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ABSTRACT

Buildings are complex ecosystems evolving continuously. Indoor components such 

as occupants, ventilation system, and building structures influence the microbiome. To 

shed light on how the microbial population in a building will respond to such a fluid system, 

the fundamental interactions between microbes and the indoor ecosystem must be 

understood. Buildings are being designed as air-tight structures to save energy; however, 

this could lead to degradation of indoor air quality through indoor sources of contaminants 

and/or containment of pollutants in the room or introduce outdoor pollutants indoors 

depending on the ventilation conditions. In addition, transmission of infectious microbes 

in indoors threaten the health and well-being of people sharing the indoor spaces. Recent 

outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have brought 

to attention the significance of understanding indoor microbial fate and transmission 

mechanisms. This study focused on transitioning the existing body of knowledge on indoor 

environment and microbiome towards informing building design and generating insight 

into the mechanisms governing microbial fate and transport in indoor spaces.  

An extensive literature review coupled with fractional factorial design approach 

was applied to identify bacterial families as bio-fingerprints of spaces for the first time. 

The bio-fingerprints allows the prediction of the possible bacteria present in a building 

space considering gender, age, and building usage. Field sampling at educational buildings 

extended knowledge of the influence of occupant characteristics, surface type and the 

influence of air exchange systems: vents, doors, and windows. While presence of occupants 
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resulted in an increase in particles and microbes, activity significantly influenced bacterial 

quantity from outdoor sources. Microbial levels were significant depending on whether the 

age group of the occupants was averaging under or over the 10-year-old, indicating that 

policies to improve indoor air quality need to account for the distinct nature of elementary 

schools while high schools and universities may have more similar traits. For surface 

materials, bacterial levels were lowest on metals and highest on carpets and, tiles. The 

ventilation system had minimal influence on the removal of microbes generated from 

indoor sources. The analysis highlighted possible dominance of wall and boundary effects 

on bacterial transport before occupants’ influence take over. To gain better understanding 

of boundary effects and surface – microbes interactions, the influence of surface properties, 

surface types, external forces (inertial force and shear stress) were investigated. Enveloped 

viruses, vaccinia virus (VACV) and measles virus (MV), bacteria (Corynebacterium sp.) 

and bovine serum albumin (BSA) were applied. Quartz crystal microbalance with 

dissipation (QCM-D) was used to measure the change of mass on a range of ‘ideal’ surfaces 

for varying flow rates and to determine the adhesion kinetics governing the attachment and 

detachment process. Centrifugal experiments tested bacterial attachment and detachment 

from ‘real’ surfaces. Attachment and detachment kinetics were unique to each microbe-

surface combination and shear stress magnitudes governed the extent of detachment.  
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CHAPTER 1.  INTRODUCTION 

People spend almost 90% of their lives indoors [1-3]. The Environmental 

Protection Agency (EPA) has established indoor air quality guidelines for structures and 

buildings and identified short- and long-term health effects. Immediate exposure to the 

contaminated indoor air can cause treatable problems such as eye soreness, nasal irritation, 

headaches, and fatigue. Long-term effects can give rise to respiratory diseases, heart 

disease, cancer or even can be fatal in severe cases [4]. After the outbreak of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), i.e., COVID-19 in 2019, the virus has 

spread rapidly across the world, infected over 250 million people, and contributed to the 

deaths of over 5 million people in the world [5]. This is not the first time that transmission 

of infectious microbes influenced public health and disrupted day to day life. In the 2000s, 

serious respiratory diseases such as severe acute respiratory syndrome coronavirus 1 

(SARS-CoV-1) and middle east respiratory syndrome coronavirus (MERS-CoV) occurred 

which infected a total of 8,096 people worldwide causing 774 deaths (10% mortality rate) 

in 26 countries and affected 2,506 people resulting in 866 deaths (35% mortality rate) 

reported in 27 countries, respectively [6-8]. Currently, multi drug resistant pathogens 

besides Staphylococcus aureus, such as Klebsiella pneumoniae, Acinetobacter baumannii, 

Clostridium difficile and Pseudomonas aeruginosa is a serious concern to both nosocomial 

and community acquired infections [9, 10]. Outbreaks involving the same strain of bacteria 

are not uncommon and when an antibiotic-resistant strain is involved, the results can be 

deadly. Moreover, some antibiotic-resistance pathogens in health care facilities also have 
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become a serious issue due to their possibility of secondary infection and increment of 

hospital maintenance costs. Methicillin-resistance Staphylococcus aureus (MRSA) is a 

hospital-acquired infection which can be easily transmitted by contact [11]. In the past two 

decades, methicillin- resistant MRSA infection has increased substantially [12, 13]. MRSA 

infection is continuously reported even outside of health care facilities and observed among 

individual with or without known symptoms [14, 15]. A fungal infection caused by 

Candida auris has emerged recently due to its multidrug resistance [16] and has so far 

proved to be extremely persistent on surfaces. The Centers for Disease Control and 

Prevents (CDC) showed that 30~60% of patient with Candida auris infection have died 

and the symptoms cannot be easily detected because patients are already sick [17]. 

The steady increase in nosocomial and community acquired infections in indoor 

settings and now COVID-19 has brought to the forefront the lack of understanding of the 

role the indoor environment plays for the health and well-being of the occupants. 

Improvement on building design has focused on energy efficiency. Buildings account for 

nearly 40% of the total energy consumption with a significant portion of this going towards 

heating, ventilation and lighting to ensure, comfort, productivity and health [18]. As 

buildings are being designed to be air-tight structures to save energy, degradation of indoor 

air quality is occurring through containment of polluted air (at higher concentrations in 

dead zones), or introduction of outdoor pollutants indoors or indoor pollutants remaining 

indoors depending on the ventilation condition [19-21]. Most indoor air pollutant sources 

are within the buildings and some of the pollutants are introduced through inappropriate 

ventilation systems [22]. A recent study confirmed that sharing indoor spaces is a major 

risk factor for SARS-CoV-2 transmission [23]. One person could infect an unusually large 
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number of people sharing a space through both air and fomite transfer [24]. Viruses could 

be transferred to up to seven clean surfaces via contaminated fingers [25]. Statistically a 

contaminated surface could become a vector in spreading infections to at least 14 persons 

[26]. Relying only on ventilation approaches to ensure ‘clean’ indoors and one size fit all 

approach for disinfection has so far proved not to be a feasible approach. Therefore, 

understanding what indoor environmental factors dominate the spread and persistence of 

microbes in the air and on surfaces are essential to manage and maintain the ‘clean’ and 

‘safe’ built environment.  

Motivation 

Microorganisms in built environment reflect indoor characteristics. Numerous 

studies have found that the indoor microbial communities and their concentrations differ 

depending on the surrounding conditions, such as human occupancy/activity [27, 28], 

gender [29, 30], building design [31], or dampness [32]. Studies have been conducted in 

residences [33-35], offices [36-38], hospitals [39-44], schools [36, 45-48], and public 

spaces [49-52]. Most airborne microorganisms exist by attaching on the PM. Above 80% 

of airborne microorganisms in PM are bacteria, followed by fungi, archaea, and virus [53]. 

Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria are the four major phyla in 

indoors regardless of the types of buildings [29, 47, 51]. 

Human activity and occupancy are considered as major sources of the indoor 

microbial contamination since they result in the increment of airborne microbial 

concentration in PM [54, 55]. Humans scatter approximately 1.5 million skin cells per hour 

[56], resuspend settled dust [57], and contribute substantially to the mass of indoor 

particulate matters during normal activities [58]. Kim and Kim (2007) observed the highest 
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bacterial and fungal concentration in kindergarten compared to hospitals, elderly welfare 

facilities, and nurse centers due to differences in the activity rate [39]. A home survey in 

the United States reported that on average approximately 7,000 taxa of bacteria and 2,000 

taxa of fungi existed in house dust [28]. A recent study found that the indoor airborne 

microbes in most homes were primarily influenced by the outdoor air, and the presence of 

pets, tap water, and occupancy impacted the microbial diversity [34]. Ratio of living area 

and occupancy also influenced on the bacterial concentration [33]. Besides the human 

influence, building type is another factor that impacts on the presence of indoor 

microorganisms. The presence of Staphylococcus sp. in hospital can lead to serious health 

and facility problems if the strains show methicillin-resistance resulting in MRSA, [59]. 

Respiratory virus pathogens were detected on multiple surfaces in airport, especially 

frequently touched surfaces [60].  

There is a strong and sufficient evidence to establish relationships between 

ventilation, airflow pattern and the spread of infectious diseases in buildings [61]. Studies 

show that ventilation rates of 25 liter/sec per person have the potential to reduce sick 

building syndrome and sick leave while low ventilation rates at schools can have a negative 

impact on school absence and respiratory illness. Further investigations into assessing 

parameters influencing exposure risk between occupants showed that person to person 

distance of less than 1.1 m in an office increases chances of infection [62]. Although the 

relationship between microbes and human is symbiosis, some microbes are potentially life-

threatening. To minimize the transmission of infectious particles via air and surfaces, the 

particles’ spreading mechanisms from person to another or person to surfaces need to be 

preceded. Therefore, the main purposes of this study are to determine indoor microbial 



 

5 

characteristics under different occupied conditions and to investigate the fate and transport 

of indoor microbes in indoor air and surfaces. 

Objective and scope 

The objective of this research is to determine, assess and quantify the mechanisms 

governing the fate and transport of microbes in indoor spaces. This was done through a 

combination of field, experimental and laboratory studies combined to inform the existing 

knowledge gaps required to inform predictive models that can capture the physical and 

biological mechanisms unique to specific microbe(s), indoor air and surface type 

combination. The specific objectives are as follows: 

 

Objective 1: This study was performed to determine if the presence of specific bacteria 

indicates the indoor characteristics as a ‘bio-fingerprint.’ Indoor microbial concentrations 

and components were reflecting occupants’ characteristics such as age and gender and 

types of building such as hospital, schools, residence, or non-residence. Microbes 

presenting in the air and surfaces were analyzed. Several bacterial family groups were 

suggested to describe the indoor spaces.  

 

Objective 2: This study was conducted to evaluate the influence of occupant characteristics 

and built air exchange (BAE) components on the presence and spatial distribution of PM, 

bacteria, and fungi. Air and surface samples were collected from three educational 

buildings (elementary school, high school, and university). The effect of occupancy, 

activity, and gender on PM and microbial concentration and the effect of BAE components 
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on bacterial spatial distribution were determined. Surface contamination was assessed by 

the surface type and usage. 

 

Objective 3: The investigation identified the gaps in the current literature in the context of 

determining the adhesion kinetics for the interaction of virus particles on four types of 

surfaces which are gold, silica, glass, and stainless steel. Vaccinia virus (VACV) was used. 

Quartz crystal microbalance with dissipation (QCM-D) technique was applied to evaluate 

the microbial adhesion kinetics in nano scale. Current knowledge on particle attachment, 

adhesion, and resuspension in indoor spaces and the influence of surface materials were 

summarized. 

 

Objective 4: This study determined and assessed the relationship between unique-microbe 

surface combination under the influence of varying flow conditions. Organic particles, 

which included, VACV, measles virus, and Corynebacterium sp., and an inorganic particle, 

BSA, were used. QCM-D were applied to determine the adhesion and detachment kinetics 

on ideal surfaces, the influence of flow rate on particles adhesion and detachment, and to 

evaluate the adhered layers’ characteristics. Centrifugal experiment was applied to 

determine interactions between bacteria and real-world surfaces. Particles’ behavior near 

the surface boundary was observed using Particle Image Velocimetry (PIV).  

 

Intellectual merit and major outcome: The research was aimed to address the fate and 

transport of microbes in built environments starting from a wide lens to gaining 

fundamental insights: Presence of microbes in built environments → microbial 
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concentration and components under specific occupied conditions → microbial attachment 

on different types of surfaces → microbial adhesion and detachment kinetics within the 

boundary layer. The outcomes of the study can provide prior information to predict the 

type, presence, and transmission of infectious microbes in indoor spaces. Such information 

is particularly vital for buildings occupied by vulnerable population especially schools or 

hospitals. The information can also provide guidance in making prior decisions regarding 

building designs and public policies. The overall research scopes are outlined in Figure 

1.1. 

 
Created with BioRender.com 

Figure 1.1. A diagram of dissertation outline. 
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CHAPTER 2.  DOES THE PRESENCE OF CERTAIN BACTERIAL 

FAMILY IN THE MICROBIOME INDICATE SPECIFIC INDOOR 

ENVIRONMENT CHARACTERISTICS? A FACTORIAL DESIGN 

APPROACH FOR IDENTIFYING BIO-FINGERPRINTS 1 

 

ABSTRACT 

The study applies the current knowledge on microbiome in built environments towards 

identifying microbes, specifically bacteria as bio-fingerprints which can reflect indoor 

space and occupant characteristics. Data were collected from the literature on the bacterial 

family and the indoor environment. The factorial design approach was applied to quantify 

and compare the influence of selected indoor environmental parameters, sampling region 

(air or surface), sampling locations (residence or non-residence), gender and age and their 

interactions on the types and concentration of detected bacterial families. Factorial design 

analysis identified and confirmed Corynebacteriaceae and Lactobacillaceae as the gender 

signature for males and females, respectively. The significant bacterial families across all 

scenarios are: Corynebacteriaceae, Propionibacteriaceae, Bacillaceae, 

Staphylococcaceae, Lactobacillaceae, Methylobacteriaceae, Moraxellaceae,  

 
1 Results presented in this chapter have appeared in “Seong.D. & Hoque.S., (2020) Indoor 

and Built Environment, 29(1), 117-131” 
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Micrococcaceae, Enterobacteriaceae, Rhodobacteraceae, Streptococcaceae and 

Pseudomonadaceae. Higher concentrations of Propionibacteriaceae indicate that the 

specific location is an adult-occupied space. Staphylococcaceae presence is the bio-

fingerprint of contaminated air of hospitals bio-fingerprint and Moraxellaceae on hospital 

surfaces are distinct characteristics. Streptococcaceae is a bio-fingerprint of contaminated 

air of schools and other children-occupied spaces. Enterobacteriaceae is a bio-fingerprint 

of contaminated air of non-residence locations. Bacillaceae does not indicate any indoor 

characteristics. 

Keywords: Built environment, Factorial design, Microbiome, Bio-fingerprint, Microbes, 

Surface, Indoor air 

2.1. INTRODUCTION 

The literature on indoor environment and microbes gives a detailed and still 

evolving picture of the microbiome [56, 63]. Investigations show that the composition of 

the microbial community reflects outdoor/indoor sources [57, 64, 65] and human 

occupancy [28, 58]. Different sources could influence the microbial characteristics in the 

built environment, for instance, gender [29, 30], building location [66], building design 

[31], or human activity [64, 67]. Prussin and Marr [68] list eight major sources: humans; 

pets; plants; plumbing systems; heating, ventilation and air conditioning (HVAC) systems; 

mould; dust resuspension; and the outdoor environment. The studies provide a window into 

the microbial world in the buildings. However, this field is still far from informing 

practitioners such as architects or building facilities management or public health officials 

regarding building design or disinfecting a space or to make any decision pertaining to the 
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application of the microbial built environment knowledge. To bridge that gap a better 

understanding is required on the influence or interacting influences of different factors on 

the microbial ‘bio-fingerprint’ in an indoor space.  

De Wilde and Coley [69] state,  

“Buildings provide an interface between the outdoor environment, which is subject 

to climate change and the indoor environment, which needs to be maintained within a 

range that keeps building occupants safe and comfortable, and which is suitable for any 

key processes that are taking place within the building.” 

However, buildings are complex ecosystems. Microbiome investigations are 

revealing the existing diversity and technological advancements that have allowed for more 

precise identification of microbial species in the built environment. Cultivation-based 

studies have been widely used to identify microbial species [36, 37, 70]. Recently DNA-

based studies have provided a more detailed picture [34, 48, 57]. Most of the identified 

bacteria are included in the four major phyla which are Actinobacteria, Bacteroidetes, 

Firmicutes, and Proteobacteria [29, 47, 51]. A home survey in the United States detected 

that on average approximately 7,000 taxa of bacteria and 2,000 taxa of fungi existed in 

house dust [28]. Studies have shown that humans scatter approximately 1.5 million skin 

cells per hour [56], resuspend settled dust [57], and contribute substantially to the mass of 

indoor particulate matters during normal activities [58]. Previous studies have revealed that 

higher human density and human activity could result in an increase in indoor microbial 

levels [1, 57, 71]. Human skin-related bacteria such as Staphylococcus, Streptococcus, and 

Micrococcus genera are commonly found indoors, and their concentrations change 

depending on the surrounding conditions [1, 28, 33, 36, 71]. Gender also appears to be a 
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factor that influences the microbial community. Lactobacillus sp. is a bacteria associated 

with female human subjects which is related to vaginal microorganisms, while 

Corynebacterium sp. and Dermabacter hominis have been found in male (human) -

occupied rooms or restrooms [30, 72]. In a review by Kelley and Gilbert [56], 

Streptococcus spp., Corynebacterium spp., Flavimonas spp., Lactobacillus spp., Bacillus 

spp., and Bradyrhizobium spp. were identified as representatives for an office room. 

Another study by Bouillard et al. [73] found Micrococcus spp., Staphylococcus spp., and 

Streptococcus spp. to be most common in indoor air, surfaces and settled dust in a ‘healthy’ 

office building. The influence of human population on the adaptability of the microbial 

community was also shown by Lax et al. [67] where on sampling seven families, the results 

showed that each family home had its own microbial signature or fingerprint.  

Significant associations of microbial species with location, building age, area and 

floor level were tested through statistical approaches such as Spearman’s correlation, 

Pearson’s correlation or bivariate correlation test. The approaches were applied to assess 

differences between bacterial and fungal load at multiple locations; hospitals, educational 

facilities, restaurants, offices, dormitories and residences [40, 74]. Schools were observed 

to have higher bacterial concentrations whereas kitchens and bathrooms had a higher 

fungal load. By applying Kolmogorov-Smirnov and Kruskal-Wallis test, Wang et al. [66] 

concluded that the airborne fungi concentration in homes were higher in spring and winter 

but indoor temperature and humidity had a negligible significance. Niesler et al. [50] 

reported low correlations between air and surface samples for bacteria and fungi in 

storerooms of a museum. Indoor microbial compositional similarity/dissimilarity was 

quantified by the similarity/dissimilarity test such as ANOSIM [34, 47] or Bray-Curtis test 
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[30, 57, 64]. Several studies used Bayesian source tracking to determine the estimated 

source of indoor microbiome [29, 75]. Studies continue to identify and determine what is 

the impact of building and occupant characteristics on indoor microbiome. However, these 

studies do not identify dominant ‘characteristics' or possible interaction of different 

characteristics that influence the presence or absence of specific bacteria. Identifying those 

would help the understanding of the link and would reduce the gap between application 

and the built environmental microbiome field.  

This study focuses on analyzing the existing literature to determine if ‘bio-

fingerprints’ can be identified, i.e., if the presence of any bacterial families indicates certain 

indoor or occupant characteristics. The characteristics assessed are sampling region (air or 

surface), location (building type, i.e., residences or commercial), age and gender. The 

factorial design approach [76] is applied to determine the dominant and interacting 

characteristics (factors). 

2.2. MATERIALS AND METHODS 

2.2.1. Data collection and calculation 

The data was compiled from thirty-three studies published in different journals 

from 2005 to 2017. The search words applied are indoor environment, indoor 

microorganisms, indoor microbes, indoor microbiome, building environment, building 

microorganisms, building microbes, and building microbiome. For every study, the 

information collected was: the types of bacteria, the concentration of bacteria, sampling 

region (e.g. ambient air, surface), sampling location (e.g. residence, hospital, office, 
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school), gender and age (e.g. children, adult). Table 2.1 shows the information of the 

studies classified according to sampling region, sampling location, age and gender.  

The table also includes identification procedure and the number of samples from 

each study. The ‘identification procedure’ was surveyed to understand the methods applied. 

It is not included as a ‘factor’ in the analysis. The study focuses on the final results i.e., 

bacterial families detected by each study. Except for one study, all studies clearly stated 

the identification procedures. Most of the air sampling studies used ‘culture-based’ method 

to identify microbes, applying the colony morphology approach and biochemical tests such 

as Gram-staining, oxidase or catalase test. DNA-based identification was generally used 

for characterizing surface microbes. Due to the sampling design of investigations reported 

in the literature only microbes identified from surfaces could be classified based on gender. 

Age was classified between children and adults. Samples collected from early age, i.e., 

infant to elementary school was organized under children. Samples collected from 

educational institutions beyond high school was categorized under adults. Eq. 2.1 was 

applied to calculate the percentage of each bacterial family, Nx, by determining the total 

number of colonies (CFUs) of each species, nsp, belonging to the family divided by the 

total bacterial count of the specific study. The collected data was sorted based on Eq. 2.1 

and is presented in the supporting information section (Table A1).  

𝑁𝑥 =
∑ (𝑛1 + 𝑛2 + ⋯ + 𝑛𝑠𝑝)𝐶𝐹𝑈𝑠 × 100

𝑛𝑠𝑝

𝑖=1

𝑇𝑜𝑡𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑦 (𝐶𝐹𝑈𝑠)
 Eq. 2.1 
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Table 2.1. The number of samples in each study and their sampling/identification information  

Year 

Sampling region Sampling location a Age Gender Identification procedure 

Air 

(2811) 

Surface 

(1635) 

Res. 

(773) 

Non-Res. 

(2591) 

Children 

(674) 

Adult 

(717) 

Male 

(312) 

Female 

(334) 

Culture 

based 

DNA 

based 

2005 180 [45] 5 [77]  180 [45] 180 [45] 5 [77] 2 [77] 3 [77]  
5 [77] 

180 [45] 

2007 336 [39] 24 [78]  336 [39] 84 [39] 
24 [78] 

252 [39] 
12 [78] 12 [78] 336 [39] 24 [78] 

2008 254 [36]   254 [36]  254 [36]   254 [36]  

2009 
8 [71] 

208 [40] b 
  

8 [71] 

208 [40] 
     8 [71] 

2010 

9 [50] 

25 [41] 

40 [37] c 

90 [49] 

192 [46] 

27 [50]  

25 [41] 

36 [50] 

40 [37] 

90 [49] 

192 [46] 

192 [46]    

25 [41] 

36 [50] 

40 [37] 

90 [49] 

192 [46] 

 

2011 32 [79] 
93 [80] 

120 [29] 
 32 [79] 93 [80] 32 [79] 60 [29] 60 [29] 32 [79] 

93 [80] 

120 [29] 

2013 
72 [70] 

216 [44] 
34 [81]  

34 [81] 

72 [70] 

216 [44] 

 72 [70]   
72 [70] 

216 [44] 
34 [81] 

2014 

8 [57] c 

66 [52] 

372 [33] 

32 [82] 372 [33] 

8 [57] 

32 [82] 

66 [52] 

 8 [57]   66 [52] 

8 [57] 

32 [82] 

372 [33] 

2015 

25 [47] 

29 [34] 

138 [42] 

318 [43] 

24 [35] 

205 [83] 

226 [84] 

328 [34] 

497 [85] 

24 [35] 

337 [34] 

25 [47] 

138 [42] 

226 [84] 

318 [43] 

25 [47] 

175 [85] 
322 [85] 238 [85] 259 [85] 

138 [42] 

205 [83] 

318 [43] 

24 [35] 

25 [47] 

226 [84] 

377 [34] 

497 [85] 

2016 
9 [48] 

22 [51] 
  

9 [48] 

22 [51] 
9 [48]     

9 [48] 

22 [51] 

2017 18 [38]   18 [38]     18 [38]  

Distribution 

of studies 
23 12 3 24 7 8 4 4 15 17 

a Res.: Residence. Non-Res.: Non-residence. Hospital, office, school, subway station, auditorium, museum, retail store and restaurant are grouped into non-residence. School includes day-care center, 

kindergarten, elementary school and university. University includes university campus buildings and all kinds of library; b Identification procedure is not clearly stated; c The number of samples is not 
clearly stated. 
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2.2.2. Data analysis 

The collected data was arranged to determine the impact of the selected variables: 

sampling regions, sampling locations, gender and age. Data on viable bacteria, Nx was log 

transformed to obtain normalized distributions for all datasets. Figure 2.1 shows the results 

of Propionibacteriaceae percentages (%) from surfaces associated with both genders. The 

data was log-transformed to ensure normal distribution (based on the Kolmogorov-

Smirnov test (p > 0.05)). 

(A) Original 

 
 

(B) Log transformed 

 
Figure 2.1. Distribution of Propionibacteriaceae percentages (%) of skin and restroom 

surfaces of both genders. The normality was evaluated by Kolmogorov-Smirnov test. 

(A) Original (p < 0.01) and (B) log transformed values (p > 0.05).  
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The factorial design approach was applied to determine if these variables or 

combination of these variables could influence the type of bacteria detected. Factorial 

experimental designs are efficient exploratory tools which are applied to assess the impact 

of selected variables on study objective(s). A two-level factorial design approach was used 

to determine the main and dominant characteristics (referred to as factors or variables also) 

which could influence the detected bacteria [76]. The number of experiments required by 

a full factorial design at two levels is 2k where k is the number of variables or factors. A 

full factorial design considers the effects of all main factors, i.e., the main effects as well 

as all possible interactions between the factors. The main effect of a factor measures the 

average change in the response caused by changing from one level (low setting, -1) to 

another level (high setting, +1). A two-factor interaction looks at the effect on the response 

when two factors are simultaneously kept at different levels. The p-values indicate whether 

the effect of the main factor(s) or the interacting effect is significant at a level of 0.05. 

