treatment of the PAT unit (T4 and 

T5) achieved for aerosolized MS2 and B. thuringiensis were 10.69 log10 PFU/m3 (std. 

dev.=0.42) and 7.81 log10 CFU/m3 (std. dev.=0.63), respectively. A comparison of mean air 

concentrations measured pre-treatment, after the first seeding, and after the second seeding for 

MS2 and B. thuringiensis can be found in figures 8 and 9, respectively. Normalized mean air 

concentrations at each time point for MS2 and B. thuringiensis can be found in figure 10. The 

difference in mean post-treatment air concentrations after the first seeding (T2 and T3) and the 

second seeding (T4 and T5) with treatment of the PAT unit were not statistically significant 

for MS2 (p=0.1489) or for B. thuringiensis (p=0.8845). The difference in mean air 

concentrations between pre- and all post-treatment samples (T2-T5) with treatment of the PAT 

unit were statistically significant for MS2 (p=0.0367) and B. thuringiensis (p=0.0314).  

Treatment with the PAT unit reduced (normalized) MS2 and B. thuringiensis by 1.80 

log10 (std. dev.=0.28) and 1.25 log10 (std. dev.=0.55), respectively, after the first seeding. 

Continued treatment with the PAT unit reduced (normalized) MS2 and B. thuringiensis by 1.39 

log10 (std. dev.=0.44) and 1.28 log10 (std. dev.=0.56), respectively, after the second seeding. 

Average normalized PAT unit log10 reductions after the first and second seedings for MS2 and 

B. thuringiensis can be seen in figures 11 and 12, respectively. There was no statistically 

significant difference in the log10 reduction of microbial air concentrations of MS2 (p=0.1489) 

or B. thuringiensis (p=0.8845) with treatment of the PAT unit after the first seeding compared 

to after the second seeding. Normalized average log10 reductions of all post-treatment samples 

with treatment of the PAT unit for MS2 and B. thuringiensis were 1.59 (std. dev.=0.40) and 

1.26 (std. dev.=0.52), respectively. There was a statistically significant difference in the 
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average log10 reductions all post-treatment samples (T2-T5) between the control unit and the 

PAT unit for MS2 (p=0.002) and B. thuringiensis (p=0.0003). Average log10 reductions at each 

time point for MS2 and B. thuringiensis can be seen in figure 13.  

Table 10. MS2 air concentrations and reductions following two seedings and 5.25-hour 
treatment of control unit or PAT unit. 

Test 
organism 

Treatment 
type Contact time Time 

point 
Sample 
Size (n) 

Log10 GM (PFU/m3) 

± SD 
Log10 reduction ± 

SD 

MS2 

Control 
unit 

Negative control 0 1 0.00 NA 

* 1st seeding  
1 1 11.82 NA 

Pre-Treatment 

1 hour post-1st seeding 2 1 11.01 0.81 

2 hours post-1st seeding 3 1 10.67 1.15 

* 2nd seeding  
4 1 11.43 0.40 0.75 hours post-2nd 

seeding 
3 hours post-2nd 

seeding 5 1 11.78 0.05 

PAT unit 

Negative control 0 2 0.00 NA 

* 1st seeding  
1 2 12.69 ± 0.07 NA 

Pre-treatment 

1 hour post-1st seeding 2 2 10.49 ± 0.36 2.20 ± 0.29 

2 hours post-1st seeding 3 2 10.10 ± 0.04 2.60 ± 0.03 

* 2nd seeding  
4 2 10.42 ± 0.16 2.27 ± 0.09 0.75 hours post-2nd 

seeding 
3 hours post-2nd 

seeding 5 2 10.97 ± 0.44 1.72 ± 0.51 

PFU = plaque forming units; GM = geometric mean; GSD = geometric standard deviation; n 
= number of samples 
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Table 11. B. thuringiensis air concentrations and reductions following two seedings and 
5.25-hour treatment of control unit or PAT unit. 

Test organism Treatment 
type Contact time Time 

point 
Sample 
Size (n) 

Log10 GM 
(CFU/m3) ± SD Log10 reduction ± SD 

B. 
thuringiensis 

Control unit 

Negative 
control 0 1 0.00 NA 

* 1st seeding  
1 1 10.01 NA 

Pre-treatment 
1 hour post-1st 

seeding 2 1 8.77 1.25 

2 hours post-1st 
seeding 3 1 8.30 1.71 

* 2nd seeding  
4 1 8.97 1.04 0.75 hours post 

2nd seeding 
3 hours post-2nd 

seeding 5 1 8.56 1.45 

PAT unit 

Negative 
control 0 2 0.00 NA 

* 1st seeding  
1 2 10.47 ± 0.35 NA 

Pre-treatment 
1 hour post-1st 

seeding 2 2 8.30 ± 0.55 2.16 ± 0.20 

2 hours post-1st 
seeding 3 2 7.40 ± 0.58 3.06 ± 0.23 

* 2nd seeding  
4 2 8.30 ± 0.18 2.17 ± 0.17 0.75 hours post-

2nd seeding 
3 hours post-2nd 

seeding 5 2 7.34 ± 0.49 3.12 ± 0.15 

CFU = colony forming units; GM = geometric mean; SD = standard deviation; n = number of 
samples 
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Figure 8. MS2 mean air concentrations after the first and second seedings with a 5.25-
hour treatment of the PAT unit. 
 
 

 
Figure 9. B. thuringiensis mean air concentrations after the first and second seedings 
with a 5.25-hour treatment of the PAT unit. 
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Figure 10. Normalized mean air concentrations at each time point following two 
seedings and 5.25-hour treatment of the PAT unit. 
Pre-treatment samples are represented at 0 hours, and post-treatment samples are represented 
at 1, 2, 3, and 5.25 hours. The * indicates seedings. 
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Figure 11. Average normalized PAT unit log10 reductions of aerosolized MS2 after the 
first and second seedings with a 5.25-hour treatment of the PAT unit. 
 