Analysis of variance (ANOVA) approach was applied to determine the p-values.  

In the analysis, the sampling location was kept at two levels: residence (-1) and 

non-residence (+1), for sampling region, air was set as (-1) and any surface was set as (+1), 

for gender, female was assigned (-1) and male was assigned (+1), and for age the low level 

(-1) was set for children and the high level for adults (+1). In some scenarios as required, 

sampling surface was divided into restroom surface (-1) and skin surface (+1). For 

example, combination of sampling location level (-1) and sampling region level (-1) 

indicates the samples were collected from ‘air’ in ‘residence’. Combination of age level 

(+1) and sampling region level (-1) signifies that the ‘air’ samples were collected from 

‘adult’ occupied spaces.  
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Datasets from different studies but at the same combination levels were replicates, 

the number of which depended on the literature. The number of replications of each 

combination were as follows: gender and sampling surface have 60 replications for (-1,-1), 

274 for (-1,+1), 60 for (+1,-1), and 252 for (+1,+1); sampling location and sampling region 

have 401 replications for (-1,-1), 372 for (-1,+1), 2098 for (+1,-1), and 524 for (+1,+1) ; 

age and sampling region have 490 replications for (-1,-1), 268 for (-1,+1), 618 for (+1,-1), 

and 351 for (+1,+1). A Minitab statistical software (Minitab Inc., State College, PA, USA) 

was applied for the analysis.  

2.3. RESULTS 

2.3.1. Assessing the factorial design approach: Gender and sampling surface 

The literature review showed that ambient sampling from indoor air was typically 

conducted in spaces where both genders occupied or used the space. Gender specific usage 

was clarified when samples were collected from surfaces. Hence, the analysis of this case 

focused on surface sampling data obtained from human skin, restrooms and mobile 

devices. Data from restroom and mobile device surfaces represent a direct transfer from a 

person to the surface. The only significant difference between one ‘touch’ to another 

resulting in the transfer is the age and gender of the person who touched the site. The results 

of gender influence were applied to assess if the factorial design analysis would identify 

significant factors, i.e., the factors that could influence the bacterial families detected on 

the restroom surface.  

An overview of the data is shown in Figure 2.2 which shows the surface bacterial 

diversity of (A) human skin, (B) restroom, and (C) mobile device. Propionibacteriaceae is 
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the most predominant bacteria of skin (37%) and restroom surfaces (27%), whereas 

Staphylococcaceae is mainly detected on mobile device surfaces (66%). 

Propionibacteriaceae is abundant in places with frequent exposure to human or sebum-

producing human skin surface and it is higher in concentration than other skin-related 

bacteria regardless of gender and age [29, 85-87]. Even though mobile device surfaces are 

repeatedly touched, Staphylococcaceae is present in higher concentrations (66%) than 

Propionibacteriaceae (<1%). Studies concluded that mobile surfaces are exclusively 

touched by hand where there is a lower concentration of Propionibacterium [86] and a 

higher concentration of Staphylococcus [88]. A recent study showed that mobile devices 

shared 22% of the owner’s finger bacteria [89] and higher microbial contamination was 

observed in younger ages, lower educational levels and male human population groups 

[83]. There was stronger similarities between the surface microbial communities present 

 
Figure 2.2. Surface bacterial diversity and their percentage (%) of (A) Skin, (B) 

Restroom and (C) Mobile device. 
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on females’ (human) hands and their mobile devices than between the communities on 

males’ hands and their mobile devices [30, 89]. 

The survey shows that the bacteria on various types of device surfaces reflect 

characteristics of the user. In case of mobile devices, the data gives information on the 

correlation between skin bacteria and surfaces touched but information on specific gender 

influence is limited. Hence, to determine if gender could influence the bacterial 

characteristics on the touched surface, the data on restrooms was explored exclusively in 

Figure 2.3. The box plots show the percentage range of bacteria which are mainly detected 

in the samples: Corynebacteriaceae, Micrococcaceae, Propionibacteriaceae, Bacillaceae, 

Staphylococcaceae, Lactobacillaceae, Streptococcaceae, Methylobacteriaceae, 

Rhodobacteraceae, Enterobacteriaceae, Moraxellaceae, and Pseudomonadaceae. 

Propionibacteriaceae is the most predominant bacterial family for both genders, ranging 

from 6 to 74% on female skin and 15 to 85% on male skin.  

Figure 2.3 summarizes the differences in bacterial families present in male and 

female related samples. The plots indicate that Corynebacteriaceae is relatively higher in 

the male-related samples (median: 14.5% and 7.0%, skin and restroom, respectively) than 

the female-related samples (median: 7.5% and 3.1%). In contrast, Lactobacillaceae is 

higher in the female-related samples (median: 3.4% and 4.9%) than the male-related 

samples (median: 1.0% and 0.4%). Relatively higher concentrations of Lactobacillaceae 

was observed in female restroom since it is a vaginal microbiota and abundant on women’s 

palm [30, 90]. Several studies have investigated whether the indoor bacterial environment 

is different depending on gender. Luongo and her colleagues [30] found that 

Corynebacterium is associated with human skin, but also significantly abundant in the  
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(A) Female 

 
(B) Male 

 
Figure 2.3. The bacterial percentage (%) on surfaces related to (A) female- and (B) male-

associated samples.  
Co: Corynebacteriaceae, Mi: Micrococcaceae, Pr: Propionibacteriaceae, Ba: Bacillaceae, St: 

Staphylococcaceae, La: Lactobacillaceae, Sr: Streptococcaceae, Me: Methylobacteriaceae, Rh: 

Rhodobacteraceae, En: Enterobacteriaceae, Mo: Moraxellaceae, and Ps: Pseudomonadaceae. 

 

 

male-occupied rooms, while Lactobacillus is relatively higher in the female-occupied 

rooms. In addition, Fierer et al. [90] found 340% and 180% more Lactobacillaceae and 

Moraxellaceae on female hands, respectively. Pseudomonadaceae was also found to be 

comparatively more abundant on women’s skin [90]. Based on the above discussion and 
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review of the literature, the presence of Lactobacillus and Moraxellaceae indicate female 

associated bacteria, while Corynebacterium is associated with males but with a greater 

uncertainty. 

To determine if factorial design analysis can identify the influence of gender and 

surface sampling location on the bacterial families detected and assess if any can be 

classified as ‘bio-fingerprints’ the bacterial families identified in Figure 2.3 (restroom and 

human skin surfaces) was tested. The results are given in Table 2.2. For the variables, ‘G’ 

refers to gender and ‘S’ refers to sampling surface. The p-value refers to the significance 

of the factor independently or for their interacting effects G×S. If the p-value is < 0.05, the 

effect on the bacterial families identified is significant. Figure 2.4 illustrates the significant 

effects through the main effects plot with the help of two bacterial families, 

Corynebacteriaceae and Lactobacillaceae. Figure 2.4 is the main effect plot showing the 

averages of response changes due to changes in the levels of the main factors, gender and 

sampling surface for the identification of Corynebacteriaceae and Lactobacillaceae. The 

comparative steepness of the slopes for each variable indicates which factor is more 

important. For Corynebacteriaceae both gender and sampling surface are equally 

significant and the p-values of 0.03 (<0.05) also confirm it (Table 2.2). For 

Lactobacillaceae, the slope for the factor gender is steep with the response shifting from 

female (-1) to male (+1). Hence, gender is significant and the p-value of 0.015 (<0.05) 

confirms it. For the second factor, sampling surface the response barely shifts from 

restroom surface (-1) to skin surface (+1) and is not significant (p-value is 0.531 > 0.05). 

In the table the variables identified as significant are in bold.  
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Out of the 12 bacterial families in Figure 2.3, significant effect of the variables was 

seen for eight bacterial families: Corynebacteriaceae, Propionibacteriaceae, Bacillaceae, 

Staphylococcaceae, Lactobacillaceae, Methylobacteriaceae, Rhodobacteraceae, and 

Pseudomonadaceae. Sampling surface and gender are both significant factors for 

Corynebacteriaceae. This leads to the conclusion that both factors could play a significant 

role in the detection of Corynebacteriaceae. Literature data has shown that 

Corynebacteriaceae is present predominantly in locations where the male gender 

dominates. However, sampling surface is also a significant factor since 

Corynebacteriaceae is skin-related bacteria which is abundant on the human skin [90]. 

Propionibacteriaceae, Bacillaceae, Staphylococcaceae, and Rhodobacteraceae are 

influenced by where samples are collected (p < 0.05). We know that Propionibacteriaceae 

is present on skin and other surfaces regardless of gender. Bacillaceae and 

Staphylococcaceae are also not gender specific. Rhodobacteraceae is associated with 

external environmental effects [29]. Hence the identification of these four taxa are only 

influenced by the sampling surface is supported by evidence from literature. 

Lactobacillaceae and Pseudomonadaceae are the bacterial families that are only associated 

with gender, is significant (p < 0.05). This association has also been noted in the literature. 

Methylobacteriaceae shows significant interaction of both gender and sampling surface 

and their influence cannot be interpreted separately even though, gender as an independent 

factor is significant. Enterobacteriaceae, Moraxellaceae, Streptococcaceae and 

Micrococcaceae are not identified with a dominant influence (p > 0.05) by either variable 

and are not listed in Table 2.2 but are in Figure 2.3, box plots.  
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Figure 2.4. The main effect plots for Corynebacteriaceae and Lactobacillaceae. 

 

 

Table 2.2. The influence of gender, G and sampling surface, S (restroom and skin surface) 

Microorganisms ID Effect p-value 

Corynebacteriaceae 

G 0.860 0.003 

S 0.847 0.003 

G×S 0.122 0.643 

Propionibacteriaceae 

G 0.274 0.334 

S 0.685 0.022 

G×S -0.062 0.829 

Bacillaceae 

G 0.631 0.268 

S 2.492 0.000 

G×S -0.312 0.580 

Staphylococcaceae 

G 0.166 0.542 

S 0.836 0.004 

G×S 0.133 0.626 

Lactobacillaceae 

G -1.753 0.015 

S 0.416 0.531 

G×S 0.546 0.413 

Methylobacteriaceae 

G -0.584 0.003 

S 0.158 0.372 

G×S -0.487 0.011 

Rhodobacteraceae 

G 0.190 0.662 

S 1.031 0.025 

G×S -0.033 0.940 

Pseudomonadaceae 

G -0.674 0.007 

S 0.293 0.216 

G×S -0.200 0.393 
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A study performed in 2008 found that the concentration of Enterobacteriaceae and 

Moraxellaceae are 400% and 180%, higher on women’s palm than men’s respectively [90] 

and hence was expected to have a gender signature similar to Lactobacillaceae. The 

factorial design analysis results showing no significant influence due to gender could be 

because the sampling site of skin had an impact on the results. The current dataset includes 

forearms, foreheads or back of hands as sample sites, but not the palms of hands. In 

addition, Enterobacteriaceae and Moraxellaceae are Gram-negative bacteria which are not 

able to survive in harsh surrounding environment. Hence, their presence or absence can be 

influenced by other indoor conditions. The factors gender and sampling surface do not 

influence the detection of Streptococcaceae or Micrococcaceae and are influenced by other 

factors as seen in subsequent analysis. The results demonstrate that factorial design analysis 

can determine accurately the dominant factors which influence the presence of a specific 

bacterial families and hence identify bio-fingerprints. 

2.3.2. Identification of bio-fingerprint for sampling region and sampling location  

(1) Exploring factors sampling region and sampling surface 

The two levels for sampling regions were air and surface of the indoor space. 

Investigators applied different methods/protocols for data collection from the sampling 

region. The sampling methods from air can be classified under two broad umbrellas: active 

or passive. Active air sampling methods applied pumps with airflow ranges between 0.004 

m3/min to 1 m3/min and a specific liquid medium for the bacteria to grow [91-93]. 

Representative air samplers used are impingers such as the SKC BioSampler (SKC Inc., 

PA, USA) and the AGI-30 (Ace Glass Inc., NJ, USA), and impactors such as the Andersen 
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sampler (Thermo Fisher Scientific Inc., MA, USA) and the Burkard single-stage air 

sampler (Burkard Manufacturing Co. Ltd., UK) [91]. The passive sampling method used 

Petri dishes which were either empty or filled with growth medium [32, 38, 45]. Suspended 

microbes settle onto the plates by gravity. Surface samples were collected using sterile 

swabs. The number of bacterial families detected from the air is 63 and surface is 48.  

Figure 2.5(A) shows the indoor bacterial diversity (bacterial order group) for 

sampling regions: ambient air and surface. Air samples are biased towards two major order 

groups, Bacillales (41%) and Actinomycetales (31%) whereas surface samples show a 

more distributed profile: Bacillales (24%), Actinomycetales (22%), Propionibacteriales 

(17%) and Pseudomonadales (11%). Bacillales and Actinomycetales, which are dominant 

in both air and surfaces, contain prevalent indoor bacterial genera such as Micrococcus, 

Bacillus, Corynebacterium and Staphylococcus. Figure 2.5(B) is a box plot of the 

percentage of the most detected families in air and surface respectively. Figure 2.5(B) 

shows Staphylococcaceae and Micrococcaceae are the most abundant bacteria in air 

samples. Corynebacteriaceae, Moraxellaceae and Pseudomonadaceae are present in 

proportion ranging between 2~7% of indoor air microbes. In surface samples, 

Micrococcaceae, Propionibacteriaceae, Staphylococcaceae, Methylobacteriaceae and 

Enterobacteriaceae are predominant. 

Sampling location was classified into ‘residence’ and ‘non-residence’. Residence 

refers to apartment and house, and non-residence includes hospital, office, school, 

auditorium, museum, retail store, subway station and restaurant. The data was further 

divided into air and surface samples as shown in Figures 2.6 and 2.7 which show the 

percentage of bacterial families at different sampling locations. The highest proportion of 
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(A) Overall bacterial diversity 

 
 

 

(B) Bacterial family percentages

 
 

Figure 2.5. (A) Bacterial order group diversity of air and surface samples. (B) Microbial 

family percentages in air and surface samples.  
Co: Corynebacteriaceae, Mi: Micrococcaceae, Pr: Propionibacteriaceae, Ba: Bacillaceae, St: 

Staphylococcaceae, La: Lactobacillaceae, Sr: Streptococcaceae, Me: Methylobacteriaceae, En: 

Enterobacteriaceae, Mo: Moraxellaceae and Ps: Pseudomonadaceae. 
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the total bacteria dominating or the predominant bacteria (Staphylococcaceae, 

Micrococcaceae, and Bacillaceae) is in the air samples of offices (94%), and then hospitals 

(85%), schools (75%), residences (51%) and public buildings (45%). In surface samples, 

museum shows the highest proportion (97%), followed by gym (43%), residence (25%) 

and hospital (4%). 

Figure 2.6 follows the previous findings that the sum of the bacteria mentioned accounts, 

for approximately 56~77% and 20~66% of total bacterial families in air and surface, 

respectively. Figure 2.6 shows that Staphylococcaceae, Micrococcaceae and Bacillaceae 

are present regardless of sampling location in air. These bacteria are Gram-positive bacteria 

which are more resistant to harsh environments than Gram-negative bacteria and hence are 

frequently detected [36, 38]. In surface samples other families identified are 

Dermabacteraceae, Alicyclobacillaceae and Bradyrhizobiaceae which are not easily 

detected in the air samples (<1%) except for residence air (1.3%, 4.1% and 0%, 

respectively). Methylobacteriaceae (16%) is detected more in the air of public buildings 

due to the data from retail stores where it represents over 70% of the identified microbes. 

This is probably due to water related sources such as sinks and taps [34].  

Hospital surfaces showed a different trend with a lower proportion (4%) of the 

predominant groups (Figure 2.7(B)). Instead, Moraxellaceae and Bradyrhizobiaceae 

families account for 40% and 22%, respectively. Staphylococcaceae presence on the 

hospital surface was only 3% but was 55%, in the air samples. Acinetobacter belonging to 

Moraxellaceae is frequently detected on residence and hospital surfaces [35, 77, 78]. 

Bradyrhizobium is a skin-associated genus that are present in higher concentrations on 

hospital devices (16%) and other working sites (17%) which are frequently touched by
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Figure 2.6. The bacterial family diversity of the different sampling locations in the AIR samples: (A) Residence, (B) Hospital, (C) 

Office, (D) School and (E) Public building. Public building includes auditorium, museum, retail store, subway station and restaurant. 
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Figure 2.7. The bacterial family diversity of the different sampling locations in the SURFACE samples: (A) Residence, (B) Hospital, 

(C) Gym and (D) Museum. 
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staff’s hands [81]. Staphylococcus aureus, which is included in the Staphylococcaceae 

group, can cause a health problem if the strains show methicillin-resistance (MRSA, 

Methicillin Resistant Staphylococcus Aureus) [59]. The concentration of Staphylococcus 

species increases with human activities in hospital buildings including lobbies to intensive 

care units [40-42, 44]. 

(2) Factorial design analysis 

Table 2.3 summarizes the results of the factorial design analysis. In the table the 

families for which at least one of the factors (location or region) was significant has been 

listed. The levels for location are residence and non-residence. The levels for region are air 

and surface sampling. Staphylococcaceae and Enterobacteriaceae are significantly 

influenced by sampling location (p < 0.05), which implies that the detection of these 

families is related to the type or use of a building, i.e., residence/non-residence is 

significant and the bacterial presence hence detection is not influenced by whether the 

sampling was conducted in the air or surfaces. Propionibacteriaceae, Enterobacteriaceae 

and Moraxellaceae are highly influenced by the sampling region (p-value < 0.05). The 

interacting effect of factors is only significant on the presence of Bacillaceae (p-value < 

0.05). None of the main effects are significant for Bacillaceae but interacting effects of 

location and region is significant. This implies that the presence of Bacillaceae is not a 

signature of the location or sampling region but instead if detected its presence is related 

to a combined influence of these two variables.  
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Table 2.3. The influence of sampling location, L (residence and non-residence) and region, 

R (air and surface sampling) on the bacterial concentration 

Microorganisms ID Effect p-value 

Propionibacteriaceae 

L -0.904 0.000 

R 0.337 0.011 

L×R -1.391 0.126 

Bacillaceae 

L 0.740 0.338 

R -1.033 0.183 

L×R 1.712 0.029 

Staphylococcaceae 

L 1.149 0.031 

R -0.177 0.737 

L×R 0.622 0.240 

Enterobacteriaceae 

L 0.917 0.039 

R 1.972 0.000 

L×R 0.847 0.055 

Moraxellaceae 

L 0.206 0.653 

R 0.955 0.040 

L×R -0.206 0.652 

 

2.3.3. Identification of fingerprint for age (children – adult) and sampling region (air – skin 

surface)  

(1) Exploring factors age and sampling region 

Figure 2.8(A) shows the bacterial diversity in children- and adult-related samples. 

Children-related samples include day-care centres, kindergartens and elementary schools, 

and adult samples are those collected from university buildings and libraries. 

Staphylococcaceae (33% in children and 24% in adult) and Micrococcaceae (12% and 

16% in children and adult respectively) were abundant in both children and adult samples. 

Propionibacteriaceae is higher in adult samples (24%) than in children (6%) while 

Streptococcaceae is higher in children samples (17%) than adult (3%). The average 

percentage of Micrococcaceae, Staphylococcaceae and Streptococcaceae, which are skin-

related bacteria, accounts for up to 62% of the total children microbiome while 43% for  
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(A) Bacterial diversity 

 

 
 

 

 

(B) Bacterial percentages 

 

 
 

Figure 2.8. (A) Bacterial diversity and (B) their percentage range (%) in children- and 

adult-related samples.  
Co: Corynebacteriaceae, Mi: Micrococcaceae, Pr: Propionibacteriaceae, Ba: Bacillaceae, St: 

Staphylococcaceae, La: Lactobacillaceae, Sr: Streptococcaceae, En: Enterobacteriaceae, Mo: 

Moraxellaceae and Ps: Pseudomonadaceae. 
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adult (Figure 2.8(A) and Table B4). This may be due to the higher activity levels in 

children-occupied places compared to adult occupied spaces [33, 46]. Similar results were 

observed when comparing microbial concentrations between child day-care centres and 

elderly care centres [94]. As shown in Figure 2.8(B), Micrococcaceae, Bacillaceae, 

Enterobacteriaceae and Moraxellaceae were not detected on skin surfaces of children. 

Corynebacteriaceae and Propionibacteriaceae are higher on the adult-related samples 

(median: 11% and 23%, respectively), while children-related samples show lower 

concentration levels (median: 4% and 5%, respectively). Streptococcaceae are much 

higher on children-related surfaces (23% in children and 3% in adult samples). 

(2) Factorial design analysis 

Table 2.4 shows the influence of the variables age and sampling region. Age was 

held at two levels, children and adult. The two levels for sampling region were air and skin 

surface. Significant influence by the variables was seen in seven bacterial families, 

Corynebacteriaceae, Micrococcaceae, Propionibacteriaceae Staphylococcaceae, 

Streptococcaceae, Moraxellaceae and Pseudomonadaceae out of the ten families in 

Figure 2.8(B). Bacillaceae, Lactobacillaceae and Enterobacteriaceae were not 

significantly influenced by any of the factors. Sampling region significantly, p-value < 

0.05, influences the presence of Corynebacteriaceae, Micrococcaceae, 

Staphylococcaceae, and Moraxellaceae. This indicates that where sampling was conducted 

has a determining influence on the detection of these bacterial families. 

Pseudomonadaceae is only significantly influenced by the age (p-value < 0.05). 

Propionibacteriaceae and Streptococcaceae are the two bacterial families that show up 

significant interacting effects as well as main effects. In case of Streptococcaceae both age 
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and the interaction effect of age and sampling region is significant. For 

Propionibacteriaceae, the main effect, sampling region is significant as well as the 

interaction of the two factors – sampling region and age.  

 

Table 2.4. The influence of age, A (children and adult) and sampling region, Rs (air and 

skin surface) 

Microorganisms ID Effect p-value 

Corynebacteriaceae 

A 0.132 0.666 

Rs 0.697 0.029 

A×Rs 0.568 0.071 

Micrococcaceae 

A 0.831 0.123 

Rs -1.809 0.002 

A×Rs 0.482 0.365 

Propionibacteriaceae 

A 0.209 0.615 

Rs 2.276 0.000 

A×Rs 1.047 0.017 

Staphylococcacae 

A 0.066 0.772 

Rs -0.653 0.006 

A×Rs -0.397 0.086 

Streptococcaceae 

A -0.604 0.033 

Rs 0.492 0.079 

A×Rs -0.720 0.013 

Moraxellaceae 

A -0.750 0.071 

Rs 0.940 0.032 

A×Rs 0.300 0.456 

Pseudomonadaceae 

A 0.487 0.013 

Rs -0.188 0.313 

A×Rs -0.325 0.087 

2.4. DISCUSSION 

2.4.1. Influence of indoor air, surfaces, gender and age 

The bacterial families across all scenarios identified by the factorial design analysis 

as being significantly influenced by at least one of the factors are: Corynebacteriaceae, 

Propionibacteriaceae, Bacillaceae, Staphylococcaceae, Lactobacillaceae, 
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Methylobacteriaceae, Moraxellaceae, Micrococcaceae, Enterobacteriaceae, 

Rhodobacteraceae, Streptococcaceae and Pseudomonadaceae. They can be separated out 

into groups that are influenced by any single factor, gender, age, sampling location, region 

or surface type or any combination of these. 

Based on the factorial design analysis, Propionibacteriaceae and 

Staphylococcaceae are significantly influenced by one of the factors across all three groups 

of variables. For gender and sampling surface, surface was significant for 

Propionibacteriaceae, similarly between sampling location and sampling region. The 

region which identified air or surface sampling as the two levels, was significant. Also, 

when assessed with the factor age, sampling region (levels are air and skin surface) was 

significant. The presence of Propionibacteriaceae bacterial family is relatively higher in 

adult and skin surface [87]. However, age as a main effect is not significant but the 

interaction effect of age and sampling region is significant hence its presence is an 

indication of adult occupied space and its detection could be dependent on surface type and 

not occupant characteristics or residency type. Staphylococcaceae was significantly 

influenced by the surface type, sampling region and location but not by gender or age of 

occupants. Staphylococcaceae is seen to dominate in the air of hospitals and while they are 

present in higher proportion in children occupied spaces it was not significant.  

Corynebacteriaceae, Pseudomonadaceae, Bacillaceae and Moraxellaceae are 

significantly influenced by factors from two sets of variables out of the three. 

Corynebacteriaceae is significantly influenced by gender (confirmed by literature), region 

and surface type and not by age or location. Higher concentrations of Pseudomonadaceae 

were observed in adult-occupied spaces and female-related samples (Tables S1 and S4). 
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The analysis identifies Pseudomonadaceae as significantly influenced by both age and 

gender and coupled with the data sources from the literature, at the locations detected, the 

occupant characteristics would signify towards being females and adults. Bacillaceae 

detection or presence is dependent on the interacting effects of sampling location and 

region, though when assessed with gender as the alternative factor, sampling surface is 

significant. As a result, its presence cannot be attributed to any specific indoor or occupant 

characteristics. The analysis further picks up Moraxellaceae which is significantly 

influenced by sampling region and not by gender or age. This indicates that the detection 

of the bacteria may be missed based on where the sampling was conducted. The literature 

has shown that Moraxellaceae is present in higher proportions on hospital surfaces. 