 

 
Figure 12. Average normalized PAT unit log10 reductions of aerosolized MS2 after the 
first and second seedings with a 5.25-hour treatment of the PAT unit. 
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Figure 13. Average log10 reduction at each time point following two seedings and 5.25-
hour treatment of control unit or PAT unit. 
PAT indicates the PAT unit. -CTRL indicates the PAT unit without the ion generating 
device. The * indicates a seeding. Log10 reductions at each time point were determined by 
comparing pre-treatment air concentration (T1) to post-treatment air concentrations collected 
at each time point. 
 
Scanning Electron Microscope 

Visualization of B. thuringiensis spores was performed using scanning electron 

microscopy (SEM) from two separate sampling events. Spores were visibly altered in samples 

collected post-treatment of the PAT unit compared (Figure 14.B) to spores in the pre-treatment 

samples (Figure 14.A). It is important to note that due to small sample size, the SEM images 

were a biased selection in terms of expected pre- vs. post-treatment spore physical appearance. 
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Figure 14. SEM analysis of B. thuringiensis spores. 
14.A. B. thuringiensis spores collected in aerosolized samples prior to treatment of the PAT 
unit.14.B. B. thuringiensis spore collected in aerosolized samples post-treatment of the PAT 
unit. 
 
 
 

14.B 14.A 
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DISCUSSION 

Findings and Implications 

The ion generating PAT unit demonstrated the greatest effectiveness against the 

bacteriophage MS2 following a single seed and 10-minutes of treatment, reducing mean 

airborne MS2 concentrations nearly 2 log10 (p=0.009), E. coli about 1 log10, (p=.0565) and 

B. thuringiensis around 0.5 log10 (p=0.0455). The PAT unit demonstrated the greatest 

effectiveness in reducing surface concentrations of E. coli by about 2 log10 (p=0.002). The 

PAT unit reduced surface concentrations of MS2 by about 1 log10 (p=0.3358), but had 

minimal effect on reducing surface concentrations of B. thuringiensis spores. 

The PAT unit demonstrated greater effectiveness against MS2 than B. 

thuringiensis, following a single seed and 6-hours of treatment, reducing mean airborne 

MS2 and B. thuringiensis nearly 1.5 log10. Compared to the control unit, the average PAT 

unit log10 reduction of B. thuringiensis (p=0.0008) with 6-hours of treatment was 

statistically significant, but not for MS2 (p=0.2568). The large variation in post-treatment 

MS2 airborne concentrations (5.00*106-7.24*1011 PFU/m3) could have affected the 

calculated average log10 reduction. The trials following a single seeding and 6-hour 

treatment with the PAT unit began with testing MS2 before B. thuringiensis. With MS2, it 

was observed that the post-treatment concentrations collected in the impingers closer to the 

nebulizer were greater than the concentrations collected in the impingers closer to the PAT 

unit. This could have created an inconsistency of microbial load reductions based on the 

distance from the PAT unit, as there was no supplemental air flow in the chamber. 

Nevertheless, the ion generating PAT unit reduced concentrations of pathogenic surrogates 

between 1-2 log10 within 6 hours of a single seeding event in a controlled environment.  
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The PAT unit demonstrated greater effectiveness against MS2 than B. thuringiensis 

following two seedings and 5.25 hours of treatment, reducing mean airborne MS2 and B. 

thuringiensis about 1.5 log10. Compared to the control unit, the average PAT unit log10 

reduction in MS2 (p=0.0020) and B. thuringiensis (0.0003) were both statistically 

significant. Following two seeding events and 5.25-hours of treatment, the ion generating 

PAT unit maintained microbial air concentrations of pathogen surrogates at a level of 1-2 

log10 less than the pre-treatment air concentrations in a controlled chamber environment. 

This suggests that microbial air concentrations can be maintained at reduced levels with 

exposure of the PAT unit with repeated air contamination events.  

The ion generating PAT unit assessed in this study demonstrated measureable 

reductions of seeded MS2 bacteriophage, B. thuringiensis, and E. coli in a controlled 

chamber environment. However, to assess the PAT unit in healthcare environments, a 

different modality of testing may be required. Reduction in microbial loads measured in 

healthcare environments are generally lower than what is measured in experimental 

settings due to lower initial concentrations.39,97,98 Because the bioburden in the air and on 

contaminated surfaces in hospital rooms is relatively lower, reduction in the frequency of 

positive areas (or an increase in the frequency of areas below the limit of detection) is a 

better measure of effectiveness than the log10 reduction.39   

Log10 reductions of the PAT unit were normalized to adjust for the log10 reductions 

measured with the control unit consistent with another bioaerosol disinfection study.96 

Adjusting allowed for reductions in microbial concentrations due to aerosolization, 

impingement, or desiccation to be controlled. However, average log10 reductions achieved 

in this study fall short of the EPA laboratory testing requirements of 5 log10 and 3 log10 
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reduction for disinfectants and sanitizers, respectively.88 These are EPA laboratory testing 

requirements for surface sanitizers (and disinfectants) within 30 seconds of treatment 

though. There are currently no method for evaluating air sanitizers.89 Therefore, the tested 

ion generating PAT unit should be referred to as an air cleaner, air purifier, or air treatment 

system. More study of air cleaners is needed to develop EPA requirements of air sanitizers 

or disinfectants against bioaerosols. In another bioaerosol chamber study, three passive air 

treatment systems using HEPA filtration were assessed in their ability to reduce airborne 

S. aureus by the EPA surface sanitizer requirement of 3 log10, in which the devices took 

1.5, 2.3 and 9.7 hours to achieve.96 This demonstrates the potential misnomer of labeling a 

cleaning treatment or device as a sanitizer or a disinfectant. While it may be appropriate to 

compare the efficacy of a treatment or device to a known standard, such as the EPA surface 

sanitizer requirement of 3 log10 reduction, it is inappropriate to label a treatment or device 

as a sanitizer if it takes longer than 30 seconds to achieve 3 log10 reduction. 