Lactobacillaceae, Methylobacteriaceae, Rhodobacteraceae, Enterobacteriaceae, 

Streptococcaceae and Micrococcaceae have significant influences by one factor from one 

set of variables. Gender is a significant factor for Lactobacillaceae presence, and it was 

detected in higher proportions in female related samples. Methylobacteriaceae presence 

also has gender signature but with interacting influence, i.e., other indoor characteristics 

must be assessed. The factor sampling surface is significant for Rhodobacteraceae when 

assessing gender and sampling surface. This bacterial family is associated with external 

conditions, hence its detection on an indoor surface is an outdoor signature and is not a bio-

fingerprint for indoor characteristics. The factorial design results show that both location 

and region are significant for Enterobacteriaceae which is commonly detected for non-

residences. However, there is no interacting effect hence the presence/detection of 

Enterobacteriaceae is equally influenced by location and region, air or surface. 

Streptococcaceae is significantly influenced by age and it is dominant in children occupied 
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spaces and detection is related to skin samples supported by literature. Streptococcus 

genera is easily transmitted by children [95] and widely distributed in indoors since it is 

one of the skin-related bacteria [1, 96]. In the current analysis, age was selected as the 

significant factor indicating that even though the bacterial source is skin related, it is a 

signature of children’s activity or presence. Micrococcaceae is identified as significant for 

sampling surface when assessing age and sampling surface hence, its presence does not 

indicate any age group. 

Based on the data from the literature, air samples mainly consist of Bacillales and 

Acinomycetales, while surface samples include relatively equal proportions of Bacillales, 

Actinomycetales, Propionibacteriales and Pseudomonadales. Propionibacteriaceae, 

Pseudomonadaceae, Staphylococcaceae, Enterobacteriaceae, Micrococcaceae and 

Methylobacteriaceae are detected at all types of sampling regions and locations such as 

fitness centres, public restroom [29, 34, 82], residences [33], hospitals [40], offices [37], 

schools [47] and restaurants [71]. Enterobacteriaceae and Moraxellaceae are dominant on 

domestic kitchen sink surfaces [35] showing that surface type influences the presence of 

these bacterial families. Streptococcus species need to be carefully monitored in children-

related facilities as it can cause serious health problems such as bacterial pneumonia, for 

children under 5 years [97]. In addition, the carriage rate of infective Streptococcus 

pneumoniae is much higher in younger children (40~60%) than adults (3~4%) [95]. 

Several studies have found that Staphylococcus, Corynebacterium and Bacillus genera are 

measured as the major microorganisms in the air of elementary schools, day-care centres 

and university buildings [1, 36, 45, 46]. 
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2.4.2. Influence of ventilation systems, temperature, humidity and outdoors  

The literature was also surveyed to extract information on ventilation systems, 

indoor and outdoor conditions such as temperature, humidity and seasons during which 

sampling was conducted. Less than half the literature reported data on ventilation systems 

and indoor temperature and humidity. Out of the 15 literatures which had ventilation 

information, 61% were mechanical systems, 23% were natural and 14% were hybrid. 

Indoor temperature ranged between 20.0~29.6℃ for mechanical ventilation, 12.2~29.9℃ 

for hybrid ventilation and 14.8~30.4℃ for natural ventilation. Natural ventilation had 

higher humidity levels, 38% compared to 29% for mechanical and hybrid ventilation 

systems for the lower end. At the higher end, humidity levels reached 98% for hybrid 

ventilation and averaged about 67% for mechanical and natural ventilation.  

Although studies have confirmed that ventilation systems could greatly influence 

the indoor bacterial community [57, 98], what role a system and its components play on 

the overall bacterial concentration (CFU/m3) and diversity is not understood. Total 

bacterial concentration ranged from 6 to 1460 CFU/m3 in mechanical ventilation systems, 

from 10 to 1120 CFU/m3 in hybrid systems, and from 11 to 931 CFU/m3 in natural systems. 

All bacterial genera which are significantly influenced by one of the factors assessed, were 

detected in natural and mechanical system, whereas for hybrid ventilation systems 

Lactobacillaceae was not reported. A comparison of the total number of the different types 

of bacteria present for the three systems was inconclusive. The lowest and highest number 

was observed in the space with natural ventilation system (3 and 35). In case of hybrid 

ventilation, the range was 6 to 20 and for mechanical ventilation it was 3 to 34, nearly the 

same as natural ventilation systems. 
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Data on outdoor conditions reflecting seasonal effects and geographical location 

was sparse with four studies, among the 15 literatures which had ventilation data, reporting 

outdoor temperature and humidity during which sampling was conducted. Seasons when 

sampling was conducted have been reported in all 15 literatures. However, one study out 

of 15 literatures showed seasonal variation of predominant bacterial species which are 

Staphylococcus, Bacillus, Corynebacterium and Micrococcus. The study found 

significantly lower concentrations of predominant bacteria in winter, except for 

Staphylococcus [46].  

2.5. CONCLUSIONS  

The study makes one of the first attempts at applying the current knowledge on 

bacteria in built environments towards identifying bio-fingerprints which can reflect 

characteristics and usage of the indoor space. The analysis not only shows that locations 

such as hospitals and schools have bacterial families distinct from other spaces but also 

identifies families which are distinct for these environments and have a detrimental effect 

on health. Staphylococcaceae presence in the air of hospitals are bio-fingerprints. 

Streptococcaceae is a bio-fingerprint for schools and other children-occupied spaces. If 

these bacterial families are detected to dominate in other locations, then it may be an 

indication of a contaminated indoor space requiring monitoring or intervention. 

Moraxellaceae on hospital surfaces is also a distinct bio-fingerprints for the space. Also, 

the results show ways of identifying indoor space usage or occupancy characteristics, such 

as the presence of Lactobacillaceae indicates female presence but along with 

Pseudomonadaceae it indicates a higher proportion of space usage by females and adults. 
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Determining the ‘history’ of a space can be helpful for fields such as environmental 

forensics but also for making tailored decisions regarding health and safety of occupants, 

decontamination if required and design decisions.  

The results of the study show there is a potential of applying the bacterial 

characteristics for generating bio-fingerprints which can be associated to or tailored for 

specific indoor environments. The investigation focuses on select indoor characteristics but 

with consistent data this can be expanded to determine more rigorously the coupled effects 

of indoors, outdoors and occupants and ultimately move towards application of this 

knowledge. However, to achieve that we must close the gaps existing between the bacterial 

data collected and the information obtained of the associated indoor environmental 

parameters, outdoor environmental conditions including seasonal variation and impact of 

geographical location.  
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CHAPTER 3.  OCCUPANTS, ACTIVITIES, AND DISTANCE FROM 

VENTS INFLUENCE PRESENCE, QUANTITY AND SPATIAL DIS-

TRIBUTION OF PARTICLES, AND MICROBES FROM INDOOR AND 

OUTDOOR SOURCES IN SCHOOL BUILDINGS 2 

 

ABSTRACT 

This study breaks down the effects of occupant characteristics which include number of 

occupants, activity and age as well as built air exchange components which are vents, 

doors, and windows on the concentration of particles, bacteria, and fungi. Microbial 

samples from the ambient and surfaces were collected from multiple sites at an university, 

high school, and elementary school). Particle levels were monitored, occupant and indoor 

environment characteristics were recorded. Particle levels and microbial concentrations 

followed the same trends. Bacterial sources were separated based on whether it was indoors 

or outdoors. While presence of occupants resulted in an increase in particles and microbes, 

activity significantly influenced PM10 and outdoor signature bacteria. Fungi was not 

influenced by occupant characteristics. PM10 and microbial levels were significant 

depending on whether the age group of the occupants was averaging under or over the 10-

year-old, indicating that policies to improve indoor air quality need to account for the 

distinct nature of elementary school while high school and universities may have more  

2 Seong.D. Weir.M. & Hoque.S., (2021) Submitted to Environmental Research
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similar traits. For surface materials, bacterial levels were lowest on metals and highest on 

carpets and, tiles but surface usage also dictated the extent of microbial load. Outdoor 

signature bacterial concentration increased significantly as the distance from the vent 

increased, but distance from the vent had no influence on levels of indoor signature 

bacteria. The spatial distribution of indoor signature bacteria significantly varied along the 

length and height of the room. The trend near the boundaries was different, sometimes 

reverse to the general trend within the room. The analysis highlighted that within a distance 

of 20% from the wall bacterial concentration increased along the length indicating possible 

dominance of wall and boundary effects on bacterial transport before occupants’ influence 

takes over. For height, the trend was upward in the lower half of the room. 

 

 
 

Figure 3.1. A graphical abstract of the Chapter 3. 

 

Keywords: Indoor environment, Microbes, Particles, Ventilation, Occupants, Boundaries 
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Highlights 

▪ The overall trend of PM and microbe levels are similar. Hence, monitoring PM levels 

could provide baseline data on the indoor air quality. However, occupant characteristics 

dictate if the influence is significant for PM2.5 or PM10 and if the microbial changes are 

due to indoor or outdoor signature bacteria or fungi.  

▪ Metal surfaces had the lowest level of microbial load. Frequently touched surfaces 

contain higher level of microbial contaminants for the same surface type. This 

highlights that choosing materials for indoor spaces should incorporate understanding 

usage, location where the material will be placed, and properties.  

▪ Among the built air exchange elements, vents, doors, and windows; vents play a 

significant role on the concentration levels of outdoor signature bacteria found indoors 

but does not influence bacteria generated by indoor sources.  

▪ The spatial distribution of indoor signature bacteria varies along the length and height 

of the space. The trend reverses near the walls indicating air flow pattern and boundary 

effects influences the concentration levels up to a certain distance and then the effect 

of occupants’ take over.  

3.1. INTRODUCTION 

Buildings and the microbial world influence occupants’ health [99, 100] just as 

building design and the built environment play a significant role in ensuring health and 

safety of the occupants [21, 101-103]. The ubiquitous and interacting role of microbes, 

indoor air, and hygiene was suggested by Pettenkofer in 1858, [104] and the role of 

ventilation to ensure healthy conditions was also researched by others in that era [105]. 
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COVID-19 has now forced an evaluation of the influence of buildings, and indoor spaces 

on air flow and infection transmission [23, 106] and it has become urgent that we must 

understand how to design our built environment such that it plays a more active role in 

maintaining health and wellness.  

To understand what influences the microbial characteristics in the indoor 

environment, studies have focused on assessing influence of the microbial source and 

occupancy. We know that indoor and outdoor sources and human presence influence the 

diversity of the microbes detected in an indoor space [27, 56, 57, 68]. Occupant 

characteristics tend to homogenize the diversity of indoor bacterial bioaerosols [28, 65]. 

However, utilizing the knowledge to inform building design not only for comfort but for 

health is yet to be realized [103, 107-109].  

Most airborne microorganisms exist by attaching on particulate matter (PM) and 

more than 80% of it are bacteria followed by fungi, archaea, and virus [53]. Recent studies 

revealed a positive relationship between PM2.5 concentration and the number of people 

infected with viruses such as influenza and coronaviruses [110-113]. Occupancy resulted 

in an increase of airborne bacterial concentration and PM [54, 55]. Higher concentrations 

of gram positive cocci was observed in child daycare centers as a result of activity and 

transmission from children’s body [46]. Staphylococcus, Micrococcus, Bacillus and 

Propionibacterium are also frequently detected indoor microbes since their source is 

human-related [28, 33, 36, 109]. Differences in the PM and bacterial composition have 

been reported based on ventilation type, where hybrid and natural ventilation resulted in 

indoor conditions nearly similar to outdoor conditions [114, 115]. On the other hand, 

mechanical ventilation resulted in PM and CO2 reduction [116-118] and several studies 
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observed lower bacterial concentration (CFU/m3) in mechanically ventilated buildings than 

naturally ventilated ones [38, 39]. Predominant bacteria such as Staphylococcus, 

Micrococcus, and Bacillus are detected regardless of the type of ventilation [44, 45, 71]. 

A search through the literature highlights that indoor environment conditions 

influence the presence and characteristics of PM and microbes. But the investigations do 

not explore whether or how specific indoor environment elements can influence their 

dispersion and hence transmission. Few studies correlate the information on aerosols with 

indoor design to predict the concentration in the space which can help provide guidelines 

for interior designers, architects, or public health decision makers leading to improved 

health and wellness for occupants. Wu et al. [119] noted that fungi levels positively 

correlate with indoor temperature, indoor relative humidity, and number of open windows 

in libraries sampled using a linear regression model. Utilizing indoor microbiome datasets, 

a diversity-time-area relationship model was developed by Ma et al. [120] to estimate 

diversity. Adequate usage of indoor air exchange components such as windows, and 

HVAC returns/vents is associated with indoor air quality, students’ performance, and 

health [121-124], particularly for children [125]. A study by Bennett et al. [126] at an urban 

primary school classrooms demonstrated the significant influence of the infiltration of 

outdoor pollutants on PM2.5 levels while crustal elements drove PM10 levels possibly 

introduced by foot traffic and re-entrained due to resuspension. Ventilation levels were 

below ASHRAE guidelines for most of the day. 

The research reported here assessed the influence of occupant characteristics and 

built air exchange (BAE) components on the presence and spatial distribution of PM, 

bacteria, and fungi based on data collected from multiple education facilities. This study 
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designated BAE components as the elements in the indoor space that facilitate air flow. 

They include windows, doors, and HVAC entry/exit points. Occupant characteristics refer 

to number of occupants, age, gender, and activity level. This paper: (a) assesses the extent 

of influence of occupant characteristics on PM, bacteria, and fungal levels, and determines 

if there is any significant correlation between PM and microbial levels, (b) assesses the 

influence of surface type and usage on bacteria and fungi levels and, (c) evaluates the 

influence of BAE components on the ambient spatial distribution of bacteria for fixed 

occupant characteristics. 

3.2. MATERIAL AND METHODS 

The analysis is based on data from the following locations: 1) university – three 

offices, two classrooms, and a laboratory; 2) two high schools – classrooms, locker rooms, 

and a library, 3) an elementary school – three classrooms and a library. Overall, 268 air 

samples and 134 surface samples were collected from October 2018 to February 2019.  

Location of BAE components: Interior orientation or décor such as placement of 

tables, chairs, or shelves were noted. Room dimensions and distance of BAE locations -

vent, door, and window from a reference point in the room was measured. Indoor 

temperature, humidity, and airflow at the vents were recorded. All indoor spaces were 

mechanically ventilated, and windows were sealed or closed during sampling. Indoor 

environmental conditions were measured using ABM-200 (Airflow and Environmental 

Meter, CPS Products, Inc., USA). Indoor temperature was 22.4±0.2℃ at the elementary 

school and 21.1±1.9℃ at the high school, respectively. Humidity ranged between 40% and 
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50% in elementary school and was between 35% and 40% in high school. Air changes per 

hour (ACH) ranged from 3 to 6 overall.  

Occupant characteristics: Occupancy and activity were noted by the respective 

instructor, librarian or attending coach/instructor. The instructors were asked about the 

number of students who were present in class and to rate the activity level. Activity was 

rated at two levels: 0 (normal activity: sitting, talking, studying, or walking) and +1 (high 

activity: running or moving around continuously). Minimum occupancy was 0 

(unoccupied) and maximum was 40. Based on the type and use of the buildings, the space 

was assigned as specific dominant age groups: elementary school (children), high school 

(adolescents), and university (adults). An IRB exempt for the study is in Appendix C. 

3.2.1. Sampling approach 

Indoor PM, bacteria and fungi were sampled from the ambient air. Particle size 

distribution was monitored using Optical Particle Sizer 3330 (TSI Inc., USA) at an airflow 

rate of 0.001 m3/min with 1-minute intervals over 30 or 60 minutes depending on the 

sampling condition. Airborne microbes were sampled simultaneously applying passive air 

sampling method due to cost-efficiency and easy operation [127]. Opened Petri dishes 

filled with tryptic soy agar (TSA) media, MilliporeSigma™ M Air T™ Agar Cassettes 

(EMD Millipore Corp., USA) were placed in selected rooms for 60 minutes. The location 

and height of Petri dishes varied in order to investigate the influence of BAE components. 

49 of PM samples were collected (31, 11, and 7 samples at the university, high school, and 

elementary school, respectively) and 209 of microbial samples were collected (37, 102, 

and 70 samples, respectively). Samples were collected in duplicates and incubated at room 

temperature for 5 days. After 5 days of incubation, shape, texture, and color of dominant 
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colonies were recorded and microbial identification was done using MALDI-TOF analysis 

at an accredited laboratory. Based on the results from the labs and colony morphology, the 

bacteria and fungi were identified. Microbial concentration was quantified using colony-

forming units per cubic meter of air (CFU/m3) [128].  

Duplicate surface samples were collected from each surface tested, using sterile 

swabs, Puritan™ EnviroMax® Sterile Environmental Sampling Swabs (Puritan Medical 

Products Company LCC, USA). The swabs were rubbed horizontally, vertically and 

diagonally across the sampling area of 100 cm2 [84]. Sampled swabs were immediately 

placed back into the tube filled with 15 mL of phosphate buffered saline at pH 7.2 (Gibco™, 

USA). In the laboratory, aliquots of swabbed sample were spread on tryptic soy agar plates 

and the plates were incubated. Microbial identification proceeded the same way as 

described for air sampling. All samples were stored at 4℃ before analysis. 

Detected bacterial species were classified into two groups – indoor and outdoor 

related [109]. Bacterial species such as Corynebacterium sp., Micrococcus sp., and 

Staphylococcus sp. were classified as indoor related [45, 71] and Bacillus sp. and 

Aerococcus sp. detections were attributed to outdoor signature [128, 129]. Fungal species 

were not separated out as indoor or outdoor related since detected fungi species were 

abundant both indoors and outdoors such as Alternaria spp., Aspergillus spp., Penicillium 

sp., and Pithomyces spp. [130-132]. 

3.2.2. Analysis 

Figure 3.2 is a schematic representation of the distances measured from the 

sampling location to the BAE elements and the boundaries of the indoor space i.e., the 

length, height, and width. Raw distance values between BAE components and sample 



 

49 

locations were used in the analysis. Distance to the boundaries were rescaled values to lie 

within 0 and 1. Height was measured from the floor. Length and width were measured from 

the walls with the origins as shown in the figure, the corner on the same side but opposite 

to the exit door. Length increased as sampling location moved towards the door edge while 

width increased as distance of the sampling location moved towards the windows. 

 
Figure 3.2. Distances from sampling location to BAE components and boundaries, 

length (L), width (W), and height (H). 

 

 

R 3.6.2 and MATLAB were used for analysis. Data normality was tested using 

Shapiro-Wilk test. One-way analysis of variance (ANOVA) test was applied to evaluate 

whether the environmental conditions, such as occupancy, activity, and age, significantly 

influenced the log-transformed PM concentrations. Mann-Whitney-Wilcoxon test was 

applied on the raw microbial concentrations (CFU/m3) to determine any significant 

difference depending on the environmental conditions because the normality was not 

satisfied [133]. Spearman correlation was performed to identify the strength and 

association between PM and microbial concentrations. Data significance was tested at a p-

value of 0.05. To gain insight into how the boundaries of the indoor spaces (walls, floor, 

and ceiling) and the BAE elements (vents, doors, and windows) influence the spatial 

distribution of microbes’ concentration, the significance of distance was assessed. 
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Furthermore, k-means clustering analysis was applied to assess if microbial concentrations 

formed distinguishable clusters in accordance with the distances from the space boundaries 

(l, w, and h) or the BAE components (v, d, and w’). The k-means method is popular due to 

ease of interpretation, speed of convergence and adaptability [134]. The elbow method was 

used to determine that two clusters were optimum for the analysis. 

3.3. RESULTS AND DISCUSSIONS 

3.3.1. Occupant characteristics, particulate matter, and microbial concentrations 

Table 3.1 summarizes the occupant characteristics (activity rate, age, gender, and 

number of occupants), PM mass concentration (μg/m3) and microbial concentration 

(CFU/m3) at each location. At the university, there were no occupants in the laboratory 

during the sampling period and one to four occupants in the offices. For occupied 

classrooms at the university, there were on an average eight students. All sampling 

locations for the elementary school had up to 16 occupants including one or two adults. In 

the high school locker rooms, classrooms and the library were sampled. Locker rooms were 

designated male and female and averaged five occupants each, in the classroom there were 

10 students on an average and seven students in the library. Samples in the elementary 

school were collected from both occupied and unoccupied classrooms. Activities were 

rated as normal (0) and high activities (+1). 

Hourly mass concentration of PM2.5 and PM10 across all locations ranged from 27 

to 286 μg/m3 and 48 to 4554 μg/m3, respectively. The highest PM2.5 and PM10 

concentrations were measured at the kindergarten as well as the highest total microbial 

concentration (345 CFU/m3) was detected in kindergarten. The least amount of total 
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microbial concentration was observed at a university laboratory location (4 CFU/m3). 

Fungi was rarely detected in the university. The microbial level at the high school library 

was less than other high school locations, with fungal and bacterial concentrations of 9 

CFU/m3 and 27 CFU/m3, respectively. Particle levels were negligible as well. Compared 

to the high school library the particle levels and microbial concentration were higher at the 

elementary school library. The bacterial and fungi concentrations were 231 CFU/m3 and 

81 CFU/m3. Indoor-related signature bacterial concentrations were higher than outdoor-

related signature bacteria regardless of sampling locations. At the university, occupied 

classroom had the highest indoor related bacteria with outdoor related bacteria levels 

relatively low for all spaces. 

Figure 3.3 shows the PM mass concentration (µg/m3) and the corresponding 

airborne microbial concentration (CFU/m3). The PM levels showed positive relations with 

the bacterial concentrations. The positive relation can be attributed overall to the influence 

of occupant characteristics and the BAE components. Occupancy and activity resulted in 

an equivalent increase in PM and microbial levels. When air exchange was working, both 

PM and microbial levels decreased. Spearman rank correlations between PM2.5 and indoor, 

outdoor bacterial and fungal concentrations were 0.5 (p-value > 0.05), 0.3 (p-value > 0.05), 

and -0.1 (p-value > 0.05), respectively indicating indoor signature bacteria had a somewhat 

stronger positive correlation with PM2.5. For PM10 and indoor, outdoor bacterial and fungal 

concentrations the rank correlations were 0.6 (p-value < 0.05), 0.5 (p-value < 0.05), and 

0.3 (p-value > 0.5), respectively. In this case as well, indoor signature bacteria had a strong 

significant correlation with PM10. Hence, while slightly strong positive correlations were 

noted between PM and indoor signature bacterial concentrations for both < 2.5 m and < 
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10 m particles, a weak correlation existed between PM levels and outdoor signature 

bacterial concentration. This would imply differing factors influence outdoor, indoor 

signature bacteria and PM levels. 

 
 
Figure 3.3. Microbial concentration (CFU/m3) and relative PM concentration (µg/m3) 

of the university, high school, and elementary school in average.  
L: Laboratory, O: Office room, CRoc: Occupied classroom, CRun: Unoccupied classroom, LCF: 

Female locker room, LCM: Male locker room, LB: Library, and K: Kindergarten.  

 
 

Figure 3.4 is a box plot of the microbial concentration against gender, occupancy 

(activity), and age. Samples that were collected from university offices and high school 

locker rooms used by self-identified male or female occupant or reserved for specific 

genders were placed in male or female groups accordingly. Male-related locations had 

higher concentration of bacteria and fungi compared to spaces exclusively used by females. 

Regardless of whether the space was designed for a specific gender group or not, occupied 

classrooms had much higher total microbial concentration than unoccupied ones. Data 

from university, high school, and elementary school were classified based on age - adult, 

adolescence, and child, respectively. Samples from elementary school classrooms showed 

the highest total microbial concentration compared to other age groups.
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Table 3.1. Activity rate, age, gender, number of occupants, and hourly PM mass concentration and microbial concentration of sampling 

location 

Location Activity a Occupant 
PM2.5 b 

(μg/m3) 

PM10 b 

(μg/m3) 

Concentration b, c (CFU/m3) 

Out In Bac Fun Tot 

All locations 67 ± 59 305 ± 925 36 ± 100 98 ± 127 133 ± 174 16 ± 30 149 ± 182 

University 63 ± 40 96 ± 76 14 ± 22 67 ± 126 81 ± 133 2 ± 7 84 ± 133 

 Laboratory  0 59 ± 32 86 ± 54 n.d.d 4 ± 7 4 ± 7 n.d. 4 ± 7 

 Office 0 1 ~ 4 48 ± 37 75 ± 67 11 ± 16 34 ± 45 45 ± 45 6 ± 11 52 ± 47 

 Classroom 0 0 ~ 8 105 ± 52 173 ± 118 21 ± 29 122 ± 174 143 ± 181 n.d. 143 ± 181 

 Occupied 0 ~ 8 128 ± 59 250 ± 163 30 ± 32 189 ± 193 219 ± 193 n.d. 219 ± 193 

 Unoccupied  0 90 ± 52 123 ± 67 7 ± 16 11 ± 17 17 ± 32 n.d. 17 ± 32 

High school 93 ± 73 168 ± 188 19 ± 28 81 ± 114 100 ± 125 16 ± 21 116 ± 127 

 Locker room , 0 ~ 5 52 ± 24 135 ± 110 20 ± 28 130 ± 148 150 ± 164 10 ± 11 160 ± 168 

 Female  0 ~ 5 34 ± 11 48 ± 16 24 ± 33 92 ± 134 115 ± 157 7 ± 10 122 ± 162 

 Male  0 ~ 5 70 ± 18 222 ± 76 17 ± 23 164 ± 156 180 ± 169 12 ± 12 193 ± 170 

 Classroom Occupied 0, +1 ~ 10 27 ± 14 63 ± 75 21 ± 32 70 ± 90 92 ± 97 23 ± 27 115 ± 99 

 Library 0 ~ 7 - - 8 ± 10 19 ± 24 27 ± 32 9 ± 11 36 ± 34 

Elementary school 135 ± 109 1601 ± 2159 71 ± 163 137 ± 137 208 ± 222 23 ± 42 231 ± 237 

 Kindergarten +1 ~ 15 286 ± 36 4554 ± 1771 124 ± 152 200 ± 115 325 ± 180 20 ± 28 345 ± 178 

 Classroom  0 ~ 16 74 ± 45 465 ±351 48 ± 179 96 ± 130 144 ± 222 10 ± 16 154 ± 225 

 Occupied (CR1) 0 ~ 16 79 ± 50 677 ±420 91 ± 249 167 ± 153 258 ± 270 11 ± 18 269 ± 273 

 Unoccupied (CR2)  0 70 ± 59 253 ± 115 5 ± 9 25 ± 25 30 ± 27 9 ± 14 39 ± 36 

 Library 0 ~ 15 76 240 59 ± 78 172 ± 156 231 ± 219 81 ± 80 312 ± 284 

a 0 (normal activity: sitting, talking, studying, or walking) and +1 (high activity: running or moving around). When unoccupied it was assumed there was no 

activity or minimal activity for example occasional momentary entrance of someone.  
b Averaged concentration ± Standard deviation 
c Out: Outdoor-related bacteria, In: Indoor-related bacteria, Bac: Bacteria, Fun: Fungi, and Tot: Total microorganisms 
d n.d.: Not detected
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Figure 3.4. Distribution of averaged airborne microbial concentrations in terms of 

gender (male and female), occupancy (unoccupied and occupied), and age (university, 

high school, and elementary school).  
M: Male-related samples, F: Female-related samples, UnOc: Unoccupied classroom (no 

activity), Oc: Occupied classroom (normal to high activity), Univ.: University samples (adult), 

HS: High school samples (adolescence), and ES: Elementary school samples (children). 

 

 

Table 3.2 summarizes the results of ANOVA and Mann-Whitney-Wilcoxon test to 

determine the significance of occupancy. activity, and age on log-transformed PM and 

microbial concentrations, respectively. Activities at the high school and elementary school 

had a significant impact on PM10 levels (p-value < 0.05). In the elementary school, 

students’ activity influenced PM2.5 concentrations. Occupancy was significant for PM 

levels in the high school. ANOVA test confirmed that PM10 levels were significant 

depending on whether the age group of the occupants was averaging under or over the 10-

year-old mark i.e., elementary school was distinct from high school and university 

locations. Occupancy significantly influenced both outdoor- and indoor-related bacterial 

concentrations at the university and elementary school (p-value < 0.05) whereas fungi 

levels were not (p-value > 0.05). Outdoor bacterial concentration levels were significantly 

influenced by activities at the elementary school and age was significant for all microbes. 

 



 

55 

Table 3.2. Significance of occupant characteristics on the log-transformed number of PM 

[ANOVA] and microbial concentrations [Mann-Whitney-Wilcoxon test]  

Sampling 

location 

Occupant 

characteristics 

ANOVA Mann-Whitney-Wilcoxon 

Log 

PM2.5 

Log 

PM10 

Outdoor 

bacteria 

Indoor 

bacteria 
Bacteria Fungi 

Total 

microbes 

University 
Occupancy 0.912 0.521 0.013 0.009 0.001 0.157 0.001 

Activity n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

High 

school 

Occupancy 0.023 0.007 0.175 0.826 0.736 0.178 0.442 

Activity 0.198 0.009 0.922 0.458 0.557 0.715 0.779 

Elementary 

school 

Occupancy 0.169 0.128 0.000 0.000 0.000 0.079 0.000 

Activity 0.032 0.028 0.002 0.137 0.018 0.779 0.024 

All 

locations 
Age 0.058 0.000 0.014 0.004 0.002 0.000 0.000 

n.a.: Not applicable because all activity rates at the university were recorded 0. 

With regards to PM, the presence of occupants influenced the extent of indoor PM 

levels [126, 135-138] as this study also saw for high school but not for elementary school 

and the university. This could be due to the associated activity. When occupied, activity 

levels were significant for PM10 in the high school. Studies have shown that coarse particles 

(PM10) in schools tend to be related to outside sources such as soil, resuspension, and 

physical activity [126, 137, 139, 140] which explains the significance for PM10 for both 

occupancy and activity at the high school which includes locker rooms as sampling 

locations. Occupancy showed a relationship with both outdoor and indoor signature 

bacteria at the university and elementary school but not the high school. When assessing 

activity, the influence due to it at the elementary school was significant for particles and 

for outdoor signature bacteria. While higher activity levels showed significant changes to 

bacterial concentrations, as noted in previous studies, this appeared to be driven by the 

outdoor signature bacteria. For fungi, occupant characteristics and activity had no 
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significant impact, emphasizing that indoor environmental conditions [70, 141] probably 

played a more important role.  

3.3.2. Surface materials and sites on microbial concentration on surfaces 

Indoor surface samples were collected from eight different surface sites: tables, 

doors, chairs, bookshelves, computers, lockers, floors, and vents from the elementary 

school and high schools. Associated surface materials were wood, metal, plastic, carpet, 

and tile. The extent of surface contamination with relation to site and material type due to 

bacterial concentration and fungal detection have been summarized in Figure 3.5.  

The number of samples and their percentages are shown in Figure 3.5(A). 64 

surfaces were sampled in total. Wood (36%) was the most abundant surface type followed 

by plastic (29%), metal (25%), carpet (5%) and tile (5%). Figures 3.5(B) and (C) plot the 

bacterial concentrations versus surface materials and sites. The range of bacterial load on 

computers excluding the screen was 0.7×105 to 75.3×105 CFU/100cm2. Higher microbial 

contamination was observed on carpet surfaces averaging 27.3×105 CFU/100cm2. Samples 

collected from back of the chair had a mean concentration of 11.0×105 CFU/100cm2 

bacteria which was approximately two times higher than the average bacterial load sampled 

from table surfaces (5.1×105 CFU/100cm2). Metal had the lowest mean microbial 

contamination (2.3×105 CFU/100cm2) followed by wood (6.8×105 CFU/100cm2), tile 

(8.4×105 CFU/100cm2), plastic (10.7×105 CFU/100cm2), and carpet (27.3×105 

CFU/100cm2). Relatively higher concentrations (10.7×105 CFU/100cm2) were detected on 

surfaces made of plastic. The high levels were driven by the samples from computer 

surfaces. Both chair and table surfaces were made of the same materials, wood and plastic. 



 

57 

Carpet surfaces showed the highest contamination (over 27.3×105 CFU/100cm2) which 

was three times higher than bacteria on tiles.  

 
Figure 3.5. (A) The number of surface materials and sites. Numbers are represented in 

parenthesis. Surface microbial contamination (CFU/100cm2) on (B) different surface 

materials and (C) sites.  
W: Wood, M: Metal, P: Plastic, Ct: Carpet, T: Tile, Tb: Table, Dr: Door, Ch: Chair, BS: 

Bookshelf, C: Computer, LC: Locker, F: Floor, and V: Vent. 

 
 

Table 3.3 summarizes the results of one-way ANOVA and Mann-Whitney-

Wilcoxon tests to determine if difference of bacterial concentration between pairs of 

surface materials was significant. Due to lack of sufficient fungal data, the tests were 

confined to bacterial concentration only. The tests identified the concentrations on metal 

surfaces to be significantly different from plastic, carpet, and tile surfaces (p-value < 0.05), 

however, the difference of bacterial concentration levels between wood and metal surfaces 

were not significant. Carpet surfaces was found to have significantly different bacterial 

concentration compared to all the other surfaces materials (p-value < 0.05). Mann-
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Whitney-Wilcoxon test was also conducted to determine the significance between 

sampling sites. Whether the surface was frequently exposed to touch via hands i.e., tables, 

chairs, computer surfaces etc. or was walked upon i.e., floor was significant (p-value = 

0.009). Fungi was detected on all surface materials except carpets. 90% of plastic surfaces 

(17 surfaces out of 19) were contaminated by fungi. 57% of metal and wood surfaces also 

showed positive fungi detection.  

Table 3.3. Significance of bacterial concentration on different surface materials evaluated 

by one-way ANOVA and Mann-Whitney-Wilcoxon test  

Material Metal Wood Plastic Carpet 

Wood 0.092    

Plastic 0.016 0.471   

Carpet 0.008 0.016 0.030  

Tile 0.038 0.335 0.408 0.039 a 
a One-way ANOVA test was applied 

Studies have looked into why or what surface properties enhance or reduces 

microbial attachment and growth, for example, hydrophilic, negatively charged, and oxide 

coated surfaces have been found to be favorable for bacterial attachment [142] while 

another investigation confirmed that very low bacteria attachment occurred on hydrophilic 

surfaces [143]. The impact of surface roughness was inconclusive based on a survey of the 

literature with opposing conclusions [144-146]. Adhesion kinetics have been shown to 

change the levels of attachment of viruses for a range of surfaces [147]. Fungi growth has 

been found to be favorable on plastic surfaces while ceiling tiles required more time to be 

covered by fungi [141]. In this study, fungi were detected on one tile surface. 

Understanding the fundamental governing mechanisms of surface and microbial 

attachment is vital but the information has to be coupled with insight into surface exposure 

and usage to ensure the right materials are chosen based on characteristics, location, and 

function.  
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3.3.3. Spatial distribution of microbes 

Figure 3.6 shows the average microbial concentration (CFU/m3) at each sampling 

site for kindergarten and classrooms at the elementary school. The size of each dark blue, 

green, and red circles represents outdoor- and indoor-related bacterial and fungal 

proportions, respectively. The center of the circle indicates the sampling site. There were 

ten sampling sites at each room. Samples were collected twice at each sampling site. The 

asterisk mark (*) next to the specific circle indicates that the fungi concentration was below 

a limit of detection. In classrooms 1 and 2 (CR1 and CR2), there were four vents (v1, v2, 

v3, and v4), one door (d1) and one window (w’1). Kindergarten had five vents (v1, v2, v3, 

v4 and v5), two doors (d1 and d2) and two windows (w’1 and w’2). CR2 was unoccupied, 

while CR1 and kindergarten were occupied. The figure summarizes the concentration of 

outdoor, indoor bacteria and fungi at the sampling locations relative to BAE components 

 

 
Figure 3.6. Average microbial concentration at each location. (A) Kindergarten, (B) 

Classroom 1 (CR1), and (C) Classroom 2 (CR2) at the elementary school. The size of 

the dark blue, green, and red circles represents outdoor- and indoor-related bacterial and 

fungal proportions, respectively. The center of the circle indicates the sampling site. The 

asterisk mark (*) indicates that the fungi concentration was below a limit of detection.  
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and across the length, width, and height. It highlights the variability of the concentration 

of the microbes across the classrooms. To gain further insight on the influence, if any, of 

the BAE components, an in-depth look is taken at the bacterial concentrations. Fungi is not 

considered due to insufficient data. 

 

 
 
Figure 3.7. Outdoor- and indoor-related bacterial concentrations by distance from (A) 

Vent, (B) Door, and (C) Window. O and I indicate the outdoor- and indoor-related 

bacteria, respectively. 

 
 

Figure 3.7 visualizes the bacterial concentration with respect to the distance from 

each BAE component. The distances have been grouped into four ranges: 0 ~ 3 m (group 

1), 3 ~ 6 m (group 2), 6 ~ 9 m (group 3) and > 9 m (group 4) for kindergarten, CR1 and 

CR2. Bacterial concentrations were lower in CR2 and more uniformly distributed 

regardless of BAE distance. In CR1, relatively higher outdoor-related bacterial 

concentrations were observed further away from the vent and door. Bacterial load in the 

kindergarten did not appear to show much variation with respect to distances from the vent 

and doors. The occupied rooms (CR1 and kindergarten) had higher outdoor-related 
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bacterial concentrations near the window locations while the concentration appears to be 

uniformly distributed for CR2 regardless of the distance from the window.  

Across all sampling locations, indoor-related bacteria appeared to be well mixed. 

Figure 3.8 describes the bacterial concentrations with respect to the distance to the 

boundaries of the indoor space. Normalized length and width were categorized into four 

groups: 0 ~ 3 m (group 1), 3 ~ 6 m (group 2), 6 ~ 9 m (group 3) and > 9 m (group 4) while 

for height the categories were: 0 ~ 1 m (group 1), 1~ 2 m (group 2), and 2 ~ 3 m (group 3). 

In CR1, higher bacterial concentrations were observed near the walls (length in distance 

group 1 and width in distance group 4) and ceiling (height in distance group 3). 

Kindergarten showed well-mixed indoor-related bacterial levels across the length, width, 

and height. Relatively higher outdoor-related bacteria were detected around the middle of 

the room.  

 

 
Figure 3.8. Outdoor- and indoor-related bacterial concentration against normalized 

length (L), width (W), and height (H) of the room. O and I represent outdoor- and indoor-

related bacteria, respectively. 
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Based on Table 3.2, occupancy and activity were significant factors for the 

elementary school and then Figures 3.7 and 3.8 highlighted the uniformity of bacterial 

concentration, outdoor and indoor signature, for unoccupied rooms. Hence, additional 

clustering analysis was conducted focusing on the occupied classrooms to assess how the 

BAE components influenced the spatial distribution patterns of the bacteria in presence of 

occupants as well as across the length, height, and width of the classrooms as shown in 

Figure 3.9. Cluster 1 in Figure 3.9(A) contains the distance ranges of 6 to 9 m from the 

vent to the sampling location while cluster 2 consists of the range 3 to 6 m. For distance 

from the door, cluster 1 in Figure 3.9(B) has the ranges between 3 to 6 m and, 6 to 9 m, 

and cluster 2 includes distances greater than 9 m. Figure 3.9(C) which classifies the 

distances from the window, distances greater than 6 m is in cluster 1 while cluster 2 mainly 

includes the distance less than 6 m. Hence, cluster 1 represents sampling locations far away  

 

 
 
Figure 3.9. Clustering analysis of the averaged distance to BAE components in the 

occupied rooms in elementary school. BAE distance of (A) vent, (B) door, and (C) 

window and corresponding bacterial concentrations, (D) outdoor- and (E) indoor-related 

bacteria, respectively. 
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from the vent and window but near the door, while cluster 2 indicates samples near the vent 

and window but far from the door. Corresponding bacterial concentration for outdoor 

signature bacteria shows that sampling locations of concentrations more than 250 CFU/m3 

are in cluster 2 as shown in Figure 3.9(D). The data in cluster 1 is within the range of 0-

250 CFU/m3. The distribution of indoor-related bacteria does not appear to be different in 

the two clusters. Comparing the Figures 3.8 and 3.9, lower concentrations of outdoor 

signature bacteria are further from the vent, window but nearer to the door and vice versa. 

In case of indoor signature bacteria, no trend is noticeable. 

Similar analysis with respect to the length, width, and height (Figure 3.10) revealed 

an exclusive cluster along the normalized distance range of 0 to 3 for length with respect 

to concentrations between 100-500 CFU/m3 for indoor signature bacteria. There were no 

other distinct groups. 

 

 
 
Figure 3.10. Clustering analysis of the distance to the boundaries in the occupied rooms 

in elementary school. The distance of (A) length, (B) width, and (C) height and 

corresponding bacterial concentrations, (D) outdoor- and (E) indoor-related bacteria, 

respectively. 
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To identify the range or distance at which the spatial distribution transitions the 

statistical significance of the influence of distance on bacterial concentration was tested. 

Table 3.4 summarizes the significances of indoor- and outdoor-related bacterial 

concentrations with respect to the distance of BAE components and building elements. The 

distance to the BAE components was not a significant factor for indoor-related bacteria (p-

value > 0.05). For outdoor related bacteria distance from the vent was only significant. 

Figure 3.11 the vent distance against the concentration of outdoor signature bacteria and a 

linear trend can be seen, R= 0.78 (black line). The plot also highlights the change in the 

slope at a distance less than 0.4 m determined to be significant as shown in Table 3.4. The 

upward trend, increasing outdoor bacterial concentration with increasing distance, exists 

across all distances from the vent, but the slope is slightly less steep initially indicating the 

effects of the vent drops off more sharply as the distance from the vent increases. 

 

Table 3.4. Significance of bacterial concentration with respect to the distance of BAE 

components and building elements evaluated by Mann-Whitney-Wilcoxon test  

BAE  

components 
Bac1 

Distance 

≤ 1 m ≤ 2 m ≤ 3 m ≤ 4 m ≤ 5 m ≤ 6 m ≤ 7 m ≤ 8 m ≤ 9 m 

Vent Out    0.017 0.017 0.020 0.344 0.862  

 In    0.290 0.512 0.362 0.231 0.118  

Door Out    0.862 0.344 0.080 0.671 0.364 0.223 

 In    0.298 1.000 0.603 0.939 0.741 0.397 

Window Out 0.664 0.664 0.125 0.930 0.908 0.196 0.196 0.173 0.295 

 In 0.603 0.603 0.560 0.694 0.643 0.939 0.939 0.283 0.458 

Building  

elements 
Bac 

Normalized distance 

≤ 0.1 ≤ 0.2 ≤ 0.3 ≤ 0.4 ≤ 0.5 ≤ 0.6 ≤ 0.7 ≤ 0.8 ≤ 0.9 

Length Out 0.850 0.162 0.592 1.000 0.616 0.761 0.969 0.827 0.827 

 In 0.528 0.021 0.117 0.322 0.354 0.362 0.616 0.694 0.694 

Width Out 0.298 0.916 0.386 0.234 0.589 0.463 0.302 0.073 0.223 

 In 0.298 0.090 0.869 0.606 0.757 0.105 0.117 0.205 0.367 

Height Out   0.165 0.217 0.256 0.290 0.068   

 In   0.383 0.114 0.049 0.314 0.147   
1 Out: outdoor-related bacteria and In: indoor-related bacteria 
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Figure 3.11. Scatter plots of distance of the vent versus outdoor bacterial concentration. 

 

Figures 3.12 (A) and (B) show the trends across the length and height (black line) 

as well as the trend to the point (red line) at which a transition is noted in Table 3.4. The 

length of the room originates from the opposite end of the door entrance. Across the length 

there is a decrease in the indoor bacterial concentration but initially (less than 20% from 

the wall and more than 80% away from the door) there is an upward trend of the 

concentration. Overall, the concentration of indoor signature bacteria falls as the distance 

to the door decreases. The initial increase can be attributed to the effect of the wall on the 

air flow transporting the aerosols. Afterwards there appears to be a homogenizing effect on 

the spatial distribution of the indoor signature bacteria probably due to the proximity of the 

occupants. For height, originating from the floor to the top of the room, overall, the 

concentration of indoor bacteria decreases as the sample location moves towards the 

ceiling. There is also an opposing trend, though slight, near the bottom half of the space. 

The different trends nearer the walls can be due to the impact of the wall on the airflow 

pattern. Also, in case of height, the occupants’ activities and breathing may have more 
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impact near the floor. Across the height, the highest sampling location was on top of the 

tallest shelf. 

 
Figure 3.12. Scatter plots of (A) normalized length, and (B) normalized height versus 

indoor bacterial concentrations. 

 
 

Figure 3.13 summarizes the bacterial concentrations with respect to the BAE 

components and building elements. Vents influenced the spatial distribution of outdoor 

related bacteria and relatively lower levels were detected near the vent. As distance 

increased from the vent, concentration levels increased and at distance range of 4 m to 6 m 

from the vent, significant changes in outdoor-related bacteria were observed. The spatial 

distribution of indoor signature bacteria was significant along the length and height with 

transitions occurring at a distance of 80% from the side of the door and halfway from the 

floor. Computational fluid dynamics (CFD) simulation of the kindergarten location 

replicating the same airflow conditions was conducted to gain more insight on how the 

particles are distributed. In the simulation particles released from two sources around the 

center of the room were tracked for 15 minutes. Most of the particles moved towards the 

side of the space where the origin of the length of the room is. Increasing trend of the 

number of particles was observed within a distance of 20% from the side wall. Flow at the 
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boundaries and by the side walls had an effect on the particles’ spatial distribution. The 

CFD simulation also demonstrated higher airflow velocities when closer to the walls. 

Similar behavior of the flow pattern near the walls have also been reported in the literature 

[148]. 

3.4. CONCLUSIONS 

This work investigated the significance of occupant characteristics (number of 

occupants, activity, and age) on the presence of PM, bacteria, and fungi at multiple school 

buildings. While PM levels (high school) and bacterial concentration (university and 

elementary school) were significantly influenced by occupancy, the activity level of the 

occupants further dictated the type of PM and bacteria that was influenced. Hence, 

monitoring PM levels could provide baseline data on the extent of the effects of air changes. 

But to ensure a space is adequately ventilated and maintains air quality, information on the 

occupants and planned activities need to be incorporated for optimizing the indoor 

environment. Furthermore, PM10 and microbial levels were significant depending on 

 
Figure 3.13. Schematic diagram of the bacterial concentrations in the indoor space.  
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whether the age group of the occupants was averaging under or over the 10-year-old, 

highlighting that policies to improve indoor air quality have to account for the distinct 

nature of elementary school while high school and universities may have more similar 

traits.  

Indoor surface materials such as wood, metal, plastic, carpet, and tiles which 

dominated the sites sampled, were assessed. Computer and carpet surfaces showed the 

highest microbial concentration while metal surfaces had the lowest. This could be due to 

properties of the materials but also may be influenced by what the surface was used for or 

exposed to. Surfaces that where frequently touched had relatively higher bacterial 

contamination even they were made of the same materials. This has been noted in other 

investigations as well [149].  

The analysis highlighted that the influence of vents diminishes with distance with 

respect to outdoor bacteria. The decreasing effect of the vents was shown by the increase 

of the concentration level of outdoor bacteria. It also showed the limited influence vents 

have when the microbial source was indoors. Presence of occupants and activity effected 

the spatial distribution of the indoor signature bacteria. However, air flow near the walls 

dictated concentration levels at the proximity of the boundaries as seen in the trends shown 

in the scatter plots. Therefore, overall, bacteria from outdoor sources were more closely 

related to the vent location while indoor signature bacteria, i.e. bacteria originating due to 

the occupants were more influenced by the indoor space dimensions. This highlights the 

need for filtration of inlet air that will lead to the prevention of the colonization of the 

indoor space with outdoor bacteria and maintain ventilation conditions that will control the 

microbial population generated by the occupants. 
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Understanding what factors control or influence indoor biological contaminants is 

critical, if building design is to incorporate criteria for maintaining health and reduce 

infection transmission, especially after the lessons of the ongoing pandemic. By identifying 

crucial zones where the ventilation performance may not be up to the design specifications 

or identifying how occupant behavior may enhance or minimize the ‘health’ of a space, 

steps can be taken to make the indoor areas being used safer. This study provides a different 

approach towards sampling and analyzing for microbes in the built environment by 

focusing on identifying ways to associate the information to spatial details. More extensive 

data can be utilized to generate ‘design equations’ that can correlate the significant 

variables describing occupant characteristics and BAE components to spatial and temporal 

distribution of microbes.  
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CHAPTER 4.  FATE AND TRANSPORT OF ENVELOPED VIRUSES IN 

INDOOR BUILT SPACES – THROUGH UNDERSTANDING VACCINIA 

VIRUS AND SURFACE INTERACTIONS 3 

 

ABSTRACT 

The current coronavirus disease 2019 (COVID-19) pandemic has reinforced the necessity 

of understanding and establishing baseline information on the fate and transport 

mechanisms of viruses under indoor environmental conditions. Mechanisms governing 

virus interactions in built spaces have thus far been established based on our knowledge on 

the interaction of inorganic particles in indoor spaces and do not include characteristics 

specific to viruses. Studies have explored the biological and kinetic processes of microbes’ 

attachments on surfaces in other fields but not in the built environment. There is also 

extensive literature on the influence of indoor architecture on air flow, temperature profiles, 

and forces influencing aerosol transport. Bridging the gap between these fields will lead to 

the generation of novel frameworks, methodologies and know-how that can identify 

undiscovered pathways taken by viruses and other microbes in the built environment. Our 

study summarizes the assessment of the influence of surface properties on the adhesion 

kinetics of vaccinia virus on gold, silica, glass, and stainless-steel surfaces. We found that  

 
3 Results presented in this chapter have appeared in “Seong,D., Kingsak,M., Lin,Y., 

Wang,Q., & Hoque.S., (2021) Biomaterials Translational, 2(1), 50”
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on gold the virus layer was more viscoelastic compared to stainless steel. There was results 

further highlight the importance of converging different fields of research to assess the fate 

and transport of microbes in indoor built spaces. 

GRAPHICAL ABSTRACT 

To limit transmission due to infectious droplets we must understand, “What factors control 

the transport, deposition, adhesion, and persistence of pathogens indoors?” The pandemic 

has reinforced the necessity of establishing baseline information on how viruses under 

indoor environmental conditions optimize survivability and transmission. Virus-surface 

interactions investigations using vaccinia virus sheds light on part of the picture. 

 

 
Figure 4.1. A graphical abstract of the Chapter 4. 