 To date, this is the first study that has assessed the effect of an ion generating PAT 

unit on airborne microbial reduction for multiple organisms in a controlled chamber 

environment. A study that tested one organism, demonstrated 72-98% reductions in 

airborne Salmonella enteritidis with three hours of exposure to a negative ion generating 

device compared to no treatment in a controlled chamber.99 Other studies have assessed 

the effect of ion generating PAT units on microbial reduction in vitro. In one such study, 

Staphylococcus chromogenes, Enterococcus malodoratus, Sarcina flava, Micrococcus 

roseus, and Bacillus subtilis were spread plated on agar plates and were then exposed to a 

varying treatment times of a (Plasmacluster) ion generating PAT unit in a controlled 

environment.100 This study assessed microbial reduction in regards to the necessary 
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treatment time of the ion generating PAT unit to achieve a ratio of surviving cells to the 

number of total cells equal to 0.37 (e-1 or the D37 dose, which is used in radiation kill tests). 

The necessary time to achieve that ratio was 0.43 hours for S. chromogenes, 0.75 hours for 

E. malodoratus, 3.23 hours for S. flava, 2.15 hours for M. roseus, but was not achieved for 

B. subtilis. Interestingly, that study suggested that effects of the ion generating PAT unit 

on the bacteria (save for B. subtilis) are irreversible, as there was no visible bacterial growth 

after 10-14 days of incubation of the agar plates at 37ºC.100  

Limitations and Future Studies 

It is not feasible to open the controlled chamber during experiments and no 

approved method exists for adding neutralizing agents for ions in the impinger setup used 

in the current study. Samples collected early during trials with a single seeding and 6-hours 

of treatment, and with two seedings and 5.25 hours of treatment were left in the chamber 

for up to 6 hours. Active ions generated by the PAT unit may have been actively reducing 

microorganisms after sample collections within the impinger collection media before 

assessments could be processed. Therefore, the air concentrations of MS2 and B. 

thuringiensis for earlier time points (1 hour, 2 hours, and 3 hours after seeding) in trials 

with a single seeding and 6-hours of treatment and with two seedings and 5.25 hours of 

treatment, may be greater than reported. To overcome this drawback, the neutralizers 

Letheen Broth (LB) and Dey and Engley broth (D/E) were tested in trouble shooting trials. 

However, multiple issues were experienced. Increased production of bubbles within the 

impingers during sample collection obstructed the impingement process, as well as 

drawing liquid out of the impingers towards the pumps. In future studies, addition of 

surfactants like antifoam reagents can reduce foaming and bubbling created by the addition 
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of neutralizers in liquid collection media with air sampling and nebulization.47,55,95,96,101–103 

Furthermore, LB is used for the neutralization of quaternary ammonium compounds, and 

D/E is used for the neutralization of quaternary ammonium compounds, phenolics, iodine, 

chorines, mercurial, formaldehyde, and glutaraldehyde.104,105 Airborne positive and 

negative ions however, are the inactivation method of the tested PAT, rendering 

neutralizers such as LB and D/E ineffective. If the ions of the tested PAT unit are produced 

like the process in Plasmacluster ion technology, then an effective neutralizer may be one 

that acts on hydroxyls. Organic acids such as gallic acid and citric acid are commonly used 

to neutralize hydroxyl ions in solution.106 In PAT systems that utilize Plasmacluster ion 

technology, airborne microorganisms are disabled by the generation of fast-acting positive 

and negative ions through the hydroxyl function unit (short lived due the high affinity of 

hydroxyl radicals to hydrogen atoms).38,41 The ion generation information of the tested 

PAT unit was proprietary and not disclosed during the research project; a limiting factor 

for addressing the continued inactivation of seeded organisms in trials following single 

seeding and 6-hours of treatment and following two seedings and 5.25-hours of treatment. 

It is important to note that organisms in solution in impingers and nebulizers provide 

protection against inactivation from ultraviolet radiation treatment.55 Furthermore,  the 

lifetime of airborne ions is less than a few minutes becoming neutralized by ambient air 

ions of opposite charge or by contact with objects in which excess charge is 

transferred.107,108 Therefore, because airborne ions are short lived and the presumed 

protection of the collection solution in the impingers from ion inactivation, it was assumed 

that surrogate organisms in the impingers were not actively reduced, and did not impact 

subsequent assay results. 
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In trials following a single seeding and 6-hours of treatment, it was observed that 

collected samples closer to the PAT unit demonstrated reduced measurements compared 

to the collected samples closer to the nebulizer. This effect can be seen with the log 

reductions for the MS2 time points in figure 4, in which the log reductions of T2 and T3 (1 

and 2 hours after seeding, receptively) are greater than the log reductions of T4 and T5 (3 

and 6 hours after seeding, receptively). In the MS2 trials, the T2 and T3 impingers were 

positioned closer to the nebulizer, while the T4 and T5 impingers were positioned closer 

to the nebulizer. It is theorized that this phenomenon was observed because there was no 

air movement within the chamber. Therefore, the earlier time points (T1-T3) in trials with 

B. thuringiensis following a single seeding and 6-hours of treatment, and in trials with MS2 

and B. thuringiensis following two seedings and 5.25-hours of treatment with MS2 and B. 

thuringiensis, were positioned closer to the nebulizer to reduce the disproportionate effect 

of active ions reducing microorganisms after sample collections before assessments could 

be processed. While this demonstrates the inactivation capabilities of the tested PAT unit, 

a modified experimental design that includes supplemented air flow to better homogenize 

the aerosolized microorganisms within the chamber is needed. 