 

Keywords: Adhesion kinetics, Aerosols, Built environments, Resuspension, Surface 

properties, Ventilation 

4.1. INTRODUCTION 

The significance of the built environment and the materials that construct it has 

become critical during the ongoing pandemic. How long does the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) survive in the air and on surfaces? Since the 

pandemic hit this has been a perpetual question with the answer still being investigated. It 
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is well known that contaminated surfaces are significant vectors in the transmission of 

infection both in hospitals and in the community [150, 151]. Recent investigations [152] 

into determining stability of the virus on different surfaces and in the aerosolized form 

revealed that the SARS-CoV-2 virus can survive for 3 hours in the aerosolized form and 

72 hours on plastic and stainless steel [153] with survivability varying based on indoor and 

outdoor conditions [154, 155]. The transmission forms for both SARS-CoV-1 and SARS-

CoV-2 are similar [152, 156]. Studies on transmission routes for influenza virus have 

documented the dominant influence of airborne transmission via suspended and settled 

droplets [157-159] resulting in guidelines of social distancing (~6 feet, about 1.83 m) to 

prevent person to person transmission [160].  

The studies all focus on obtaining data on either the influence of air circulation such 

as sampling in an aerosolized environment or via inoculating different types of surfaces. 

The investigations do not account for the fact that the two events are not isolated. 

Aerosolized virus laden droplets must be transported to the boundaries near the surfaces, 

deposit from the boundary layer on to the surface and subsequently adhere. Recent events 

have also shown the high probability of aerosolized transmission [161-163]. The question 

that needs to be answered to successfully limit transmission is, “What conditions control 

the transport, deposition, adhesion, and persistence of airborne SARS-CoV-2 in air and on 

surfaces?” The interface of the boundary layer and the surface influences the transport and 

deposition of particles including virus laden droplets. Figure 4.2 illustrates the concept. 

The fluid mechanical boundary layer is the flow region (air) very near the surface where 

viscous forces dominate and transitions to a region of high velocity of air [164]. Air flow 

in indoor spaces is often treated as well mixed but, investigations have shown the 
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significant influence of near surface air motion on particle deposition [165] and 

resuspension [166]. There is however a lack of information on the relationship between the 

magnitude of shear forces and boundary flow velocity characteristics on the transport 

mechanism of viruses particularly near surfaces. Released virus droplets or aerosolized 

viruses will over time reach the boundary layers near the surface where they will 

subsequently ‘attach’ to the surface and adhere to it. Investigations in aqueous suspensions 

have shown the wide ranging and variable influence of wall shear rates on the deposition, 

adhesion and detachment of particles and microbes [167-169]. The attachment process is 

influenced by the surface characteristics which include surface roughness (RH), porosity 

or morphology, or microbial characteristics which are mobility, flexibility, or 

hydrophilicity [170, 171].  

 
Figure 4.2. Schematic illustration of the fate and transport of virus particles at the 

intersection of bulk and boundary layer flow. 

 

 

To gain insight on these processes and their influence on the fate and transport of 

microbes in the indoor space, the authors assessed the adhesion behavior of model 

enveloped viruses, vaccinia virus (VACV) and measles virus (MV), bacteria 

(Corynebacterium sp.), and bovine serum albumin (BSA) on various types of surfaces seen 

in the built environment under flow conditions. The investigation is a prelude to further 
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studies on how the complex interaction of the multiple variables of an indoor space can 

influence the fate and transport of microbes in the bulk flow and boundary layer. This 

article also summarizes the current knowledge on particle deposition, attachment and re-

entrainment in indoor spaces and the influence of properties of materials on the particle 

transport behavior. The paper concludes by discussing the results of the authors’ work in 

context of past investigations and future directions. 

4.2. MATERIALS AND METHODS 

4.2.1. VACV culturing and purification 

Vero cells (CDC, Atlanta, GA, USA) were cultured in Dulbecco’s modified Eagle’s 

medium (Corning, Manassas, VA, USA) supplemented with 10% fetal bovine serum 

(Atlanta Biologicals, Flowery Branch, GA, USA), 2 mM L-glutamine, 1 mM sodium 

pyruvate, and 100 U/mL penicillin-streptomycin (HyClone, Marlborough, MA, USA). Cell 

cultures were maintained at 37℃ in a CO2 incubator with 5% CO2 and 95% air. VACV 

was propagated in Vero cells with the presence of 2% fetal bovine serum Dulbecco’s 

modified Eagle’s medium. The infected cells were incubated at 37℃ for 2 to 4 days until 

the microscopic cytopathic effect was complete.  

The virus purification method was modified from Hruby et. al. [172]. In brief, the 

infected cells were harvested and subjected to homogenization. Cell debris was removed 

by centrifugation at 12,296 × g for 15 minutes at 4℃ (Sorvall® RC5C plus, Newtown, CT, 

USA). The virus pellets were precipitated by centrifugation at 81,799 × g for 3 hours at 

4℃ (Beckman L8-70M, Palo Alto, CA, USA) and resuspended in 1 mM Tris buffer (pH 

8) overnight. Purified virus was obtained through a side-band-pull from a gradient of 
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sucrose centrifuged at 22,504 ×g for 40 minutes at 4℃. Vero cells were plated in 6-well 

plates at a density of 6 × 105 cells per well one day prior experiment. Ten-fold serial 

dilutions of purified virus were made in phosphate buffered saline. The virus samples of 

each dilution were placed onto the prepared 6-well plate cultured with Vero cells, then 

incubated at room temperature in a laminar flow hood for 30 minutes. After infection, 

unbound virus was removed and replaced with 1% agarose (VWR Life Science, Radnor, 

PA, USA) in 2% fetal bovine serum Dulbecco’s modified Eagle’s medium. The plates were 

incubated at 37℃ and 5% CO2 for 2 to 4 days until able to visualize plaques. The virus 

titer was calculated using an average number of plaques, dilution factor, and the inoculum 

volume as described elsewhere [173]. 

4.2.2. Quartz crystal microbalance with dissipation analysis 

The quartz crystal microbalance with dissipation (QCM-D) approach was applied 

to investigate virus adhesion and detachment on four types of sensor surfaces [174, 175]. 

QCM-D technique was performed using Q-sense E4 (Biolin Scientific, Gothenburg, 

Sweden). Polished AT-cut 5-MHz quartz crystals coated with four materials were selected: 

gold (QSX 301) with RH < 1 nm, SiO2 (QSX 303) with RH < 1 nm, sodalime-glass (QSX 

337) with RH < 20 nm, and stainless-steel (QSX 304) with RH < 1 nm. Temperature in the 

modules was controlled at 23℃. Three flow rates were assessed: 8.33 × 10-6 m3/s (50 

µL/min), 1.67 × 10-6 m3/s (100 µL/min), and 3.33 × 10-6 m3/s (200 µL/min). Before the 

experiment, all sensors were pre-cleaned with ultraviolet/ozone light for 10 minutes to 

remove organic contaminants on the surface. MilliQ water was first injected into the 

modules to provide a baseline measurement. Then, virus suspension suspended in 1 mM 

Tris buffer was injected at a selected flow rate. Experiments were initiated at four initial 
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concentrations, 6.45 × 104 PFU/mL, 2.00 × 105 PFU/mL, 2.25 × 105 PFU/mL and 2.68 × 

105 PFU/mL. Virus attachment resulted in the decrease of frequency and increase of 

dissipation. Once both frequency and dissipation attained a constant value, the modules 

were rinsed with the baseline solution. Changes of frequency (∆f) and dissipation (∆D) on 

the sensor crystal were recorded using QSoft401 and the data were analyzed using QSense 

Dfind software (Biolin Scientific, Gothenburg, Sweden). Before the start of any experiment 

and in between each experiment, QCM-D modules and sensors were thoroughly cleaned 

using a 2% sodium dodecyl sulfate solution (Fisher Scientific, Waltham, MA, USA) and 

ultraviolet/ozone treatment and dried with N2 gas.  

The QCMD detects mass and dissipation change through the excitation of the 

sensor crystal which oscillates at a specific frequency due to the application of a certain 

voltage across the electrodes because of piezoelectric properties [176, 177]. Mass change 

(∆m) on the sensor crystal causes frequency change (∆f) and is defined by Sauerbrey 

relation as shown in Eq. 4.1 where c is 17.7 ng/Hz/cm2 for a 5-MHz crystal, and n is the 

overtone. 

∆𝑚 = −
∆𝑓 × 𝑐

𝑛
 Eq. 4.1 

Dissipation (D) is caused by the adsorption of the viscoelastic film and is described 

as the ratio of dissipated and stored energy [178, 179]. Energy lost during crystal oscillation 

is calculated using the measured dissipation based on Eq. 4.2 where, 𝐸𝑑𝑖𝑠𝑠 is the energy 

dissipated during one oscillatory cycle and 𝐸𝑠𝑡𝑟𝑑  is the energy stored in the oscillation 

system [180, 181]. 
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𝐷 = −
𝐸𝑑𝑖𝑠𝑠

2𝜋𝐸𝑠𝑡𝑟𝑑
 Eq. 4.2 

4.2.3. Measurement of virus characteristics 

(1) Atomic force microscopy 

Glass slides were cleaned by Piranha solution (30% hydrogen peroxide and 

concentrated sulfuric acid with 3:7 ratio from Fisher) at 75°C for 2 hours following by 

washed and sonicated in MilliQ water. The cleaned glass slides were then immerged in 1 

mg/mL poly(diallyl dimethylammonium chloride) (PDDA) solution overnight, rinsed with 

MilliQ water (Millipore, Burlington, MA, USA) and dried with N2 gas. PDDA (molecular 

weight 100,000 to 200,000) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

The PDDA glass substrate was then immerged in VACV solution at the concentration of 1 

× 104 plaque-forming unit/mL for 1 hour, gently rinsed with water and dried with N2 gas. 

Atomic force microscopy images of VACV on glass slides and surface roughness were 

obtained by SPA 300 instrument (Veeco, Santa Barbara, CA, USA) in ambient conditions 

under tapping mode at a scan rate of 1 Hz and scan size of 10 × 10 μm2. 

(2) Fluorescence microscopy 

A recombinant VACV expressing green fluorescence protein was placed onto a 

glass slide and evaporated to dryness in a laminar flow hood. The excessive green 

fluorescence protein tagged viruses were gently washed out by phosphate buffered saline 

solution. The fluorescence images were acquired using a fluorescent microscope (Olympus 

IX81, Shinjuku-ku, Tokyo, Japan) with disk scanning unit confocal mode.  
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(3) Zeta potential measurement 

The purified virions were incubated for 5 minutes and overnight in 1 mM Tris 

buffer pH 8 and pH 4.5. The virus samples were then transferred to a DTS1070 disposable 

capillary cell (Malvern, Malvern, Worcestershire, UK) for zeta potential measurements. 

The measurements were performed at 25°C with a Zetasizer Nano-ZS (Malvern).  

(4) Transmission electron microscopy imaging  

The virus was dropped onto a carbon coated copper grid for 30 minutes, and the 

excess virus solution was blotted off. The grid was washed with several drops of MilliQ 

water and dried by slow evaporation in air at room temperature. After the adsorption, 2% 

uranyl acetate was applied to the grid for negative staining. The morphology of the purified 

VACV was characterized by Transmission electron microscopy (Hitachi HT7800, 

Chiyoda-ku, Tokyo, Japan). 

4.3. RESULTS 

4.3.1. VACV characteristics 

VACV, a member of the poxvirus family, is an enveloped virus [182]. It consists 

of a large double-stranded DNA genome approximately 190 kb in length, a protein layer 

known as the palisade, and the envelope composed of surface tubules, enveloped proteins, 

and lipid membranes, as illustrated in Figure 4.3(A) [183-186]. VACV has an oval to 

brick-shaped architecture with the dimensions of 270 nm in diameter and 350 nm in length 

[184, 185]. The purified VACV using in this study expresses green fluorescence protein 

and can be observed under a fluorescent microscope as shown in Figure 4.3(B). Surface 



 

79 

charge of the virus is one of the important factors that play an essential role in numerous 

sorption processes, for example adsorption and adhesion, which are governed by 

electrostatic interactions [187]. To investigate the physical and charge characteristics of 

the purified virions, atomic force microscopy and dynamic light scattering were performed. 

In Figure 4.3(C), VACV shows a negative surface charge with a zeta potential of 

approximately -30 mV in pH 8 Tris buffer solution and -20 mV in pH 4.5 Tris buffer 

solution, incubated in the buffers for 5 minutes and overnight, using Zetaseizer. In addition, 

atomic force microscopy revealed that a good deposition of negatively charged virions on 

a positively charged PDDA-glass substrate was found (Figure 4.3(D)). The average size 

of VACV is ~200-350 nm in different directions as observed under transmission electron 

microscope (Figure 4.3(E)), which is consistent with literature report [188-190]. 

4.3.2. Virus adhesion kinetics via QCM-D 

Table 4.1 shows the details of the frequency and dissipation shifts for both adhesion 

and detachment, and Figures 4.4(A)-(D) display the frequency (∆f), and dissipation (∆D) 

shifts of the third overtone. Four types of sensors were applied to investigate the relation 

between the types of sensor material and virus adhesion, gold, silica, glass, and stainless-

steel (SS).  

 

Table 4.1. Frequency (∆f) and dissipation (∆D) shift due to VACV adhesion and mass 

(∆m) of adhered VACV on the sensor surface calculated by Sauerbrey relation 

Sensor 
VACV adhesion  VACV detachment 

∆f (Hz) ∆D (×10-6)  ∆f (Hz) ∆D (×10-6) 

Gold -5.77 1.90  -5.37 1.39 

SiO2 -31.70 1.85  -27.60 0.98 

Glass -29.81 2.52  -27.22 1.72 

Stainless-steel -22.16 2.40  -21.23 2.11 

Note: VACV: vaccinia virus. This is representative of an experiment started at 2.00 × 105 PFU/mL 
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MilliQ water was first entered for a baseline. A stable baseline was observed prior 

to VACV injection regardless of the type of sensor material. The black arrows indicated 

the injection of VACV (2.0×105 plaque-forming unit/mL). At 4 minutes, sensors were 

exposed to the virus suspension, thus, rapid decrease in frequency was observed due to 

sensor – virus bindings. Rapid increase in dissipation was observed corresponding to the 

virus adhesion to the sensor surface. The frequency and energy dissipation were monitored 

in real time while the virus adhesion resulted in the built up of multilayers on the sensor 

crystals. When no more significant changes in frequency and dissipation were observed, 

MilliQ water (blue arrows in Figures 4.4(A)-(D)) flow was started to rinse the sensor 

surface and to measure the virus detachment, concurrently. Gold sensor resulted in the 

smallest change of frequency, ∆f = -5.77 Hz while silica had the maximum frequency   

shifts of -31.70 Hz. Glass had a frequency shift of -29.81 Hz while SS exhibited a frequency 

shift between silica and glass, -22.16 Hz. ∆D for all sensors ranged from 1.85×10-6 to 

2.52×10-6. Increase in frequency and decrease in dissipation were observed due to virus 

detachment and is an indicator of virus – surface adhesion characteristics i.e., whether the 

film layers formed is soft or rigid or became rigid due to multi-layer formation. Even 

though increase in frequency and decrease in dissipation were measured after rinsing, the 

values did not return to baseline levels. This indicates that the cleaning step washed away 

soft layers, but remaining layers on the sensor crystals had become rigid and could not be 

‘cleaned’ thoroughly to negligible values. Figure 4.4(E) shows the calculated mass of virus 

layers after adhesion and then after rinsing i.e., extent of detachment applying the 

Sauerbrey relation. For SiO2, 13% of mass was removed after rinsing (189.1 ng/cm2 of 

adsorbed virus layer and 164.6 ng/cm2 of remained virus layer), followed by glass, 9% 
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(177.8 and 162.4 ng/cm2), gold, 7% (34.4 and 32.0 ng/cm2). The lowest removal occurred 

for stainless-steel after rinsing (132.2 and 126.7 ng/cm2). 

 

 

 
 

 

Figure 4.3. VACV structural and physical properties. (A) Schematic illustration of the 

VACV structure, genomic capacity, shape, average size, and surface charge. (B) 

Fluorescence imaging of green fluorescence protein-tagged VACV (green). (C) Zeta 

potentials of VACV over the pH 8 and 4.5 in 1 mM Tris buffer. Data are expressed as 

mean ± SD. (D) Atomic force microscopy image of VACV deposited on PDDA-glass 

substrate. The black arrows point to VACV particles. (E) Representative transmission 

electron microscopic images of VACV. The white arrows point to (1) outer membrane, 

(2) core membrane, and (3) surface tubules. Scale bars: 100 μm in B, 1 µm in D and 100 

nm in E. PDDA: poly(diallyl dimethylammonium chloride); VACV: vaccinia virus. The 

duplicate samples were measured, and two experiments were repeated to acquire the 

data. 
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Figure 4.4. Quartz crystal microbalance with dissipation analysis of the frequency (∆f, 

black line) and dissipation (∆D, red line) (×10-6) shifts of VACV on (A) gold, (B) SiO2, 

(C) glass, and (D) stainless-steel. Black arrow: VACV injection; blue arrow: rinsing with 

MilliQ. VACV: vaccinia virus. (E) Mass of adhered and remained virus layer on the 

sensor surfaces calculated by Sauerbrey relation. VACV: vaccinia virus. SS: stainless-

steel. This is representative of an experiment started at 2.00 × 105 PFU/mL. 

 

 

Figure 4.5 displays the f-D plots to assess the structural conformation of the 

adhered VACV layers. The slope (K, ∆D/∆f) represents the adsorption kinetic process on 

the sensor crystal. Higher K indicates the structural conformation of the layer on the sensor 

surface is soft and flexible whereas lower K represents that the layer is thin and rigid. 

Initially a soft layer (K1) is formed while as it adheres to the sensor surface and then the 

layer becomes firm (K2). After the rinsing step, part of the adhered layer has been removed 

from the sensor (increase in frequency) and the remaining layer is more rigid (K3). Figure 

4.5(A) shows the adsorption process for VACV-gold. In comparison to Figures 4.5(B)-

(D) which represents the adhesion process of VACV for silica, glass, and SS respectively, 

K1 and K2 is the steepest for gold sensor indicating the layer attached is more viscoelastic 

compared to the others. The sensor also has the lowest K3 value which indicates that the  
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Figure 4.5. Frequency-dissipation plots for VACV for (A) gold, (B) SiO2, (C) glass, and 

(D) stainless-steel. ‘1’, ‘2’, and ‘3’ show the steps of the adhesion process, ‘1’ adhesion, 

‘2’ reaching saturation and ‘3’ detachment due to the wash cycle. The numbers 

correspond to the slope represented by K1, K2 and K3. VACV: vaccinia virus. This is 

representative of an experiment started at 2.00 × 105 PFU/mL. 

 

layer remaining is thin, and rigid as opposed to its counterparts. Figure 4.5(B) and (C) 

show similar characteristics of the layer formed initially at the beginning of adherence of 

VACV to silica and glass. K2 and K3 values for silica are less than glass. VACV-SS 

interaction based on K1, K2 and K3 is very similar in magnitude to glass. SS surface is 

positively charged [191] and the extent of detachment of negatively charged VACV is 

significantly less compared to the other sensors. 

4.4. DISCUSSION 

The results focus on one aspect of the multi-faceted problem – influence of surface 

type on attachment and detachment of VACV. The significance of understanding how 

surface properties control the adhesion kinetics is highlighted. During the initial adhesion 

process the viscoelastic nature of the virus layer was dependent on the surface type. After 

the first phase of attachment, there is a plateau indicating saturation has been reached and 

the layer is becoming rigid. Rinse cycle is started immediately, and the extent washed off 

differs based on the properties of the layer formed and for these surface types, surface 
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charge. Gold behaves very differently from the other surfaces, in that while mass attached 

is lower than SS, it remains attached. Glass and silica appear to be the ‘cleanest’ surfaces 

since adhered viruses were easily cleaned compared to other surfaces. The effect of ‘flow’ 

on the behavior of VACV-surface interactions remains to be investigated and correlated. 

In the sections below the factors that can influence fate and transport of aerosols including 

microbes are discussed. 

4.4.1. Phenomena influencing deposition 

Extensive investigation in the factors influencing deposition of inorganic particles 

has been done because of the significant role it plays on human health and exposure. The 

deposition phenomena are influenced by multiple factors which include particle 

characteristics, air flow, interior design, and surface coverings [192-195]. The interacting 

effect of ventilation, location of furniture and air changes have shown that while higher air 

changes removed particles faster, localized exposure and deposition is influenced by a 

combination of multiple factors [196]. Experimental and modeling studies determined a 

lumped parameter: deposition velocity or loss rate coefficient for a range of particle sizes 

to distinguish the effects of the multi-dimensional design space which describe the indoor 

environment [197, 198]. Deposition velocities and loss rate coefficients provide a bulk 

perspective of the transport and removal of particles from the air [199]. The rate at which 

deposition occurred is represented by deposition velocity, 𝜈𝑑 as shown in 𝜈𝑑 =
𝑀

𝑡𝐶𝐴𝑠
 where 

M is the mass of particle on a sample surface, t is time of exposure, C is time-weighted 

average mass concentration of particles in air and As is the surface sample area.  

Studies in small scale chambers and real houses have shown that particle removal 

by deposition is significantly correlated to diameter, surface to air temperature difference, 
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surface orientation, spatial location, and RH [192, 195, 198]. Deposition constants have 

been shown to be related to building wall textures, orientation and particle size [200]. 

Among surface properties, the influence of RH has been assessed. Lai and Nazaroff [201] 

observed that particle deposition increased for most particle sizes onto smooth and rough 

vertical surfaces, with roughness simulated using smooth glass plates and sandpaper. While 

deposition clearly increased with near wall airflow velocity the influence of surface 

roughness became less evident [197] probably due to the dominance of the fluid 

momentum boundary layer.  

Deposition velocities in relation to microbe carrying particles or for microbes have 

not been investigated extensively. Typically, the studies incorporate properties or stay 

within the range of parameters accepted for inorganic particles. For example a 

computational fluid dynamic (CFD) model based on Eulerian-Lagrangian framework 

simulated the deposition of Staphylococcus and Micrococcus, the conclusions identified 

that mixing and ventilation conditions influenced deposition of the bacterial species [202]. 

The spherical species have a diameter ~ 1m and were selected because of the proximity 

of the physical characteristics for the application of stokes’ law and lack of information for 

microbes. Studies cannot account for the characteristics of the different types of microbes, 

bacteria, viruses, and fungi which can influence transport and deposition. Whyte and Eaton 

[203] calculated deposition velocities as a function of concentration of airborne particles 

carrying microbes by collecting samples from clean rooms and operation theatres. Seong 

and Hoque [109] assessed the influence of sampling region and sampling location on 

bacterial species detected.  
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4.4.2. Adhesion forces governing surface interaction 

The forces encountered in adhesion of solid particles on solid surfaces either in air 

(at different humidity levels) or in water or other media are molecular interactions defined 

by Van der Waals’ forces, electrostatic interaction, liquid bridges, double layer interaction 

and polar and/or metallic bonds [204-207]. Dust and activated carbon appear to 

preferentially adhere to insulated surfaces such as PVC or glass compared to aluminum 

and copper [208]. Physics-based model such as the Hamaker model depending exclusively 

on Van der Waals forces was not successful in interpreting the adhesion mechanism and 

results indicated the significance of considering polar contributions [208, 209]. Other 

investigations have looked into particle shape and size pointing out the limitation that most 

studies tend to focus on spherical particles [210, 211].  

Deryaguin–Muller–Toporov (DMT), Johnson–Kendall–Roberts (JKR) and 

Maugis–Pollock (MP) models [212-214] have been applied to describe molecular 

attraction forces and the influence of contact areas between particles and surfaces. Surface 

roughness and contact angle have a high impact on the magnitude of the van der Waals 

forces. Higher humidity levels, beyond 50% tend to enhance adhesion [204, 209]; however, 

the hydrophilic/hydrophobic nature of particles and surfaces impacts the degree of 

influence [215]. For example, adhesion force of glass on glass or glass on silica surfaces 

for diameters ~20 to 60 m treated to be hydrophobic remained constant for all humidity 

levels while for hydrophilic conditions, at 50~60% humidity adhesion force increases or 

resuspension decreased [216]. The anomaly observed for hydrophobic surfaces and the 

increasing deviation from classical theoretical predictions for larger size particles have 

been attributed to the water film formed between particles and surfaces and/or the 
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electrostatic forces. Adhesion force magnitudes decreasing with particle size [204]. 

Particles of size in the range >m to ~5m adherence to surfaces is determined by the 

nature of the contact and are harder to resuspend but larger size particles are easier to 

resuspend and the adhesion mechanism is influenced by contact points, and geometry [205, 

217].  

This literature survey on adhesion of microbiological particles to surfaces target 

bacteria and viruses. Studies focusing on bacteria are dominated by areas such as 

biocorrosion [218], biomaterial implants [219, 220], environmental microbiology [221], 

food industry [222], and microbial fuel cells [223]. The adhesion mechanism is modeled 

typically using the Derjaguin, Landau, Verwey, Overbeek (DLVO) approach, or the 

thermodynamic approach or the extended DLVO or XDLVO model [224-227]. The DLVO 

theory is based on the non-specific interaction energies between the van der Waals forces 

and the electrostatic double layer forces which can be attractive or repulsive contingent on 

the bacteria-surface combination. Thermodynamic theory on the other hand is based on the 

concept of surface free energies which would account for the various types of interactions 

including van der Waals, electrostatic and dipole moments. Since the DLVO theory 

assumed inert chemical surfaces, a modification was added to the theory by adding a short-

range Lewis acid-base term which will account for the hydrophobicity / hydrophilicity in 

an extended XDLVO theory [228].  