Future bioaerosol chamber studies should address other limitations observed in this 

study. In regards to chamber studies with extended time points, a modified study design in 

which each time point becomes its own trial would more accurately represent the microbial 

reduction at each time point. This design would allow each time point to processed more 

quickly, and reduce the possible effect of the PAT unit continuously reducing 

microorganisms while in the chamber waiting for the collection of later time points. For 

example, in experiment two after the collection of T2, one hour after seeding and 
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continuous treatment with the PAT unit, the chamber door would be immediately opened 

to seal the impingers with Parafilm for processing, rather than waiting an additional 5 hours 

for the collection of the last time point.  

Additionally, future bioaerosol chamber studies should incorporate consistent air 

flow and relative humidity that are representative of variable US healthcare facilities. In 

this study, relative humidity occurred at ambient levels (21.57% std. dev.=4.15) without 

maintenance and there was no supplemental air flow in the controlled chamber. The 

ambient relative humidity measured in this study is within acceptable range of relative 

humidity for operating rooms in the US (20-60%) to control for microbial growth.109 

However, the relative humidity in this study may have decreased airborne microbial 

survivability. In other bioaerosol chamber studies, relative humidity has been controlled at 

higher percentages to support airborne microbial survivability. In one bioaerosol controlled 

chamber study, relative humidity was controlled 50% ± 5% in the aerosolization of S. 

aureus and K. pneumoniae, in which their rates of biologic decay were 0.0064 ± 0.00015 

and 0.0244 ± 0.009 log10 CFU/m3/min, respectively.103 In another bioaerosol chamber 

study, relative humidity was maintained at 30% through balancing the ratio of a dry and 

humidified gas stream generated by a water vapor saturator.54 Furthermore, several aerosol 

chamber studies have included a fan in the experimental design to maintain a stable airflow 

within the chamber.54,96,103,110–112 Therefore, future bioaerosol studies that incorporate the 

chamber used in this study should include a device to produce and maintain higher levels 

of humidity and a fan to maintain stable airflow like other chamber studies. 

After many trials, E. coli was determined to be unsuitable in this project with trials 

following a single seeding and 6-hours of treatment, and two seedings and 5.25-hours of 
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treatment. It is theorized that E. coli is particularly sensitive to either the conditions of the 

nebulizer, impingers, or desiccation 113, or to ions produced by the PAT unit which 

continuously reduced E. coli while sitting in the impingers for hours during experiments 

two and three. Thomas et al. demonstrated the effect of nebulization on E. coli, in which a 

percent difference of 66% was observed in culturable E coli counts before and after 

aerosolization from a Collison nebulizer.94, Zhen et al. showed that cell membrane damage 

of E. coli cells though the process of aerosolization by nebulization, air sample collection 

by impingement, and desiccation.95 Furthermore, Kim et al., demonstrated that airborne E. 

coli in control conditions without a disinfection device (clean air with 10% relative 

humidity) experienced survival rates of ≤50% longer than 10 minutes and could not be 

cultured after 40 minutes following aerosolization via a nebulizer within a chamber.75 

In regards to the suitability of E. coli in seeded aerosolized studies, additional 

studies are required to identify its implications as an appropriate surrogate for healthcare 

bacterial pathogens that are routinely aerosolized. Based on the findings of Kim et al. 

discussed earlier, E. coli should not be used in chamber studies with time points longer 

than 10 minutes. Lee et al. demonstrated that the airborne Gram-positive bacteria, 

Staphylococcus epidermis had a death rate of 6% compared to a death rate of 98% of the 

airborne Gram-negative bacteria, E. coli within 9 minutes in clean air at 17% relative 

humidity.114 Conversely, Lee et al. found that the death rate of airborne E. coli was under 

10%, similar to S .epidermis in clean air at 40% and 70% relative humidity within 9 

minutes. In study by Sattar et al., airborne S. aeureus and K. pneumonia could not be 

measured after 500 and 200 minutes, respectively at 50% ± 5%.103 Therefore, future 

bioaerosol chamber studies testing disinfection applications should utilize a 



 59 

nonpathogenic, Gram-positive bacterium as a pathogen surrogate for bacterial-associated 

HAIs because Gram-positive bacteria can survive longer in air than Gram-negative 

bacteria. These studies however would need to address disinfection resistance between 

Gram-positive and Gram-negative bacteria.   

This study was limited in the ability to assess the impact the PAT unit had on 

reducing microbial surface loads from deposition. Initial surface concentrations were 

unable to be measured before treatment of the PAT unit was started. Therefore, surface 

concentrations following exposure to the PAT unit were compared to surface 

concentrations following exposure to the control unit following a single seeding and a 10-

minute treatment. Additionally, the change in surface concentrations over time in the 

longer time trials could not be assessed due the experimental design of this study, discussed 

previously. Future studies should develop an improved experimental design to allow for 

better assessment of the effect of ion generating PAT units, such as the unit tested in this 

study, on the deposition of airborne microorganisms.   

Future studies are also required to elucidate the mechanism of microbial 

inactivation from ions produced by passive air treatment systems such as the tested PAT 

unit. SEM analysis suggested physical changes in bacterial spores exposed to the PAT unit 

compared to unexposed bacterial spores, but the visual alterations do not confirm cell 

damage nor inactivated spores. Physical changes to desiccation, aerosolization or 

impingement are not likely, because the B. thuringiensis spores in Figure 14A. and 14B. 

were both nebulized, collected, and processed in identical fashion. Because of small sample 

size, the selected SEM images were biased in terms of expected pre- vs. post-treatment 
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spore physical appearance. This method is not the best approach because multiple trials 

were not completed to verify consistency of the observed physical changes. 

Future studies are needed to assess ion generating PAT units, such as the unit tested 

in this study, in real world applications their ability to reduce contamination of pathogenic 

bacteria, bacterial spores, and enteric viruses via the airborne and fomite-aerosol routes in 

healthcare environments after single and multiple contamination events. In this study, the 

tested ion generating PAT unit was effective in reducing average airborne pathogenic 

surrogate concentrations between 1-2 log10 up to 6 hours after a single seeding event in a 

controlled chamber environment. However, future study of ion producing PAT units in 

actual hospitals against actual pathogens is necessary. Similarly, following repeated 

contamination events, the ion generating PAT unit maintained microbial air concentrations 

of pathogen surrogates at a level of 1-2 log10 less than the pre-treatment concentrations in 

a controlled chamber environment. Thus, ion generating PAT units, such as the one tested 

in this study, may be useful in healthcare environments with areas of problematic air 

contamination. Therefore, future studies are needed to assess the effectiveness of 

maintaining reduced airborne microbial concentrations in healthcare environments with 

areas of frequent air contamination events. Furthermore, future risk assessment studies are 

needed to assess the ability of ion generating PAT units to reduce rates of HAIs transmitted 

via the aerosol or fomite-aerosol routes. 

Conclusions 

The ion generating PAT unit was effectively able to reduce average airborne 

microbial concentrations between 1-2 log10 within 10 minutes and up to 6 hours after single 

and double seeding events in a controlled chamber environment. The tested ion generating 
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PAT unit represents a useful passive air treatment system to reduce microbial 

contamination in a controlled chamber environment. Ion generating PAT units may have 

clinical promise with their ability to run continuously, supplementing current cleaning and 

disinfection practices. Ultimately, additional studies are needed to assess the ability of ion 

generating PAT units to reduce pathogenic loads in the air and on surfaces in healthcare 

environment. 
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APPENDICES 

Appendix A. Raw air sample data from trials in experiments 1, 2, and 3. 

Date 
collected 

Date 
processed Date read Experiment 

name Sample ID PFU or 
CFU/mL 

09/29/2016 09/29/2016 09/30/2016 
Exp 1 MS2 
Control unit 

trial #1 

0 0.00E+00 
1 3.00E+07 
2 3.90E+07 

10/04/2016 10/05/2016 10/05/2016 
Exp 1 MS2 
PAT unit  
Trial #1 

0 0.00E+00 
1-C 6.32E+07 
2-C 6.32E+05 

10/06/2016 10/06/2016 10/07/2016 
Exp 1 MS2 
PAT unit  
Trial #2 

0 0.00E+00 
1-C 8.37E+04 
2-C 2.59E+03 

10/14/2016 10/14/2016 10/14/2016 
Exp 1 MS2 
Control unit 

trial #2 

0 0.00E+00 
1-C 8.91E+07 
2-C 1.04E+08 

10/17/2016 10/17/2016 10/18/2016 
Exp 1 MS2 
PAT unit 
Trial #3 

0 0.00E+00 
1-A 2.18E+04 
2-A 2.45E+02 

10/20/2016 10/20/2016 10/21/2016 
Exp 1 MS2 
Control unit 

trial #4 

0-A 0.00E+00 
0-B 0.00E+00 
1-A 8.73E+04 
1-C 8.75E+04 
2-A 7.89E+04 
2-C 7.85E+04 

10/21/2016 10/21/2016 10/22/2016 
Exp 1 MS2 
PAT unit  
Trial #4 

0-A 0.00E+00 
0-B 0.00E+00 
1-A 2.83E+04 
1-C 6.59E+04 
2-A 2.55E+03 
2-C 1.24E+03 

11/21/2016 11/21/2016 11/22/2016 
Exp 1 E. coli 

PAT unit 
Trial #1 

0 0.00E+00 
1-A 2.28E+05 
1-C 4.39E+05 
2-A 0.00E+00 
2-C 0.00E+00 

11/21/2016 11/21/2016 11/22/2016 
0 0.00E+00 

1-A 3.62E+04 
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Date 
collected 

Date 
processed Date read Experiment 

name Sample ID PFU or 
CFU/mL 

Exp 1 E. coli 
Control unit 

Trial #1 

1-C 5.20E+02 
2-A 6.71E+03 
2-C 6.93E+01 

12/08/2016 12/08/2016 12/09/2016 
Exp 1 E. coli 

PAT unit 
Trial #2 

0 0.00E+00 
1-A 9.49E+04 
1-C 8.77E+04 
2-A 1.35E+03 
2-C 1.34E+03 

12/14/2016 12/14/2016 12/15/2016 
Exp 1 E. coli 

PAT unit 
Trial #3 

0 0.00E+00 
1-A 9.49E+04 
1-C 8.77E+04 
2-A 1.35E+03 
2-C 1.34E+03 

12/18/2016 12/18/2016 12/19/2016 Exp 1 Bt PAT 
unit trial #1 

0 0.00E+00 
1-A 4.69E+04 
1-C 4.39E+04 
2-A 7.07E+03 
2-C 7.50E+03 

12/22/2016 12/22/2016 12/23/2016 
Exp 1 Bt 

control unit 
trial #1 

0 0.00E+00 
1-A 1.89E+04 
1-C 1.92E+04 
2-A 1.18E+04 
2-C 1.41E+04 

12/22/2016 12/22/2016 12/23/2016 Exp 1 Bt PAT 
unit trial #2 

0 0.00E+00 
1-A 2.96E+04 
1-C 3.67E+04 
2-A 7.98E+03 
2-C 6.93E+03 

12/28/2016 12/28/2016 12/29/2016 Exp 1 Bt PAT 
unit trial #3 

0 0.00E+00 
1-A 1.59E+05 
1-C 1.87E+05 
2-A 2.44E+04 
2-C 2.53E+04 

02/01/2017 02/01/2017 02/02/2017 Exp 2 MS2 
PAT trial #1 

T0 0.00E+00 
T1 7.49E+05 
T2 5.00E+00 
T3 0.00E+00 
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Date 
collected 