The XDLVO theory has been applied to shed light on the mechanisms governing 

the adhesion of viruses to certain surfaces. For example a study by Chrysikopoulos and 

Syngouna [229] looked at the interaction of bacteriophages, MS2 and X174 with clay 

colloids. The virus attachment was described by the Freundlich isotherm and the Lewis 
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acid-base term in the XDLVO model was critical in explaining the hydrophobic interaction 

mediated attachment. XDLVO approach was utilized to model the attachment of human 

adenoviruses and two bacteriophages, P22 and MS2 [230] to lip balms. The study showed 

that drying of the lip balms resulted in the drop of surface free energy which made the 

surfaces highly hydrophobic. XDLVO model results predicted that attachment was favored 

due to short range strong hydrophobic interaction. Hydrophobic and electrostatic 

interactions were also shown to govern the attachment of MS2 bacteriophage to surfaces 

treated with polyelectrolyte multilayers [231].  

Recent investigations have tried to unravel the implications of virus adhesion 

kinetics with regard to health effects, infection transmission and SARS-CoV-2 [153, 232-

234] by utilizing representative surrogates such as a lentivirus [233] or through conducting 

a theoretical analysis utilizing existing data to assess the influence of different surfaces and 

environmental conditions including temperature, humidity, and pH [155, 232, 235]. 

Experimental methods for determining the adhesion force and kinetic mechanisms include 

using the centrifuge approach [236, 237] or the QCM-D [230, 231, 238] and AFM [239, 

240]. Liu et al. [241] used floor dust as surrogates for fungal spore and high-speed imaging 

to capture the effect of velocity on resuspension. For microbes and surfaces of the built 

environment, investigation has focused on antimicrobial properties of metal alloys such as 

copper – zinc, copper – silver on surfaces and their application [141, 242-244]. The studies 

highlight the significant differences that exist between the adhesion mechanisms for 

inorganic particles versus microbes [245]. 
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4.4.3. The mechanism of resuspension 

Measurements of resuspension have been expressed as resuspension factors or 

resuspension rates [246]. Resuspension factor is the ratio of air borne contaminant 

concentration per unit air volume to the contaminant surface concentration per unit area on 

the ground and resuspension rate is defined as the fraction of a surface species removed in 

unit time [246]. 

Experimental results showed that smaller particles required larger flow velocity to 

achieve the same amount of detachment as the larger particles. The detachment fraction 

was also dependent on the surface adhesion energy of the particles ranging between 

~32 m and ~76 m with higher velocities required for higher adhesion energy [247]. 

Punjrath and Heldman [248] studied particle entrainment in a wind tunnel and theorized 

that two mechanisms: a) initiation of particle movement when shear stresses on the 

particles exceed friction forces acting on the particles and b) transfer of momentum from 

other moving particles dominated resuspension.  

Modeling studies comprised of two approaches – statistical and/or force balance. 

Theoretical models have simulated the mechanisms at a micro scale [166, 249-251], 

whereas CFD models have focused on capturing the movement of a specific activity such 

as foot tapping [210] and analytical models [252] have applied multiple fundamental 

concepts such as dimensional analysis to model the effects. The Eulerian method, in which 

particles are treated as a continuum, has been traditionally applied to the cases of heavy 

particle deposits while Lagrangian methods have been applied to individually track 

relatively light particles in monolayer or few multi-layer systems [253, 254]. In 

Lagrangian-based models, particle transport is generally modeled through the addition of 



 

90 

gravitational, drag, added mass, Saffman’s lift, bed impact forces and Bassett forces [255]. 

Among these forces, Bassett forces (force due to acceleration of the particle) have been 

considered negligible and bed impact forces are more dominant than lift forces. Braaten et 

al. [249] assumed that fluid forces are applied at the surface in discrete ‘bursts’ following 

a probability distribution. Saffman’s lift force [256] has been used in the literature to 

describe the particle motion when studying particle deposition mainly. Mollinger and 

Nieuwstadt [257] and Leighton and Acrivos [258] also developed expressions for the lift 

force for particles touching the wall. Shi and Bayless [259] developed a CFD model of a 

gas-particle flow in cyclones. The authors incorporated a balance of adhesion and lift-off 

forces to account for particle detachment from the surfaces. 

Due to the inherent random nature of particle behavior, statistical approaches for 

predicting resuspension such as Monte Carlo simulations [260] and Lagrangian stochastic 

models have been proposed [261]. The stochastic models showed that resuspension can be 

captured numerically but appropriate attention needs to be given to fluctuations created due 

to turbulent flow or bursts created due to surface impacts [166, 250]. Loosmore et al. [246] 

developed empirical models to calculate resuspension rate, using five parameters: friction 

velocity, time since the wind flow begin, particle diameter, particle density, and roughness 

height and identified friction velocity and time of exposure as the most important factors. 

In an indoor space particle resuspension magnitude could vary by two to three orders of 

magnitude. Resuspension rates between 3×10-7 and 6×10-6 min-1 were found for super 

micron particles of density 1000 kg/m3. Substantial resuspension of particles of diameter 

2.5 m and 5 m occurred with source strengths ranging from 0.03 mg/min to 0.5 mg/min, 

a range estimated for human activities [192, 193, 262].  
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Few studies have explored the effects of resuspension of microbes. Krauter and 

Biermann [263] examined the re-aerosolization of dry spores (0.6~1.1 m) in a ventilation 

duct. Resuspension rates of fungal spores on both steep and plastic duct materials were 

between 6×10-2 and 6×10-4 min-1, which decreased to 10 times less than the initial rates 

within 30 minutes. In depth analysis of the influence of friction, surface roughness, 

exposure time and forces which have been assessed to an extent for particles have not been 

quantified regarding bacteria, viruses, or fungi.  

4.5. CONCLUSIONS 

The current pandemic has reinforced the necessity of establishing baseline 

information on how viruses under indoor environmental conditions optimize survivability 

and transmission. Based on the discussions above, investigations into understanding this 

phenomenon can be separated into three main categories. One category investigates the 

effects of indoor environmental factors and surface properties on boundary flow 

characteristics. The second group of studies assess the influence of the same variables on 

various phenomena such as drag force, electrostatic force or thermophoretic force which 

effects aerosol fate and transport. The last category is the effect of physical and biological 

properties on the deposition, attachment, and persistence of microbes on surfaces. 

Typically, the three categories discussed are investigated independent of each other with 

some overlap occurring in categories 1 and 2. But, an indoor environment with a range of 

bacteria, viruses and fungal species and an evolving microbial world encompasses all three 

categories as shown in Figure 4.6. To successfully understand, assess and predict how the 
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indoor environment perpetuates transmission from air to surfaces and vice versa, we must 

bridge the gaps between these fields. 

 

 
 

Figure 4.6. A schematic representation of the current state and future research directions. 

f: function. 
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CHAPTER 5.   CHARACTERIZATION AND QUANTIFICATION OF 

MICROBES – SURFACE – FLOW INTERACTIONS: COMPARSION 

AMONG ENVELOPED VIRUSES, BACTERIA, AND PROTEIN 

 

ABSTRACT 

The study investigated the influence of surface properties, types of particles, and boundary 

flow on inorganic and organic particles’ attachment and detachment. The experiments 

processed in two scopes. Attachment and detachment of particles in the flow system using 

QCM-D experiment (the first scope) and in the static system using centrifugal assay (the 

second scope). Four particles were selected, vaccinia virus (VACV), measles virus (MV), 

Corynebacterium sp., and bovine serum albumin (BSA). Four sensor surfaces, gold, SiO2, 

glass, and stainless-steel, and three indoor surfaces, hickory, stainless-steel, and glass were 

tested. The adhesion and detachment of organic particles were related to the types of 

surfaces, types of particles, and the flow rate, but major effect varied. All organic particles 

formed soft and viscoelastic layers, while inorganic particles formed a very rigid and thin 

film. The size of particles influenced initial adhesion. During detachment phase, the 

maximum removal rate was observed at the first stage of detachment phase. Detachment 

rates increased with increasing flow rate, but particles were not completely removed from 

surfaces. The layers were more easily removed at low flow rates (Re of the flow was 72.26) 

if surface shear stress (𝜏𝑠) was lower (0.02~0.12 kg/m/s2). If the surface shear stress was 
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higher than the shear stress (𝜏𝑠 ≫ 𝜏𝑓) generated due to flow, removal of the particles from 

the surface did not occur. The boundary flow conditions on the QCMD mimic the 

conditions on near surfaces in indoor spaces. The results show that some combinations of 

microbes and surfaces enhance attachment and persist under undisturbed ‘flow’ conditions. 

5.1. INTRODUCTION 

Spreading infectious microbes in indoors has threaten people sharing the spaces. A 

recent outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), i.e., 

COVID-19, has brought out the significance of understanding indoor environments. Before 

COVID-19, there were global infectious virus problems, severe acute respiratory disease 

coronavirus 1 (SARS-CoV-1) and middle east respiratory syndrome (MERS). In addition, 

methicillin-resistance Staphylococcus aureus (MRSA) has been reported as a global 

serious hospital-acquired infection due to their possibility of secondary infection and ease 

of transmission by contact [11]. A fungal infection caused by Candida auris has emerged 

recently due to its multidrug resistance [16] and has so far proved to be extremely persistent 

on surfaces. 

A recent study confirmed that the sharing the indoor spaces is a major risk factor 

for SARS-CoV-2 transmission [23]. Once small droplets containing viral particles 

released, these viral particles could be transmitted via air and surface contact and survive 

for 3 hours [264]. One person could infect unusually large number of people sharing a 

space through both air and fomite transfer [24]. One contaminated finger could become a 

vehicle of virus spreading up to seven clean surfaces and one contaminated surface could 

infect at least 14 persons by direct contact [25, 26]. Viral particles remained infectious for 
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8 to 48 hours on household surfaces, such as wood, stainless-steel, plastic, and cloth [265]. 

Although transmission of infectious microorganisms in indoor spaces have been reported, 

subsequent microbial fate and transport is not understood. Few studies have explored the 

influence of indoor conditions and built components on the spatio-temporal distribution of 

the indoor microbiome [120, 266]. Current findings cannot fully interpret, quantify, and 

predict microbes – surface interactions particularly in the context of building surfaces and 

indoor spaces. Based on previous findings in other fields such as the food production or 

the microchip industry, it is known that microbial adhesion is influenced by microbial 

characteristics and surface properties. Microbial characteristics include microbial shape, 

mobility, flexibility, or hydrophilicity [170, 171] and surface properties considered are 

surface roughness, porosity or contact angle [143, 267, 268]. Studies also do not couple the 

influence of external forces generated due to boundary flow on the deposition, attachment 

of microbes to surfaces and subsequently possible detachment. Incorporating diffusive 

movement of Bacillus subtilis into the surface-advective-diffusive mathematical model 

resulted in a decrease of the concentration of the bacteria by 20% on the surface [269]. 

This study combines centrifugal assay, Quartz Crystal Microbalance with 

Dissipation monitoring (QCM-D), and Particle Image Velocimetry (PIV) approaches to 

assess and compare the influence of boundary flows and surface properties on the 

interaction of a specific microorganism with selected surfaces. The adhesion behavior of 

model enveloped viruses, vaccinia virus (VACV) and measles virus (MV) were used as a 

surrogate of SARS-CoV-2. Corynebacterium sp. was selected due to abundance in indoors 

[109], and bovine serum albumin (BSA) was applied as a control. The objectives are 

characterization and quantification of microbes – surface interactions and assessment of 
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the impact of surface properties. Centrifugal experiment was applied to determine 

interactions between bacteria and indoor surfaces. Impact of surface properties were 

assessed. QCM-D were applied to determine the adhesion and detachment kinetics on ideal 

surfaces, the influence of flow rate (external force) on particles adhesion and detachment, 

and to evaluate the adhered layers’ characteristics. Particles’ behavior near the surface 

boundary was observed using Particle Image Velocimetry (PIV). 

5.2. MATERIALS AND METHODS 

5.2.1. Surface property measurements 

Hickory, stainless-steel, and glass were selected as real indoor surfaces. Three 

surface properties were measured: surface roughness, contact angle, and porosity. Surface 

roughness was measured using Scanning Electron Microscope (SEM), TESCAN Vega-3 

(TESCAN, CZ). Roughness parameter was calculated by root mean square roughness 

(RMS), Rq (μm), based on the two-dimensional SEM micrographs [270]. Contact angle 

was measured to characterize the surface hydrophobicity/hydrophilicity using VCA 

Optima (AST Prod., Inc., USA). Hydrophilic surface was determined if contact angle was 

less than 90˚ while contact angle more than 90° was regarded as hydrophobic [271]. 

Porosity was evaluated using mercury intrusion porosimetry, POREMASTER 

(Quantachrome Inst., Co., USA).  

5.2.2. Bacterial and virus preparation 

Corynebacterium sp. (ATCC 15927) was grown on tryptic soy agar and broth (TSA 

and TSB). Aliquots of Corynebacterium sp. were spread on the TSA plates and incubated 



 

97 

at 37℃ for 16 hours. A single colony was inoculated into the liquid medium (TSB) and 

incubated overnight at 37℃. The bacterial concentration was quantified using colony-

forming units per mL of sample (CFU/mL). Corynebacterium sp. in stationary phase was 

used. Bacterial pellets were precipitated by centrifugation at 4,500 rpm for 10 minutes 

(Beckman L8-70M) and resuspended in phosphate buffered saline (pH 7.2). The 

precipitation procedure was performed three times to remove TSB residue [272]. Bacterial 

suspension was stored at 4℃. 

Vero cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Corning) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM 

sodium pyruvate, and 100 U/mL penicillin-streptomycin (HyClone). To prepare a vaccinia 

virus (VACV) and measles virus (MV) stock, Vero cells were plated in cell culture dishes 

the day before infection and incubated in a humidified, 5% CO2 incubator at 37℃. When 

the cells were approximately 80% confluent monolayer, the 10% FBS supplemented 

medium was changed into 2% FBS supplemented medium, and the cells were then infected 

with the virus. After several days, the infected cells were harvested and purified. In brief, 

cell debris was removed by centrifugation at 9,000 rpm for 15 minutes at 4℃ (Sorvall® 

RC5C plus). The virus pellets were precipitated by centrifugation at 30,000 rpm for 3 hours 

at 4℃ (Beckman L8-70M) over a 20% sucrose cushion. VACV and MV solution were 

resuspended in 1 mM Tris buffer (pH 8) and 20 mM citrate-phosphate buffer (pH 7), 

respectively. Purified virus was obtained through a side-band-pull from a gradient of 

sucrose centrifuged at 13,500 rpm for 40 minutes at 4℃. The viral infectivity was 

determined by plaque assay. VACV at the concentration of 2.5×105 PFU/mL and MV at 
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1.0×103 PFU/mL were obtained. To prepare the bovine serum albumin (BSA) solution, 

BSA was dissolved in MilliQ water with the concentration of 2 mg/mL. 

5.2.3. Bacterial adhesion and resuspension: Centrifugal assay 

Centrifugal assay was assessed to investigate the bacterial adhesion and 

resuspension. Corynebacterium sp. was used as a target bacterium due to its presence in 

indoors [273]. Corynebacterium sp. at stationary phase was used. Hickory, stainless-steel, 

and glass were cut into 10 mm by 10 mm size coupons and soaked in 70% ethanol for 

sterilization. All experiments were performed in a laminar flow hood. The number of 

bacteria was measured using Beckman Coulter Multisizer 4 (Beckman Coulter, Inc., USA). 

Centrifugal assay was conducted in two steps. Surface coupons were submerged under 

Corynebacterium sp. suspension for attachment (STEP 1). After a certain adhesion time, 

they were centrifuged for causing detachment (STEP 2) for 1 min. 

5.2.4. Quartz crystal microbalance with dissipation (QCM-D) technique 

Quartz crystal microbalance with dissipation (QCM-D) was applied to quantify 

microbial adhesion and detachment on the specific sensor surfaces. Microbial attachment 

and detachment test was performed under controlled and closed flow system using a QCM-

D device, Q-sense E4 (Biolin Scientific, Sweden). A MasterFlex peristaltic pump (Cole-

Parmer, USA) was connected to each QCM-D module. Polished AT-cut 5-MHz quartz 

crystals coated with four different materials were selected; gold (QSX 301) with surface 

roughness (RH) < 1 nm, SiO2 (QSX 303) with RH < 1 nm, sodalime-glass (QSX 337) with 

RH < 20 nm, and stainless-steel (QSX 304) with RH < 1 nm. Each sensor had a diameter 

of 14 mm and was mounted on each QCM-D module. Sensors were exposed to the particle 
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suspension at the same time through the peristaltic pump. Temperature in the modules was 

controlled at 23℃. Before the experiment, all sensors were pre-cleaned with UV/Ozone 

lights for 10 minutes to remove organic contaminants on the surface. Figure 5.2 shows a 

schematic diagram of the QCM-D experimental procedure. Two tests were performed. Test 

1 was conducted to investigate the particle adhesion and detachment at the fixed flow rate. 

Test 2 was performed to determine the particle detachment with increasing flow rate. 

Experimental cycles of the particle adhesion and detachment were proceeded in following 

steps. (1) MilliQ water was first injected to provide a baseline; (2) Then, particle 

suspension was injected for adhesion of microbes onto the sensor surfaces at the selected 

flow rate; (3) in test 1, MilliQ water was entered again to induce detachment of adhered 

particles on the sensor surfaces. In case of test 2, (3) the flow rate was increased from 100 

to 1000 µL/min (1.7×10-6 to 1.7×10-5 m3/s), gradually. Three attachment flow rates were 

assessed in test 1: 50 µL/min (8.3×10-6 m3/s), 100 µL/min (1.7×10-6 m3/s), and 200 µL/min 

 
Figure 5.1. A schematic diagram of the QCM-D procedure. Created with BioRender.com 
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(3.3×10-6 m3/s). For the test 2, attachment flow rate was fixed at 100 µL/min. Transition to 

the next phase was decided when frequency and dissipation reached and maintained the 

stabilized status at least 10 minutes. Changes of frequency (∆f) and dissipation (∆D) on the 

sensor crystals were recorded in real-time by QSoft401 software. Obtained data were 

analyzed using QSense Dfind software (Biolin Scientific, Sweden). The fluid density was 

estimated to be same as water, 1,000 kg/m3. Each experiment was carried out in triplicate. 

After and between each experiment QCM-D modules and sensors were cleaned following 

the cleaning protocols. Modules were sonicated in a 2% (v/v) sodium dodecyl sulfate 

(SDS) solution for 30 minutes, rinsed with MilliQ water, and dried with N2 gas. Sensor 

crystals were sonicated in the 2% SDS solution for 20 minutes.  

Microbes and BSA adhered on the sensor crystals and form a rigid or viscoelastic 

film on the sensor surface. Mass change (∆m) on the sensor crystal causes frequency 

change (∆f) and is defined by Sauerbrey relation as follows: 

∆𝑚 = −
∆𝑓 × 𝑐

𝑛
 Eq. 5.1 

where c is 17.7 ng/Hz/cm2 at a resonance frequency (5-MHz), and n is the overtone 

numbers. The change of dissipation parameter (D) is caused due to viscoelastic film 

adsorption and described as the ratio of dissipated and stored energy [178, 179]. Energy 

lost during crystal oscillation is calculated using the measured dissipation as follows: 

𝐷 =  
𝐸𝑑𝑖𝑠𝑠

2𝜋𝐸𝑠𝑡𝑟𝑑
 Eq. 5.2 

where 𝐸𝑑𝑖𝑠𝑠 is the energy dissipated during one oscillatory cycle and 𝐸𝑠𝑡𝑟𝑑 is the energy 

stored in the oscillation system [180, 181]. Sauerbrey equation shows a linear relationship 

between mass and frequency changes and is valid for a thin and rigid surface. As overlayers 
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on the sensor crystal become thick and soft, the relationship is no longer linear, therefore, 

viscoelastic model needs to be applied [274-277]. The change of dissipation values (∆D) 

bigger than 1.0×10-6 per 10 Hz indicated that viscoelastic layers were formed on the sensor 

surface [278, 279]. The film characteristics such as thickness, viscosity and elastic modulus 

were defined using the Voigt model [280, 281]. The viscoelastic film formation on a sensor 

crystal is described in Figure 5.2. The Voigt model expressed a strong relation between 

changes of frequency and dissipation and viscoelasticity of the films in a bulk liquid as 

follows: 

Δ𝑓 ≈ −
1

2𝜋𝜌0ℎ0
{

𝜂3

𝛿3
+ ℎ1𝜌1𝜔′ − 2ℎ1 (

𝜂3

𝛿3
)

2 𝜂1𝜔′2

𝜇1
2 + 𝜔′2𝜂1

2
} Eq. 5.3 

Δ𝐷 ≈ −
1

𝜋𝑓𝜌0ℎ0
{

𝜂3

𝛿3
+ 2ℎ1 (

𝜂3

𝛿3
)

2 𝜂1𝜔′

𝜇1
2 + 𝜔′2𝜂1

2
} Eq. 5.4 

where ρ is the density, h is the thickness, η is the shear viscosity, δ is the viscous penetration 

depth, ω’ is the angular frequency of the oscillation, μ is the elastic shear modulus, and 

subscripted numbers indicate the layers’ number. The surface shear stress (𝜏𝑠) and flow 

shear stress (𝜏𝑓) were defined by the shear rate (𝛾) and the shear viscosity (𝜂2) and liquid 

viscosity (𝜂3) as follows: 

 

𝜏𝑠 = 𝛾𝜂2 Eq. 5.5 

𝜏𝑓 = 𝛾𝜂3 Eq. 5.6 
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Figure 5.2. A schematic diagram of viscoelastic layer on the QCM-D sensor crystal in 

a bulk liquid. 

 
 

5.2.5. Particle Image Velocimetry experiments 

PIV was applied to investigate the influence of the surface types and ventilation 

conditions on boundary flow characteristics and microbial deposition. Bacterial deposition 

characteristics near the carpet, wood, and glass surfaces were investigated. Charge-couple 

device (CCD) cameras recorded the 2-dimensional spatio-temporal change of microbes. 

The CCD cameras captured 0.15×0.15 m2 of area of interest. The airflow was seeded with 

oil droplets (1 μm in diameter). Microbes were sprayed into the chamber (1.2×0.9×0.9 m3) 

using a collision nebulizer. The plane of interest was illuminated with a Nd:YAG laser 

(LaVision, Inc., USA). The frictional shear stress (𝜏𝑓𝑟𝑖𝑐, kg/m/s2) near the boundary surface 

was calculated using Eq. 5.7 [282]. The frictional shear stress near the boundary surface 

was calculated. These experiments were conducted with bacteria only because the nano-

size of the viral particles lead to higher uncertainty in detection and counting using a 

particle counter. 
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𝜏𝑓𝑟𝑖𝑐 =  
0.332𝜌𝑢𝑓

2

√𝑅𝑒
 Eq. 5.7 

where 𝑢𝑓 is the velocity of the fluid (m/s) and Re is the Reynolds number. 

5.2.6. Statistical analysis 

R 3.6.2 and Minitab (Minitab. Inc., USA) were applied. The 2-level factorial design 

approach was applied to analyze the experiment [283]. All experiments were done in 

triplicates. Data significance was evaluated at p-level of 0.05 using one-way ANOVA. 

5.3. RESULTS AND DISCUSSIONS 

5.3.1. Quantifying microbe-surface adhesion and detachment mechanism using QCM-D 

(1) Inorganic and organic particles’ characteristics 

Table 5.1 summarized the characteristics of QCM-D sensor crystals and virus, 

bacteria, and BSA. Surface roughness values of sensor crystals were provided from 

manufacturer and size of particles, water contact angle (θw) and zeta potential were 

averaged from literature reports. All sensor crystal surfaces were hydrophilic (θw < 90°) 

[284-290]. SiO2 sensor was the most hydrophilic. Gold and stainless-steel (SS) were 

considered as relatively hydrophobic among the sensors. All sensors and particles were 

negatively charged at the pH ranges of 7 to 9 [291-294]. Glass was highly negative charged 

surface while gold surface was weakly negative charged. All particles were also negatively 

charged, and the values ranged from -16 mV to -36 mV [295-300]. The size of viruses was 

between 120 to 350 nm. A single elliptical shaped VACV particle had dimensions of 270 

nm by 350 nm and a single MV particle, which was spherical shaped, was with diameter 
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120~250 nm [184, 185, 301]. BSA has the smallest size (7.1 nm) whereas Corynebacterium 

sp. was the largest particle presented in rod-shaped with size ranged from 300 nm to 8000 

nm [302, 303]. 

 

Table 5.1. Surface characteristics of QCM-D sensor crystals and particles, mean±std.  

Sensor 
Surface 

roughness a 

Water contact angle 

(θw) 
Zeta potential b 

Gold < 1 nm 
67.5±7.5°  

[284-287] 

-29.5±0.7 mV  

[291, 292] 

SiO2 < 1 nm 
15.3±8.7°  

[284-286] 

-51.0 mV  

[291] 

Glass < 20 nm 
27.0±4.2° 

[288, 289] 

-87.0 mV  

[294] 

SS < 1 nm 
56.7±11.4° 

[286, 288, 290] 

-64.8 mV  

[293] 

Particle Size c 
Water contact angle 

(θw) 
Zeta potential 

VACV 

270 nm in D 

350 nm in L 

[184, 185]  

n.d. d -30 mV e 

MV 
120~250 nm in D 

[301]  
n.d. 

-16.0±1.4 mV  

[295] 

Corynebacterium 

sp. 