Date 
processed Date read Experiment 

name Sample ID PFU or 
CFU/mL 

T4 7.24E+05 
T5 5.46E+05 

02/03/2017 02/03/2017 02/04/2017 Exp 2 MS2 
PAT trial #2 

T0 0.00E+00 
T1 2.39E+06 
T2 6.80E+04 
T3 1.64E+01 
T4 5.66E+04 
T5 7.13E+03 

02/09/2017 02/09/2017 02/10/2017 
Exp 2 MS2 
control unit 

trial #1 

T0 0.00E+00 
T1 5.37E+06 
T2 2.02E+06 
T3 6.19E+05 
T4 5.36E+05 
T5 4.89E+05 

02/16/2017 02/16/2017 02/17/2017 Exp 2 Bt PAT 
unit trial #1 

T0 0.00E+00 
T1 1.83E+04 
T2 3.00E+02 
T3 1.33E+02 
T4 1.67E+02 
T5 1.07E+03 

02/17/2017 02/17/2017 02/18/2017 Exp 2 Bt PAT 
unit trial #2 

T0 0.00E+00 
T1 2.83E+05 
T2 5.93E+03 
T3 7.38E+03 
T4 6.50E+03 
T5 5.83E+02 

02/12/2017 02/12/2017 02/13/2017 
Exp 2 Bt 

control unit 
trial #1 

T0 0.00E+00 
T1 6.50E+04 
T2 3.97E+04 
T3 2.20E+04 
T4 2.62E+04 
T5 5.67E+03 

02/10/2017 02/10/2017 02/11/2017 
Exp 3 MS2 
control unit 

trial #1 

T0 0.00E+00 
T1 6.67E+05 
T2 1.03E+05 
T3 4.67E+04 
T4 2.67E+05 



 65 

Date 
collected 

Date 
processed Date read Experiment 

name Sample ID PFU or 
CFU/mL 

T5 6.00E+05 

02/04/2017 02/04/2017 02/05/2017 
Exp 3 MS2 

PAT unit trial 
#1 

T0 0.00E+00 
T1 4.40E+06 
T2 1.73E+04 
T3 1.17E+04 
T4 2.07E+04 
T5 1.95E+05 

02/05/2017 02/05/2017 02/06/2017 
Exp 3 MS2 

PAT unit trial 
#2 

T0 0.00E+00 
T1 5.53E+06 
T2 5.60E+04 
T3 1.33E+04 
T4 3.43E+04 
T5 4.60E+04 

02/11/2017 02/11/2017 02/12/2017 
Exp 3 Bt 

control unit 
trial #1 

T0 0.00E+00 
T1 1.03E+04 
T2 5.83E+02 
T3 2.00E+02 
T4 9.33E+02 
T5 3.67E+02 

02/14/2017 02/14/2017 02/15/2017 Exp 3 Bt PAT 
unit trial #1 

T0 0.00E+00 
T1 1.67E+04 
T2 8.33E+01 
T3 9.99E+00 
T4 1.50E+02 
T5 9.99E+00 

02/15/2017 02/15/2017 02/16/2017 Exp 3 Bt PAT 
unit trial #2 

T0 0.00E+00 
T1 5.18E+04 
T2 5.00E+02 
T3 6.67E+01 
T4 2.67E+02 
T5 5.00E+01 
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Appendix B. Raw surface sample data from trials in experiments 1. 

Date	collected	 Experiment	name	 PFU	or	CFU/100	cm2	

09/29/2016 Exp 1 MS2 Control unit trial #1 
4.20E+09 
2.40E+10 

10/06/2016 Exp 1 MS2 PAT unit  Trial #2 
7.50E+06 
1.35E+07 

10/14/2016 Exp 1 MS2 Control unit trial #2 
1.85E+09 
1.70E+09 

10/17/2016 Exp 1 MS2 PAT unit Trial #3 
6.50E+07 
7.50E+07 

10/20/2016 Exp 1 MS2 control unit Trial #3 
7.40E+06 
7.15E+06 

10/21/2016 Exp 1 MS2 PAT unit  Trial #4 
1.10E+07 
1.35E+07 

11/21/2016 Exp 1 E. coli Control unit Trial #1 
5.00E+03 
1.10E+05 

11/21/2016 Exp 1 E. coli PAT unit Trial #1 
1.40E+05 
6.00E+04 

12/08/2016 Exp 1 E. coli PAT unit Trial #2 
5.00E+02 
5.00E+02 

12/14/2016 Exp 1 E. coli PAT unit Trial #3 
2.50E+01 
5.00E+01 

12/20/2016 Exp 1 E. coli PAT unit Trial #4 
1.00E+03 
2.00E+03 

12/18/2016 Exp 1 Bt PAT unit trial #1 
1.00E+06 
1.43E+06 

12/22/2016 Exp 1 Bt control unit trial #1 
1.05E+06 
1.10E+06 

12/22/2016 Exp 1 Bt PAT unit trial #2 
5.75E+05 
7.25E+05 

12/28/2016 Exp 1 Bt PAT unit trial #3 
6.25E+05 
7.00E+05 
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Appendix C. Raw environmental data from trials in experiments 1, 2, and 3. 

Date 
sampled 

Experiment 
name Protocol step Start 

time 
End 
time 

Temperatu
re (°C) 

Humidity 
(%RH) 

09/29/2016 
Exp 1 MS2 
Control unit 

trial #1 

Pre-seed/Pre-
treatment 10:00 10:05 21.2 20.7 

Seed 10:10 10:20 21.3 21 
Post-seed/Pre-

treatment 10:21 10:26 21.2 20.8 

treatment 10:26 10:36 21.2 20.7 
Post-seed/Post-

treatment 10:37 10:42 21.2 20.7 

10/04/2016 
Exp 1 MS2 

PAT unit  Trial 
#1 

Pre-seed/Pre-
treatment 3:27 3:32 23.1 18 

Seed 3:39 3:49 22.3 19 
Post-seed/Pre-

treatment 3:50 3:55 21.6 22 

treatment 3:55 4:05 21.7 22 
Post-seed/Post-

treatment 4:05 4:10 21.7 22 

10/06/2016 
Exp 1 MS2 

PAT unit  Trial 
#2 

Pre-seed/Pre-
treatment 11:00 11:05 21.2 24 

Seed 11:24 11:34 21.4 26 
Post-seed/Pre-

treatment 11:35 11:40 21.9 26 

treatment 11:41 11:51 21.7 29 
Post-seed/Post-

treatment 11:52 11:57 21.7 29 

10/14/2016 
Exp 1 MS2 
Control unit 

trial #2 

Pre-seed/Pre-
treatment 11:37 11:42 21.2 19 

Seed 11:50 12:00 21.2 19 
Post-seed/Pre-

treatment 12:00 12:05 21.2 19 

treatment 12:06 12:26 21.1 19 
Post-seed/Post-

treatment 12:26 12:31 21.1 19 

10/17/2016 
Exp 1 MS2 

PAT unit Trial 
#3 

Pre-seed/Pre-
treatment 1:33 1:38 24.8 20 

Seed 1:43 1:53 24.8 21 
Post-seed/Pre-

treatment 1:55 2:00 24.7 21 

treatment 2:01 2:11 24.7 22 
Post-seed/Post-

treatment 2:13 2:18 24.7 22 

10/20/2016 
Exp 1 MS2 
Control unit 

trial #3 

Pre-seed/Pre-
treatment 3:29 3:34 21.7 18 

Seed 3:35 3:45 21.9 19 
Post-seed/Pre-

treatment 3:47 3:52 21.8 20 
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Date 
sampled 

Experiment 
name Protocol step Start 

time 
End 
time 

Temperatu
re (°C) 

Humidity 
(%RH) 

treatment 3:53 4:03 21.8 21 
Post-seed/Post-

treatment 4:04 4:14 21.6 21 

10/21/2016 
Exp 1 MS2 

PAT unit  Trial 
#4 

Pre-seed/Pre-
treatment 11:35 11:40 20.1 24 

Seed 11:41 11:51 20.1 24 
Post-seed/Pre-

treatment 11:52 11:57 20.1 25 

treatment 11:57 12:07 20.2 26 
Post-seed/Post-

treatment 12:07 12:12 20.4 26 

11/21/2016 
Exp 1 E. coli 

PAT unit Trial 
#1 

Pre-seed/Pre-
treatment 11:53 12:03 20.7 22 

Seed 12:03 12:33 20.7 23 
Post-seed/Pre-

treatment 12:33 12:38 20.7 24.5 

treatment 12:38 12:48 20.7 25 
Post-seed/Post-

treatment 12:48 12:53 20.9 25 

11/21/2016 
Exp 1 E. coli 
Control unit 

Trial #1 

Pre-seed/Pre-
treatment 3:24 3:29 20.9 23 

Seed 3:30 4:00 20.7 24 
Post-seed/Pre-

treatment 4:00 4:05 20.7 24 

treatment 4:05 4:20 20.7 25 
Post-seed/Post-

treatment 4:20 4:25 20.8 25 

12/08/2016 
Exp 1 E. coli 

PAT unit Trial 
#2 

Pre-seed/Pre-
treatment 3:04 3:09 20.7 20 

Seed 3:09 3:29 20.5 21 
Post-seed/Pre-

treatment 3:29 3:34 20.5 21 

treatment 3:34 3:44 20.6 21 
Post-seed/Post-

treatment 3:44 3:49 20.7 21 

12/14/2016 
Exp 1 E. coli 

PAT unit Trial 
#3 

Pre-seed/Pre-
treatment 3:17 3:22 20.1 25 

Seed 3:23 3:43 23.6 23 
Post-seed/Pre-

treatment 3:47 3:52 24.0 22.5 

treatment 3:52 4:02 24.5 22 
Post-seed/Post-

treatment 4:02 4:07 24.6 22 

12/18/2016 Exp 1 Bt PAT 
unit trial #1 

Pre-seed/Pre-
treatment 11:12 11:17 24.0 23 

Seed 11:17 11:37 24.0 23.5 
Post-seed/Pre-

treatment 11:38 11:43 24.0 24 
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Date 
sampled 

Experiment 
name Protocol step Start 

time 
End 
time 

Temperatu
re (°C) 