300~800 nm in D 

1500~8000 nm in L 

[303] 

87.3±16.6° 

[299, 304] 

-36.5±15.6 mV  

[296-299] 

BSA 7.1 nm [302] 
56.9±21.0°  

[305, 306] 

-20.3±2.1 mV  

[300] 
a provided from manufacturer; b measured at pH 7~9 in 1 mM solution; c D is diameter and L is length; d 

indicated no data; and e measured by the author 

 

5.3.2. Determination of particle adhesion and detachment kinetics via QCM-D 

Figure 5.3 displays the representative plots of Δf and ΔD at the fifth overtone 

number during adhesion and detachment process with the flow rate of 50 µL/min. All ∆f 

and ∆D values at steady state are detailed in Table 5.2. Arrows 1 and 2 indicate the 

injection of particle suspension and MilliQ water, respectively. The influences of buffer 

solutions were negligible. When Δf and ΔD stabilized, it was considered that the particle 

adhesion process reached equilibrium. After that, MilliQ water flow was started to induce 
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detachment. The inorganic particle, BSA, showed rapid shifts of Δf and ΔD for all types of 

sensor surfaces. Once BSA suspension was exposed to the sensor crystals, both ∆f and ∆D 

quickly reached steady states. These rapid changes indicated the rapid adhesion of BSA 

particles onto surfaces. Previous studies also presented rapid BSA adsorptions on various 

surfaces [307, 308]. Large shifts in ΔD were observed on the organic particles. MV showed 

the largest shifts in Δf and ΔD on all sensor surfaces. Bacteria shows minimum Δf. Unlike 

BSA adhesion, the organic particles showed slower shifts in Δf and ΔD as reported in  

 

 
 
Figure 5.3. Frequency (∆f, black, left y-axis) (Hz) and dissipation (∆D, red, right y-axis) 

(×10-6) shifts of (A) VACV, (B) MV, (C) bacteria, and (D) BSA on four different sensor 

crystals, gold (●), SiO2 (■), glass (▲), and stainless-steel (♦) at the fixed flow rate of 50 

µL/min. The 5th overtones are shown. Blue arrows 1 and 2 indicate injecting suspension 

(start of attachment phase) and MilliQ water (start of detachment phase), respectively. 
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organic and inorganic particles behaved differently on the surfaces. After MilliQ water was 

injected to induce detachment, initial increase in ∆f and subsequent decrease were observed, 

however, ∆f and ∆D values did not return to zero which indicated that the particles 

remained on the sensor crystals and the layers were transformed to be thin and rigid. 

(1) Initial adhesion duration  

As shown in Figure 5.3, adhesion duration was dependent on the type of particle. 

VACV required the longest exposure time (approximately 22 hours) followed by bacteria 

(6 hours), MV (2 hours) and BSA (0.3 hours). The longest exposure time was observed on 

the VACV layers on gold and glass surface, while SiO2 and SS surfaces showed 8 hours of 

exposure time. To investigate the time for the first stage of attachment, adhesion duration 

was assessed. Adhesion duration in Figure 5.4 was determined by the ratio of ΔD and Δf. 

The ΔD/Δf values express the structural conformation of layers and the values continuously 

change as particles are attached, rearranged, and detached. The time taken to adhere during 

the first stage of attachment was determined by the first ΔD/Δf value. The detailed 

interpretation of the ΔD/Δf value (slope, K) has been described in the section 5.3.2(4) and 

the ΔD/Δf values used in the current section were Ka,1. According to the Figure 5.4, the 

first stage of adhesion of VACV and MV was longer than bacteria and BSA. Adhesion 

durations of MV and BSA were not influenced by the flow rate. Attachment to gold sensors 

took longer duration for most cases while other surfaces required a similar magnitude of 

time except for VACV. Hence, the first step of adhesion of bacteria and BSA required a 

shorter time than that of VACV and MV. These differences could be due to their size 

differences (Table 5.1). Bacteria, which have the largest diameter, easily adhered on the 

surface probably due to their higher surface area. BSA quickly adhered initially because 
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they had a higher diffusion rate associated with their much smaller radius [309]. VACV 

and MV sizes fall in the mid-range and neither factors dominate. MV and BSA appeared 

to maintain consistent adhesion kinetics regardless of the flow rate.  

 

 
 
Figure 5.4. Adhesion duration (min) at the first stage of attachment shown in log-scaled 

y-axis. 

 

 

(2) Test 1: Particle adhesion and detachment at the fixed flow rates 

Based on the Δf and ΔD measurements, mass changes on the sensor crystals were 

calculated using Sauerbrey relation and viscoelastic model. ΔD of VACV, MV and bacteria 

(Figure 5.3) indicated that these particles formed soft and thick layers on all types of 
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sensors (ΔD > 1.0×10-6 per 10 Hz), therefore, the viscoelastic model was applied to 

calculate mass changes (Δmv). On the other hand, since ΔD values of BSA layers were 

below 1.0×10-6 per 10 Hz, Sauerbrey relation was applied (Δms). Figure 5.5 shows the 

mass (∆m) on each sensor crystal and ∆m values at the steady state have been presented in 

Table 5.2. BSA formed thin and light layers on all types of surfaces (< 150 ng/cm2) as 

reported in previous studies [308, 310]. BSA formed a thin layer on both hydrophobic and 

hydrophilic surfaces, however, higher surface coverage and strong adhesion were observed 

on the hydrophilic surfaces [308, 310]. ANOVA further confirmed that the type of surface 

did not significantly impact on the BSA mass (p-value > 0.05), which could be because all 

sensor surfaces were hydrophilic (θw < 90°, Table 5.1). On the other hand, ANOVA 

confirmed that the flow rate was significant for BSA attachment (p-value < 0.05). Hence, 

flow rate governed the BSA adhesion regardless of surface type. During the rinsing phase, 

changes in the BSA mass were small on all sensor crystals. This was probably because 

BSA formed a firm bond with the sensor surfaces. Most BSA particles’ attachment were 

irreversible and did not resuspend at the tested flow rates, also seen in other investigations 

[308]. Several researchers also showed difficulties in BSA removal from QCM-D sensors 

even at the higher temperature (~200℃), higher SDS concentrations or long rinsing time 

[278, 311]. The mass changes of organic particles ranged from 300 to 4000 ng/cm2. Since 

higher ΔD values were observed, it is considered that the organic particles formed soft and 

viscoelastic multilayers on the sensors (Figure 5.3). As described in Figure 5.5 and Table 

5.2, VACV formed lighter layers compared to MV and bacteria. The mass of VACV on 

glass and SS sensors was higher than that on gold and SiO2. The sensor types significantly 

influenced the VACV mass (p-value < 0.05) attached, while the flow rate was a non-
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significant variable (p-value > 0.05). The highest MV mass (4067.9 ng/cm2) was observed 

on the gold surface at the flow rate of 50 µL/min. Glass and SS also showed higher MV 

adhesion. Bacteria showed similar tendencies as MV. Gold, glass, and SS sensor surfaces 

were covered with thick bacteria layers (> 1985.3 ng/cm2) while bacteria on the SiO2 

surface was less than 899.1 ng/cm2. However, the type of sensor and the flow rate were not 

statistically significant for the MV and bacteria adhesion (p-value > 0.05). During the 

detachment phase, increase in frequency and decrease in dissipation were observed within 

a short period of time (Figure 5.3). Large decreases in ΔD values on VACV, MV, and 

bacteria layers demonstrated that loosely attached organic particles were removed and the 

layers became thin and rigid. However, even when sensor crystals were rinsed with MilliQ 

water, ∆f and ∆D values did not return to zero which indicated that the particles still 

remained and formed thin layers on the sensor crystals. The highest removal rate was 

observed for VACV and bacteria layers on SiO2 sensors (0.8±0.1 and 0.8±0.1, respectively)  

 
Figure 5.5. Mass changes calculated by viscoelastic model (Δmv) and Sauerbrey relation 

(Δms) on each sensor crystal. 
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Table 5.2. Frequency and dissipation shifts and mass change on sensor surfaces 

Flow 

rate 

Particle VACV MV 

Sensor Gold SiO2 Glass SS Gold SiO2 Glass SS 

50 

µL/min 

Δf (Hz) -28.1±2.8 -21.9±3.4 -40.4±7.4 -24.6±4.4 -44.8±2.8 -45.7±7.2 -56.2±2.2 -59.8±0.7 

ΔD (×10-6) 3.0±0.2 3.8±0.8 4.1±0.4 4.1±1.5 8.0±0.4 9.1±0.7 9.1±0.3 9.2±0.4 

Δm a 

(ng/cm2) 
886.8±366.5 570.4±92.1 1523.9±373.6 797.1±52.1 4067.9±179.8 1184.1±250.4 3643.9±89.4 3452.2±201.5 

Att rate b 

(ng/cm2/min) 
0.7±0.3 1.5±1.4 1.1±0.4 0.6±0.0 31.8±5.3 9.0±3.7 28.6±5.2 27.0±4.7 

Removal 

rate 
0.3±0.0 0.7±0.0 0.4±0.1 0.1±0.2 0.5±0.0 0.7±0.0 0.5±0.1 0.5±0.0 

100 

µL/min 

Δf (Hz) -22.7±6.6 -12.7±3.4 -36.5±2.8 -30.7±3.6 -60.7±6.1 -58.5±9.2 -64.4±10.7 -64.7±1.9 

ΔD (×10-6) 3.3±1.6 2.0±0.2 4.0±0.6 5.7±0.7 10.1±1.0 10.1±0.7 10.3±0.5 9.8±0.1 

Δm a 

(ng/cm2) 
601.1±482.8 295.9±28.3 2706.7±836.2 3268.1±122.7 3498.5±292.2 1382.4±256.6 3909.3±651.4 3475.7±168.7 

Att rate 

(ng/cm2/min) 
0.5±0.4 1.8±0.2 2.2±0.7 2.7±0.1 38.7±4.6 16.2±4.7 45.4±11.2 38.3±0.5 

Removal 

rate 
0.3 0.8±0.1 0.3±0.0 0.0±0.0 0.6±0.0 0.7±0.1 0.4±0.0 0.5±0.0 

200 

µL/min 

Δf (Hz) -26.2±2.7 -21.7±1.7 -40.1±5.1 -23.7±2.8 -39.1±7.3 -30.0±7.6 -47.5±6.8 -39.1±4.9 

ΔD (×10-6) 2.9±0.1 4.4±0.1 4.7±0.8 2.4±0.1 6.9±0.5 7.8±0.7 8.0±0.6 8.1±0.4 

Δm a 

(ng/cm2) 
1079.1±549.5 614.4 1919.7±610.6 574.3 3496.1±503.2 753.5±22.7 3665.6±247.3 1257.4±65.0 

Att rate 

(ng/cm2/min) 
0.8±0.4 0.4 1.4±0.4 0.4 35.3±17.2 7.4±2.8 35.4±10.2 12.6±6.8 

Removal 

rate 
0.4±0.1 0.7 0.3±0.1 0.1 0.5±0.0 0.7±0.1 0.4±0.0 0.6±0.0 

a Viscoelastic model was applied for VACV, MV, and bacteria; Sauerbrey relation was applied for BSA; b attachment rate at the earlier phase of attachment (K1) 
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Table 5.2. Frequency and dissipation shifts and mass change on sensor surfaces (continued) 

Flow 

rate 

Particle Bacteria BSA 

Sensor Gold SiO2 Glass SS Gold SiO2 Glass SS 

50 

µL/min 

Δf (Hz) -13.6±3.3 -9.2±3.9 -14.1±4.0 -11.8±4.9 -31.9±4.0 -40.4±15.3 -31.4±0.8 -37.2±0.7 

ΔD (×10-6) 4.3±1.7 4.1±1.2 3.9±1.0 4.1±1.2 0.7±0.2 0.7±0.2 0.7±0.0 0.8±0.1 

Δm a  

(ng/cm2) 
2666.1±592.6 429 3313.9±179.2 2205.7±313.5 114.1±14.2 144.5±54.9 112.4±3.0 133.1±2.5 

Att rate 

(ng/cm2/min) 
8.1±0.6 1.2 8.3±3.5 6.8±1.8 5.3±1.5 5.8±1.7 5.1±0.8 6.1±1.2 

Removal  

rate 
0.2±0.4 0.1 0.0±0.2 0.1 0.1±0.0 0.2±0.0 0.1±0.0 0.0±0.0 

100 

µL/min 

Δf (Hz) -27.1±0.7 -37.0±12 -42.3±3.7 -26.6±2.0 -26.4±0.8 -35.9±13.1 -29.6±4.6 -29.4±4.0 

ΔD (×10-6) 5.6±0.7 5.8±0.5 5.5±0.3 5.5±0.0 0.5±0.0 0.6±0.2 0.6±0.0 0.6±0.1 

Δm a 

(ng/cm2) 
2001.2±107.5 899.1±29.0 2715.7±354.4 1985.3±144.9 94.5±2.8 128.3±47.0 106.0±16.4 105.1±14.2 

Att rate 

(ng/cm2/min) 
5.7±1.2 2.7±0.4 7.8±2.2 5.1±0.3 3.3±0.7 4.4±1.4 3.7±0.8 3.7±0.8 

Removal 

rate 
0.3±0.1 0.8±0.1 0.3±0.0 0.2±0.0 0.0±0.0 0.1±0.1 0.1±0.0 0.1±0.0 

200 

µL/min 

Δf (Hz) -15.3±4.2 -4.8±1.3 -17.6±12.7 -12.2±7.0 -14.4±0.5 -35.3±11.4 -20.7±4.5 -19.2±4.8 

ΔD (×10-6) 3.5±1.7 3.9±2.7 3.8±2.4 3.9±2.6 0.4±0.0 0.5±0.2 0.4±0.1 0.3±0.0 

Δm a 

(ng/cm2) 
3105.6±530.3 296.3±163.2 3804.2±211.6 2804.8 51.6±1.9 126.2±40.9 74.1±16.0 68.7±17.1 

Att rate 

(ng/cm2/min) 
105.4±166.4 10.0±11.5 10.5±9.5 12.2 2.5±0.8 7.8±4.2 4.4±1.8 3.5±1.9 

Removal 

rate 
0.4±0.1 0 0.2±0.0 0.3 0.1±0.0 0.2±0.0 0.1±0.0 -0.1±0.1 

a Viscoelastic model was applied for VACV, MV, and bacteria; Sauerbrey relation was applied for BSA; b attachment rate at the earlier phase of attachment (K1)
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at the flow rate of 100 µL/min, while VACV mass which adhered on SS sensor did not 

change significantly at higher flow rates (< 0.1). At least 40% of MV was removed during 

the detachment phase regardless of the type of sensor and the flow rate. 

Virus adhesion on different types of surfaces have been reported in various fields 

and these studies highlighted the hydrophobic/hydrophilic and electrostatic interactions 

between virus particles and surfaces. A study found that hydrophobic and electrostatic 

interactions were major effects of MS2 bacteriophage virus adhesion [312]. Dang et al. 

[231] demonstrated MS2 adhesion process using QCM-D. The virus particles directly 

interacted with the surface at the earlier stage, and then virus-virus interactions controlled 

the adhesion kinetics. The authors also showed that negatively charged particles were 

rapidly and strongly adhered on the oppositely charged surface, while slower and weaker 

adhesion rates were observed when both particles and surface were negatively charged 

[231]. Besides virus particles, the characteristics of bacterial cell surface and bacterial 

adhesion are also related. Hydrophilic bacterial cell surface of Corynebacterium sp. (θw = 

70.0±3.0°) resulted in the higher mass adhesion on the sensor crystals except for SiO2 

surface [304]. Presence of pili or fimbriae on bacterial cell surfaces could prevent a direct 

interaction between bacteria and surface [313]. According to Ott et al. [314], pili formation 

was not directly associated with the adhesion process. Bacterial motility also impacted on 

the bacterial adhesion if surface and bacterial species have a similar hydrophobicity and 

hydrophilicity [315]. Corynebacterium sp. has been reported as a non-motile bacterium 

[316]. Therefore, the effect of the pili presence and motility of Corynebacterium sp. could 

be negligible.  
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Figure 5.6. Rate of mass attached (ng/cm2/min) at the first stage of attachment shown in 

log-scaled y-axis. 

 

 

To compare the particle-surface interactions at the earlier attachment stage, the 

rates of mass attached on each surface are plotted Figure 5.6. Figure 5.6 represents the 

rate of adhesion (ng/cm2/min) corresponding to the Figure 5.4. Bacteria showed the 

highest attachment rate for the same time period. In accordance with the Figure 5.4, MV 

and BSA had similar attachment rates regardless of the flow rate. VACV rapidly adhered 

on the SiO2 surface at the lower flow rate while a slower adhesion was observed at higher 

flow rates. Although some studies reported that the electrostatic interactions between 
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particles and surfaces highly affected the initial adhesion kinetics [231, 317], this study 

assessed adhesion mechanism on negatively charged surfaces only, hence effect of 

electrostatic interactions is neutralized. Indeed, the rate of adhesion during the earlier 

stages was mostly determined by the type of particle rather than the surface charges. 

(3) Test 2: Particle detachment from the surfaces – Effect of the external shear stress  

The rinsing flow rates were increased to determine the effect of external forces, i.e., 

shear stress due to flow, on detachment. Two shear stresses were calculated using Eqs. 5.5 

and 5.6. Surface shear stress (𝜏𝑠) is the interaction between sensor surface and film in direct 

contact with and flow shear stress (𝜏𝑓) indicates the interaction between film and bulk fluid 

as illustrated in Figure 5.7. Figure 5.8 represents the mass removal rates and the changes 

of shear stresses during detachment process. The highest decrease in mass was observed 

on the MV layers during the detachment process. At least 40% of adhered MV were 

removed from the surface at the first detachment flow rate (100 µL/min). According to Kao 

et al., round cells weakly interacted with the surface due to a ‘point contact’ [317]. 

Therefore, because spherical-shape MV formed a weak bond with the surfaces, MV layers  

 
 
Figure 5.7. A schematic diagram of surface (𝜏𝑠) and flow shear stress (𝜏𝑓). 
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were easily removed. On the other hand, lower removal rate (less than 40%) of VACV and 

bacteria could be also attributed to the shape of particles. Rod-shape bacteria and elliptical-

shape VACV could provide larger surface contact area, so that stronger bonds between 

particle and surface could be formed. BSA showed the smallest removal because BSA 

formed very firm bonds with the surfaces [308].  

Initially at the first stage (at a flow rate of 100 µL/min), maximum removal occurred 

from the sensor surface. Subsequently, slight removal of both organic and inorganic 

particles occurred from the surface with increasing flow rates. Highest removal rates were 

seen from SiO2 surface. Most organic particles that adhered on the SiO2 surface were rinsed 

out due to lower surface shear stress (𝜏𝑠) between organic particles and SiO2 surface, as 

seen in Figure 5.8(B). Higher surface shear stresses were observed on VACV – gold 

surface, MV – gold surface, and bacteria – SS surface, and removal rate slightly decreased 

accordingly. It is hypothesized that the layers became relatively static even at the highest 

flow rates because of the higher surface shear stress (𝜏𝑠 > 𝜏𝑓). Due to the steadiness of the 

layer, the viscoelastic layers could be reoriented or rearranged by interacting with the bulk 

fluid, therefore a small increase of mass on the surface could be observed. Unlike the 

viscoelastic layers, rigid BSA films on SiO2 surface did not respond to the bulk flow and 

the surface shear stress (𝜏𝑠) surpassed the flow shear stress (𝜏𝑓). Although the increasing 

flow rates improved the particle removal from the surfaces, the applied forces created due 

to only flow were not enough to cause complete detachment and microbes – surface 

interaction mechanisms dominated.  
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Figure 5.8. (A) Removal rates and (B) relation between surface (𝜏𝑠) and flow shear stress 

(𝜏𝑓). 
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(4) Structural conformation of the layers 

The structural conformation of the organic and inorganic particles on four different 

sensors was investigated using the Δf against ΔD plots. Changes in slope (K-value, ΔD/Δf) 

represents conformational changes on the surface. Changes from high to low K-values 

indicate that the layers on the sensor crystals changed from flexible and soft to rigid layers, 

while the opposite changes demonstrate the increase of layers’ viscoelasticity. Figure 5.9 

shows a representative Δf-ΔD plot of VACV on gold sensor. During the attachment phase, 

two K-values were observed, Ka,1 and Ka,2. These values indicated that the VACV 

structural conformation on the gold surface changed from a soft to rigid layer during 

attachment. Slope changes during detachment can be interpreted in the same way. During 

the attachment or detachment, the slopes changed up to four times. 

 

 
 
Figure 5.9. Slope changes of VACV on gold sensor during attachment and detachment 

phase. Red and blue lines indicate attachment and detachment, respectively. 

 
 

K-values at the attachment and detachment phase on different sensors and particles 

are visualized in Figure 5.10 and the values are presented in Table 5.3. VACV, bacteria 

and BSA had two or three slope changes (Ka,1, Ka,2, and Ka,3), while MV had one K-value 
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(Ka,1) during attachment. This indicated MV adhesion was a single adsorption mechanism 

on the sensor crystals, while others needed two or three adhesion steps. BSA showed the 

largest decrease in slope, therefore, BSA layers was soft at the initial adhesion process, and 

then the layers became very rigid. Soft layer formation at the initial process was also 

observed for VACV and bacteria. While VACV layer was formed, the formation process 

was different depending on the types of surfaces at the low flow rate, but with increasing 

flow rate the influence of surface type decreased. MV and bacteria, however, showed 

similar trends regardless of the flow rates. In detachment process, two to four K-values 

were calculated (Kd,1, Kd,2, Kd,3, and Kd,4) in detachment process. The layers were reformed 

from soft to rigid layers in most of the cases. Slopes kept changing until the layer reached 

steady state. Same as the attachment process, BSA showed a single detachment process, 

while the viruses and bacteria needed three changes. Once detachment process started, MV, 

bacteria and BSA layers shifted from soft to rigid, while VACV layers became flexible at 

the first K-value change, and then the Kd values decreased.  

(5) Principal Component Analysis (PCA) 

PCA was applied to gain a better understanding of correlations between variables 

such as the type of particle, type of sensor, flow rate, and QCM-D outputs including Δf, 

ΔD, Δm, surface viscosity, shear stress, elasticity, and Reynolds number. PCA represents 

the most relevant information of the data by reducing the number of variables to two 

principal components. In Figure 5.11(A), two distinct groups were observed, organic 

particles (VACV, MV, bacteria) and inorganic particles (BSA) which demonstrated 

differences between the organic and inorganic particles on the sensor surface. It is 

considered that layers’ characteristics of each particle resulted in the formation of these  
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Figure 5.10. Visualized slope changes during attachment and detachment. (A) VACV, 

(B) MV, (C) Bacteria, and (D) BSA. Red and blue allows represent the attachment and 

detachment phase, respectively. The dots indicate there are no more changes. 
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Figure 5.10. (continued) Visualized slope changes during attachment and detachment. 

(A) VACV, (B) MV, (C) Bacteria, and (D) BSA. Red and blue allows represent the 

attachment and detachment phase, respectively. The dots indicate there are no more 

changes. 
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Table 5.3. Slopes of Δf-ΔD plots 

Flow rate Particle Sensor Ka,1
* Ka,2 Ka,3 Kd,1 Kd,2 Kd,3 Kd,4 

50 µL/min VACV Gold 0.16 0.06  0.36 0.41   

  SiO2 0.08 0.20  0.13 0.43 0.12 0.17 

  Glass 0.13 0.09  0.15 0.53 0.62  

  SS 0.19 0.11  0.50 1.65 0.09  

 MV Gold 0.17   0.32 0.06 0.37 2.27 

  SiO2 0.17   0.36 0.10 0.24 1.13 

  Glass 0.16   0.37 0.04 0.60 1.82 

  SS 0.15   0.20 0.07 0.28 0.96 

 Bacteria Gold 0.21 0.84 0.31 0.57 0.44 0.58  

  SiO2 0.27 0.50 0.60 0.18 0.14 0.57 0.28 

  Glass 0.29 0.96 0.10 0.30 0.04 0.63 0.46 

  SS 0.27 1.17 0.37 0.40 1.75 0.44 0.21 

 BSA Gold 1.80 0.13  0.36 0.03  1.80 

  SiO2 0.14 0.05  0.29 0.10 0.01 0.14 

  Glass 1.59 0.04  1.01 0.07  1.59 

  SS 0.64 0.01  0.80 0.10  0.64 

100 µL/min VACV Gold 0.20 0.11  0.92 0.23   

  SiO2 0.05 0.23 0.96 0.13 0.21   

  Glass 0.11   0.28 0.23   

  SS 0.21 0.19 0.45 0.17    

 MV Gold 0.16   0.30 0.02 0.26 0.66 

  SiO2 0.17   0.31 0.03 0.26 0.71 

  Glass 0.16   0.40 0.05 1.11 1.64 

  SS 0.15   0.21 0.10 0.69 0.75 
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Table 5.3. Slopes of Δf-ΔD plots (continued) 

Flow rate Particle Sensor Ka,1
* Ka,2 Ka,3 Kd,1 Kd,2 Kd,3 Kd,4 

 Bacteria Gold 0.28 0.15  0.48 0.82 0.44  

  SiO2 0.27 0.38 0.13 0.97 0.22 0.37 0.82 

  Glass 0.27 0.10  0.88 0.24 0.40 1.57 

  SS 0.29 0.20 0.17 0.30 0.11 0.50 0.46 

 BSA Gold 1.39 0.30  0.41 0.24   

  SiO2 0.16 0.02  0.17 0.10   

  Glass 0.42 0.03  1.17 0.19   

  SS 0.11 0.02  0.90 0.07   

200 µL/min VACV Gold 0.10 0.11  0.21 0.33  0.10 

  SiO2 0.18 0.61 0.89 0.22 0.32 0.16 0.18 

  Glass 0.12 0.25  0.12 0.53 0.32 0.12 

  SS 0.09 0.24  0.31 0.24  0.09 

 MV Gold 0.17   0.28 0.06 0.65 2.79 

  SiO2 0.24   0.14 0.07 0.39 1.49 

  Glass 0.16   0.22 0.07 0.58 2.09 

  SS 0.15   0.04 0.19 0.92 0.15 

 Bacteria Gold 0.20 0.75 0.26 0.31 0.49 0.32 0.20 

  SiO2 0.16 1.00 0.64 0.34 0.29 0.49 0.26 

  Glass 0.27 0.19  0.25 0.11 0.57 0.12 

  SS 0.29 0.43  0.34 0.84 0.78  

 BSA Gold 0.04 0.01  0.31 0.07 0.04 0.01 

  SiO2 0.06 0.05  0.19 0.01 0.06 0.05 

  Glass 0.45 0.03 0.05 0.41 0.33 0.45 0.03 

  SS 0.15 0.03  0.30 0.02 0.15 0.03 

* Ka,i: the ith slope during attachment; Kd,i: the ith slope during detachment 
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distinct clusters. Organic particles formed soft and thick layers while inorganic particles 

formed rigid and thin layers. Inorganic particles have the positive effect on PC1 while 

organic particles have the negative effect on PC1. No distinct separation was observed in 

terms of PC2. The first principal component accounts for 59.4% and the second principal 

components accounts for 20.6% of the variation in the data, therefore, the two components 

represent a cumulative variation of 80.0%. In Figure 5.11(B), the two principal 

components account for 77.7% of the variation in the data. The flow rate showed distinct 

clusters (shaded in figure 5.12(C)) and the flow rate of 200 µL/min has the positive effect 

of the PC2 while the flow rate less than 100 µL/min have the negative effect of the PC2.  