Humidity 
(%RH) 

treatment 11:43 11:53 24.0 24.5 
Post-seed/Post-

treatment 11:53 11:58 24.5 25 

12/22/2016 
Exp 1 Bt 

control unit 
trial #1 

Pre-seed/Pre-
treatment 12:15 12:20 24.7 31 

Seed 12:20 12:40 24.8 32 
Post-seed/Pre-

treatment 12:40 12:45 24.8 32 

treatment 12:45 12:55 24.8 30 
Post-seed/Post-

treatment 12:55 1:00 24.7 29 

12/22/2016 Exp 1 Bt PAT 
unit trial #2 

Pre-seed/Pre-
treatment 1:00 1:05 25.1 27 

Seed 1:05 1:25 24.9 28 
Post-seed/Pre-

treatment 1:26 1:31 24.9 28 

treatment 1:31 1:41 24.9 28 
Post-seed/Post-

treatment 1:42 1:47 25.0 28 

12/28/2016 Exp 1 Bt PAT 
unit trial #3 

Pre-seed/Pre-
treatment 10:05 10:10 24.6 29 

Seed 10:10 10:30 24.8 31 
Post-seed/Pre-

treatment 10:30 10:35 24.8 31 

treatment 10:35 10:45 24.9 32 
Post-seed/Post-

treatment 10:45 10:50 24.9 32 

02/01/2017 Exp 2 MS2 
PAT trial #1 

T0 5:32 5:37 24.7 16 

Seed 5:37 6:02 24.6 18 

T1 6:02 6:07 24.5 18 

T2 7:07 7:12 24.6 20 

T3 8:07 8:12 24.7 20 

T4 9:07 9:12 24.6 18 

T5 12:07 12:12 24.9 18 

02/03/2017 Exp 2 MS2 
PAT trial #2 

T0 9:35 9:45 23.4 18 

Seed 9:40 10:05 23.4 20 

T1 10:05 10:10 23.5 20 

T2 11:05 11:10 23.6 21 

T3 12:05 12:10 24.5 21 

T4 1:05 1:10 24.8 21 

T5 4:05 4:10 25.1 21 

02/09/2017 
T0 6:05 6:10 23.8 18 

Seed 6:10 6:35 23.9 21 
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Date 
sampled 

Experiment 
name Protocol step Start 

time 
End 
time 

Temperatu
re (°C) 

Humidity 
(%RH) 

Exp 2 MS2 
control unit 

trial #1 

T1 6:35 6:40 23.9 21 

T2 7:35 7:40 24.2 21 

T3 8:35 8:40 24.3 21 

T4 9:35 9:45 24.4 21 

T5 12:35 12:40 24.7 21 

02/16/2017 Exp 2 Bt PAT 
unit trial #1 

T0 6:48 6:53 24.0 16 

Seed 6:53 7:18 24.0 16 

T1 7:19 7:24 24.0 16 

T2 8:19 8:24 24.2 16 

T3 9:19 9:24 24.4 16 

T4 10:19 10:24 24.4 16 

T5 1:19 1:24 24.8 16 

02/17/2017 Exp 2 Bt PAT 
unit trial #2 

T0 12:40 12:45 24.5 16 

Seed 12:45 1:10 24.5 18 

T1 1:10 1:15 24.5 20 

T2 2:10 2:15 24.8 20 

T3 3:10 3:15 25.0 20 

T4 4:10 4:15 25.3 20 

T5 7:10 7:15 25.3 18 

02/12/2017 
Exp 2 Bt 

control unit 
trial #1 

T0 10:15 10:20 25.0 18 

Seed 10:20 10:45 24.9 20 

T1 10:45 10:50 24.8 20 

T2 11:45 11:50 24.5 20 

T3 12:45 12:50 24.4 20 

T4 1:45 1:50 24.3 21 

4:45 4:45 4:50 24.2 21 

02/10/2017 
Exp 3 MS2 
control unit 

trial #1 

T0 12:45 12:40 24.7 21 

Seed 12:40 12:55 24.7 24 

T1 12:55 1:00 24.7 25 

T2 1:55 2:00 25.1 29 

T3 2:55 3:00 25.3 28 

Seed 3:00 3:15 25.3 28 

T4 4:00 4:05 25.5 30 

T5 6:15 6:20 25.5 26 

02/04/2017 
Exp 3 MS2 

PAT unit trial 
#1 

T0 6:24 6:29 23.8 16 

Seed 6:29 6:44 24.0 18 

T1 6:45 6:50 24.0 18 
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Date 
sampled 

Experiment 
name Protocol step Start 

time 
End 
time 

Temperatu
re (°C) 

Humidity 
(%RH) 

T2 7:45 7:50 24.3 20 

T3 8:45 8:50 24.5 20 

Seed 8:50 9:05 24.5 20 

T4 9:50 9:55 24.5 20 

T5 12:05 12:10 24.8 18 

02/05/2017 
Exp 3 MS2 

PAT unit trial 
#2 

T0 6:55 7:00 23.9 15 

Seed 7:00 7:15 24.1 16 

T1 7:15 7:20 24.2 16 

T2 8:15 8:20 24.8 16 

T3 9:15 9:20 24.9 16 

Seed 9:20 9:35 25.0 16 

T4 10:20 10:25 25.1 16 

T5 12:35 12:40 25.5 16 

02/11/2017 
Exp 3 Bt 

control unit 
trial #1 

T0 11:36 11:41 25.5 18 

Seed 11:42 11:57 25.4 20 

T1 11:57 12:02 25.4 20 

T2 12:57 1:02 25.4 21 

T3 1:57 2:02 25.4 21 

Seed 2:02 2:17 25.4 21 

T4 3:02 3:07 25.4 21 

T5 5:17 5:22 25.4 21 

02/14/2017 Exp 3 Bt PAT 
unit trial #1 

T0 5:47 5:52 24.3 20 

Seed 5:52 6:07 24.2 20 

T1 6:07 6:12 24.2 20 

T2 7:07 7:12 24.4 21 

T3 8:07 8:12 24.4 21 

Seed 8:12 8:27 24.5 21 

T4 9:12 9:17 24.6 21 

T5 11:27 11:32 24.6 21 

02/15/2017 Exp 3 Bt PAT 
unit trial #2 

T0 8:25 8:30 23.7 16 

Seed 8:30 8:45 23.7 18 

T1 8:45 9:00 23.8 18 

T2 9:45 9:50 24.2 18 

T3 10:45 10:50 24.5 18 

Seed 10:50 11:05 24.6 18 

T4 11:50 11:55 24.7 18 

T5 2:05 2:10 24.9 18 
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