 

 

 
 
Figure 5.11. Principal component analysis (PCA) plots of factor scores on the first and 

the second principal component (PC1 and PC2). (A) organic and inorganic particles 

(VACV, MV, bacteria, and BSA) and (B) flow rates. 
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5.3.3. Bacterial interaction with ‘real-world’ surface types 

Figure 5.12(A) shows the change of attachment fraction (𝑁𝐴𝑡𝑡/𝑁0). Attachment 

fractions of Corynebacterium sp. for all surfaces were stable after 5 hours of exposure time. 

Stainless-steel had the highest attachment fraction (0.58) followed by hickory (0.47) and 

glass (0.35). One-way ANOVA showed that types of surfaces significantly influenced the 

bacterial attachment (p-value < 0.05). Corynebacterium sp. attachment greatly varied with 

contact angle (p-value < 0.05) while surface roughness and porosity did not impact the 

bacterial attachment (p-value > 0.05). Figure 5.12(B) shows the bacterial detachment 

fraction corresponding to the attachment. 15% detachment of the bacterial suspension form 

the stainless-steel surface occurred after centrifuging for 1 minute, which had been exposed 

to the bacterial suspension for 30 minutes. This is in concordance with the bacterial 

removal rate (0.15) at the flow rate of 50 µL/min from the QCM-D study. At 2 hours the 

species had adhered to the surface strongly enough that no detachment was detected. For 

wood, detachment was negligible after 5 hours. Glass surface behaved differently, with 

detachment occurring after exposure of the surface to the suspension for more than 8 hours. 

This could be because that bacterial attachment occurred in layers over time as noticed in 

the QCM-D studies.  

Surface roughness, contact angle, and porosity were measured to quantify the 

surface properties. Three surface properties were measured: surface roughness, contact 

angle, and porosity. Hickory had the highest surface roughness, Rq, (46.36 μm) followed 

by stainless-steel (12.04 μm) and glass (6.15 μm). Porosity showed a similar pattern, 

hickory (63.54%), stainless-steel (35.70%), and glass (13.26%), respectively. The 

stainless-steel surface was hydrophobic (103.05˚) while hickory (63.02˚) and glass (22.75˚)  
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Figure 5.12. (A) Change of attachment fraction (𝑁𝐴𝑡𝑡/𝑁0) over exposure time and (B) 

Detachment fraction (𝑁𝐷𝑒𝑡/𝑁𝐴𝑡𝑡) of hickory, glass and stainless-steel centrifuged at 1 

min. 

 

 

were hydrophilic. The study showed that surface roughness and porosity did not affect the 

Corynebacterium sp. attachment, while contact angle was significant. Other studies have 

had similar results where surface roughness did not impact the bacterial adhesion [144, 

145]. On the other hand, several researchers have demonstrated the significance of surface 

roughness [170, 267, 318]. However, these studies focused on the very small range of 

roughness (0.01~3.30 µm) compared to the current study (6.15~46.36 µm). Higher surface 

roughness has not been considered in bacterial attachment and detachment studies yet. 

Unlike previous findings that hydrophilic or lower porosity surfaces (e.g. glass) resulted in 

more bacterial attachment than hydrophobic or higher porosity surfaces, the current result 
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showed higher bacterial attachment on hydrophobic surface (e.g. stainless-steel) that 

porosity was not noticeable [142, 319]. Although studies have been conducted on cell 

surface properties such as surface hydrophobicity, surface energy or resistance to 

disinfectants [320, 321], more investigation is required to quantify microbial attachment 

and detachment as a function of built surface properties. 

(2) Particle behaviors near surface boundary 

The velocities and bacterial movement near the different surfaces were captured 

using PIV. The test surfaces were placed in a test chamber where inlet air velocity of 3.6 

m/s was maintained. Figures 5.13 and 5.14(A) show the velocity magnitude vector plots 

and the corresponding velocity profiles. The velocity profile represents the u-velocities at 

a length of 0.067 m in Figure 5.13. The change of the number of suspended bacteria was 

simultaneously monitored (Figure 5.14(B)). The number of particles decreased over time 

due to particle deposition. Table 5.4 summarized the calculated velocity, Reynolds 

number, and frictional shear stress (𝜏𝑓𝑟𝑖𝑐) from the PIV and QCM-D experiment. In PIV 

Table 5.4. Physical parameters of PIV and QCM-D 
 Surface Velocity (m/s) Re 𝝉𝒇𝒓𝒊𝒄 (kg/m/s2) 

PIV Carpet 0.009 89.06 3.43×10-6 

 Glass 0.007 69.27 2.35×10-6 

 Wood 0.023 227.61 1.40×10-5 

 Flow rate Velocity (m/s) Re 𝝉𝒇𝒓𝒊𝒄 (kg/m/s2) 

QCM-D 100 µL/min 0.005 72.26 4.89×10-3 

 200 µL/min 0.010 144.51 1.38×10-2 

 300 µL/min 0.016 216.77 2.54×10-2 

 500 µL/min 0.026 361.29 5.47×10-2 

 700 µL/min 0.036 505.80 9.06×10-2 

 1000 µL/min 0.052 722.57 1.55×10-1 
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(A) Carpet 

 
 

(B) Glass 

 
 

(C) Wood 

 
Figure 5.13. Velocity magnitude near the (A) carpet, (B) glass, and (C) wood surfaces.  
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test, lower velocities were measured near the glass surface (0.7×10-3 m/s) compared to the 

carpet (0.9×10-3 m/s) and wood (2.3×10-3 m/s) surfaces. Reynolds numbers near the 

surfaces based on PIV measurements were within the ranges of QCM-D tests, while 𝜏𝑓𝑟𝑖𝑐 

near boundary surface were much lower than QMC-D ones. This large differences in 𝜏𝑓𝑟𝑖𝑐 

was observed due to the fluid properties. QCM-D was operated under liquid fluid system 

with water density of 1,000 kg/m3, while PIV was conducted under gaseous fluid system 

with air density of 1.204 kg/m3. Higher number of suspending bacteria near the wood 

surface in Figure 5.14(B) indicated that the higher Reynolds number near the surface 

prevents bacterial deposition and subsequent attachment. 

 

 

 
 

Figure 5.14. (A) u-velocity (m/s) near the surfaces and (B) the number of suspending 

bacteria simultaneously monitored during the velocity measurement. 
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5.4. CONCLUSIONS 

The study was conducted to assess the adhesion and detachment behavior of model 

enveloped viruses, VACV and MV, bacteria, and BSA on various types of surfaces using 

QCM-D. VACV required the longest time to reach an equilibrium status (22 hours) while 

other particles required less than 6 hours. All organic particles formed soft and flexible 

layers. The adhesion and detachment of organic particles were related to the type of surface, 

type of particle, and the flow rate but major effects varied depending on each particle – 

surface combination. The initial adhesion duration and rates were related to the 

characteristics of particles rather than surface (substrate) properties and the flow rates. 

During the adhesion phase, the layers were continuously rearranged and reoriented until 

steady conditions were reached. These adhesion steps were determined by the type of 

particles. During the detachment phase, most of the weakly adhered particles were removed 

from the surface. Increase in removal rate was observed with increasing flow rates. 

Maximum removal rate was observed at the first stage of detachment process for all sensors 

and particles. Higher surface shear stress indicated difficulties of particles resuspension. 

BSA, which forms a very thin layer, had much higher surface shear stress (𝜏𝑠 ≫ 𝜏𝑓), so 

that only 20% of layers were removed. Organic particles on SiO2 surfaces showed very 

higher removal rate due to lower surface shear stress (𝜏𝑠). If surface shear stress of a 

viscoelastic layer is higher than the flow shear stress (𝜏𝑠 > 𝜏𝑓), the layers could interact 

with the bulk fluid resulting in a slight increase of mass of layer. Although the increase of 

flow rates resulted in increased particle removal from the surfaces, the applied forces were 

not enough to cause complete detachment of microbes.  
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CHAPTER 6.  CONCLUSIONS AND FUTURE RESEARCH 

6.1. CONCLUSIONS 

The overall objective of this research is characterization of the fate and transport of 

indoor microbial behavior in air and on surfaces. To understand indoor microbial fate and 

transport mechanism, the study was conducted in three parts: (1) Determination of relation 

between microbial characteristics and indoor surrounding conditions, (2) Determination of 

the impact of occupant characteristic and built air change component on microbial 

concentration and spatial distribution, and (3) Determination of flow – surface – microbial 

interactions. This research was the combination of extensive literature review, field 

sampling, and experimental approaches to inform predictive model development. Specific 

conclusions of each part are summarized below: 

 

Part 1. Determination of relation between microbial characteristics and indoor surrounding 

conditions 

▪ Presence of specific bacterial family can determine the indoor occupied 

characteristics. These bacterial family reflects a history of the space, therefore, they 

could be considered as a bio-fingerprint of the related space. 

- Gender signature: Coryebacteriaceae was dominant in male-occupied 

spaces and Lactobacillaceae and Pseudomonadaceae indicated female 

presence.
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- Age signature: Propionibacteriaceae and Streptococcaceae indicated the 

space was occupied with adult and kid, respectively. 

- Building signature: Higher concentrations of Staphylococcaceae in air and 

Moraxellaceae on surfaces were related to the hospital buildings. 

Enterobacteriaceae presence indicated non-residence buildings. 

▪ These knowledge on bacteria in built environments could be used as a priori 

information to design, control and manage a healthy and clean environment. 

 

Part 2. Determination of the impact of occupant characteristics and built air change 

components on microbial concentration and spatial distribution. 

▪ PM levels and bacterial concentrations were highly influenced by occupancy. 

▪ There were no relations between fungi concentration and occupant characteristics. 

▪ The occupants’ age levels, under or over 10-year-old, were significant on PM10 

levels and microbial concentrations. 

- Policies to improve indoor air quality need to consider the distinct nature of 

elementary school. 

▪ Surface contamination varied depending on the types of materials and touch 

frequency. 

- Higher contamination level was observed on carpet and computer surface, 

while lower level was observed on metal surfaces. 

- Surface usage dictated the extent of microbial load. 

▪ Distance from the ventilation system, side walls, and floor impacted on bacterial 

concentration and spatial distribution. 
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- Outdoor-related bacteria were increased as the distance from the vent 

increased while indoor-related bacteria were related to the presence of 

occupant and activity. 

- Bacterial concentrations were influenced by the air flow near the walls. 

▪ The study highlighted the significance of identifying occupant characteristics and 

crucial zones within the indoor space, where the influence of ventilation was 

limited. 

 

Part 3. Determination of flow – surface – microbial interactions. 

▪ This part investigated the adhesion and detachment behavior of VACV, MV, 

Corynebacterium sp., and BSA on different types of surfaces under varying 

flowrates. 

▪ Microbial attachment kinetics 

- Organic particles formed soft and viscoelastic layers while inorganic 

particles formed thin and rigid layer. 

- Very small particles or large particles quickly adhered on the surface. 

- Types of surfaces were significant for VACV adhesion. 

- Flow rates were not significant for overall mass attachment of organic 

particles. 

▪ Microbial detachment kinetics 

- Maximum removal rate was observed at the first stage of detachment. After 

then, the removal rate was slightly increased with increasing flow rates. 

- Surface shear stress (𝜏𝑠) was highly related to the particles’ detachment. 



 

133 

- Thin layers showed the minimum removal rate due to much higher surface 

shear stress than flow shear stress (𝜏𝑠 ≫ 𝜏𝑓). 

- If viscoelastic layers had higher surface shear stress than the flow shear 

stress, the layers could be reoriented or rearranged by interacting with the 

bulk fluid, therefore, a small increase of mass on the surface could be 

observed. 

 

6.2. FUTURE RECOMMENDATIONS 

The investigation the current study can be extended to a predictive mathematical 

model development with following recommendations.  

▪ Determine the influence of airflow on the decay/deposition/transport on 

bacteria and viruses in indoor spaces as a function of properties describing each 

microbe. 

▪ Incorporate the data describing adhesion kinetics of pairings of microbe-surface 

into models. 

▪ Through sensitivity analysis identify dominating characteristics of microbes 

and surfaces under indoor flow conditions that influence transport, deposition, 

adhesion and detachment.  

▪ Determine microbial attachment and detachment kinetics in air.
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Table A1. Bacteria and fungi concentration and dominant species in different sampling conditions 

Country 
Sampling 

site 
Methods 

Bacteria Fungi 

Ref. 
CFU/m3 

Temp. a  

(℃) 

Hum. b 

(%) 
Dominant species CFU/m3 

Temp. 

 (℃) 

Hum.  

(%) 
Dominant species 

Ethiopia 
University  

library 
Settled 
plate 

367  
~ 2595 

- - 

Micrococcus 

Staphylococcus 

Streptococcus 

524  
~ 1992 

- - 
filamentous 

species 
[1] 

Taiwan Hospital 
Burkard 

sampler 

197  

~ 1341 
      

320  

~ 1172 
      [322] 

India University 

BIO-
PUMP 

with Air- 

O-Cell  
Cassette 

1860  
~ 9333 

12.6  
~ 19.6 

47.8  
~ 59 

- 
200  

~ 9733 
16.3  

~ 29.5 
74.1  
~ 80 

Fusarium 

Penicillium 
Aspergillus 

Alternaria 

[323] 

China Restaurant 

SKC  

Bio-
Sampler 

37  

~ 137 
22±2 60±10 

Pseudomonas spp. 

Micrococcus sp. 
Bacillus sp. 

- - - - [71] 

Korea 
Subway  

station 

Bio-

Culture  

device 

167±84  

~ 323±78 
22±0.1 

32±0.2  

~ 42±0.4 
- 

13±6  

~ 137±21 
22±0.1 

32±0.2  

~ 42±0.4 
- [324] 

Singapore 
University 

food courts 

Andersen  
6-stage 

Cascade  

Impactor 

226±10  

~ 621±10 

26±1  

~ 28±1 

63±2  

~ 68±2 

Clostridium 

Corynebacterium 
Micrococcus 

Pseudomonas 

Alcaligens 
Salmonella 

Mycobacterium 

Staphylococcus 
Acinetobacter 

240±25  

~ 551±15 

27±1 

~ 28±2 

58±4 

~ 63±5 

Acrmonium 
Aspergillus 

Bipolaris 

Cladosporium 
Geotrichum 

Mortierella 

Pencillium 
Rhizopus 

Sporothrix 

Trichoderma 

[325] 
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Table A1. (continued) 

Country 
Sampling 

site 
Methods 

Bacteria Fungi 

Ref. 
CFU/m3 

Temp. a  

(℃) 

Hum. b 

(%) 

Dominant 

species 
CFU/m3 

Temp. 

 (℃) 

Poland 

Office 

rooms 

6-stage  
Andersen  

impactor 

13 

~ 4344 

Summer & 
Winter 

Micrococcus spp. 

Staphylococcus sp. 
Bacillus 

sphaericus 

18  

~ 1689 

Summer 

Candida sp. 
Cladosporium 

herbarum 

Cladosporium 
sphaerospermum 

Myrothecium sp. 

Rhodotrula sp. 

Cladosporium 

cladosporioides 

Penicillium 
aurantiogriseum 

[326] 
Healthy 
homes 

6-stage  

Andersen  

impactor 

182  
~ 7745 

34  
~ 2924 

Moldy 
homes 

6-stage  

Andersen 

impactor 

178 
 ~ 4751 

49  
~ 16968 

China 
University 
classrooms 

Natural  

sedimenta

tion  
method 

209  

~ 838 
22±1.5 34±2 - - - - - 

[327] 

Andersen  

sampler 

353  

~ 1932 
22±1.5 34±2 - - - - - 

USA 

Office 

rooms 

PBI  

SAS-

Super ISO  
Air 

Sampler 

& Settled 
plates 

12 

 ~ 202 

Summer & 

Winter 
Total mesophilic 

Legionella 

12  

~ 252 

Summer & 

Winter 

- [328] 

Residential 
8  

~ 298 
Summer 

9  
~ 198 

Summer & 
Winter 

China 

Roof of  

the 

university  
building 

6-stage  
Andersen  

Impactor 

498  

~ 1737 

Haze days &  

Non-haze days 

Staphylococcus 
Micrococcus 

Neisseria 

247.6  

~ 1703.9 

Haze days &  

Non-haze days 
 [329] 

Korea 

Undergroun

d 
subway 

17G9 

GilAir  
Sampler 

7  

~ 5583 

27.9  

~ 29.6 

46.5  

~ 53.3 

Staphylococcus 

spp. 
Micrococcus spp. 

- - - - [52] 

Taiwan 
Flooded 

home 

Burkard 

portable  
air 

sampler 

- - - - 
2841  

~ 41286 
- - Aspergillus spp. [330] 
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Table A1. (continued) 

Country 
Sampling 

site 
Methods 

Bacteria Fungi 

Ref. 
CFU/m3 

Temp. a  

(℃) 

Hum. b 

(%) 

Dominant 

species 
CFU/m3 

Temp. 

 (℃) 

Taiwan 
Patient 

room 

6-stage  

Andersen  
impactor 

2964  

~ 7236 

June &  

December 

Bacillus cereus 
Micrococcus 

luteus 

Staphylococcus  
epidermidis 

Acinetobacter  

baumannii 

5954  

~ 11654 

October & 

December 
 [40] 

Canada Hospital 

Cyclonic  
sampler 

40  
~ 580 

- - 

Staphylococcus 

spp. 

Bacillus 
Micrococcus 

Corynebacterium 

spp. 

- - - - [331] 

Andersen 
impactor 

Portugal 

Hospital 

(Operating 
theater) 

MAS-100  

air 

sampler 

12  

~ 170 
30.1 43.8 

Staphylococcus 

Micrococcus 
Neisseria 

- - - 

Penicillium spp. 

Aspergillus spp. 

Cladosporium spp. 

[42] 

Hospital 

(Emergenc

y service) 

240  

~ 736 

7.1  

~ 30.1 

43.8  

~ 82.7 

27  

~ 933 

7.1  

~ 31 

43.8  

~ 82.7 

Hospital 
(Surgical 

ward) 

99  

~ 495 

7.1  

~ 30.1 

43.8  

~ 82.7 

1  

~ 32 
7.1 82.7 

a Temp.: Temperature 
b Hum.: Humidity 

 



 

174 

APPENDIX B: SUPPLEMENTARY INFORMATION OF CHPATER 2 



 

 

1
7
5
 

Table B1. Bacterial percentage (%) on surfaces (restroom and skin) classified according to gender usage 
Family a Cor. Mic. Pro. Fla. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

F
em

al
e
 

Restroom 

2.76 2.24 37.5 0.68 0.28 7.72 0.80 7.88 1.08 0.28 0.36 1.44 0.96 1.52 1.36 

[29] 

4.10 2.33 17.5 0.97 0.03 13.3 4.20 7.97 0.50 0.30 0.93 0.83 0.90 5.17 1.50 

3.50 3.30 20.2  0.30 5.00 5.60 8.80 1.70 0.60 0.40 2.10 2.00 2.70 3.30 

2.15 2.05 32.6 0.35 0.20 7.85 12.9 7.35 0.70 0.10 0.25 0.70 3.50 1.15 0.60 

2.52 3.04 9.48 0.16  2.36 2.60 2.76 0.24 0.24 0.84 14.4 0.12 19.0 1.36 

3.47 2.07 21.4 0.37 0.10 3.33 7.07 6.97 1.47 0.40 0.70 1.73 1.17 3.73 1.73 

8.53 2.43 1.70 0.33 0.03 2.37 20.3 1.20 0.53 0.50 0.17 1.93 0.33 3.70 2.40 

7.00 2.60 5.15 1.25 0.05 5.55 8.80 1.65 0.50 1.15 2.55 7.70 5.40 1.10 1.35 

1.73 8.83 5.53 1.93 0.07 1.00 1.03 1.67 0.73 1.10 4.30 3.87 1.60 9.77 1.50 

1.37 11.8 6.03 1.50 0.10 0.60 0.70 1.17 0.57 1.07 4.63 4.50 1.60 7.10 1.50 

Skin 

9.50  24.5 1.10 1.70 6.70  2.60   3.10 1.50 1.40 6.90 1.20 

[85] 7.50  6.20 2.00 1.90 7.10  1.20   6.30 6.30 0.70 10.3 1.40 

7.80  23.0 0.50 2.20 7.00  3.50   3.70 3.70 1.20 7.60 1.20 
  73.3  1.10 3.30        6.70 4.40 

[77] 3.40  64.3   27.6  2.20      1.10  

  73.5  1.10 8.00  1.10      8.00  

1.44 7.21 10.6 0.48  3.37  7.69  1.92 0.480   5.77  

[78] 7.35 3.92 12.3   2.94 4.41 5.88     1.96 11.8 9.31 

26.2 3.47 12.4   16.8 2.48 5.94     0.50 14.4 2.97 

M
al

e 

Restroom 

5.87 2.27 37.7 0.80 4.33 6.93 0.27 4.87 0.08 0.60 0.53 0.53 1.00 2.80 1.80 

[29] 

7.20 3.48 25.8 0.24 0.60 15.0 0.36 7.44 0.96 0.08 0.48 1.48 0.44 3.20 1.04 

6.80 3.90 17.1 0.90 0.05 3.70 0.05 3.90 1.05 0.40 2.10 2.20 0.45 4.55 1.00 

7.50 2.00 37.0 0.30 0.20 6.23 0.33 6.77 0.33 0.20 1.30 0.83 0.57 4.13 0.63 

15.1 9.17 28.9 0.57 0.03 4.80 1.27 4.33 0.23 0.23 0.90 0.67 0.87 5.10 1.40 

5.65 3.45 29.0 0.30 14.1 4.55 0.45 5.05 1.30 0.30 0.85 1.10 1.05 3.10 1.15 

27.4 0.56 4.08 0.32 0.04 2.24 0.48 0.76 0.48 0.12 0.40 0.48 0.24 0.36 0.24 

10.2 2.07 12.3 0.53 0.07 2.93 0.67 1.60 1.17 0.30 0.67 4.07 0.27 0.97 0.60 

1.90 9.23 5.53 1.43 0.10 1.17 0.47 1.13 0.37 0.93 3.33 3.27 1.00 11.1 0.83 

1.73 10.2 5.23 3.00 0.20 0.87 0.43 1.03 1.03 1.07 3.33 3.40 0.73 11.5 2.67 

Skin 

13.2  29.6 0.60 1.80 6.80  2.10   2.10 2.10 1.10 4.30 0.90 

[85] 15.5  19.6 2.20 2.90 5.50  1.50   2.60 2.60 0.70 10.0 0.40 

11.1  18.0 0.70 2.40 7.30  4.90   4.20 4.20 1.20 7.00 1.10 
  85.2  1.60    0.240       

[77]   25.3   8.80        2.20 1.10 

44.6 1.47 14.7   18.6  1.96      4.90  

[78] 21.2 1.97 23.2   15.8 0.99 10.8      0.49 2.96 

13.5 1.00 59.5   9.50  2.50      1.50 1.00 
a Cor.: Corynebacteriaceae, Der.: Dermabacteraceae, Mic.: Micrococcaceae, Pro.: Propionibacteriaceae, Fla.: Flavobacteriaceae, Ali.: Alicyclobacillaceae, Bac.: Bacillaceae, 

Sta.: Staphylococcaceae, Lac.: Lactobacillaceae, Str.: Streptococcaceae, Bra.: Bradyrhizobiaceae, Met.: Methylobacteriaceae, Rho.: Rhodobacteraceae, Sph.: 

Sphingomonadaceae, Ent.: Enterobacteriaceae, Mor.: Moraxellaceae, and Pse.: Pseudomonadaceae 
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Table B2. Bacterial percentage (%) in air samples from literature review 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

Residence 
0.63 1.90 43.4  0.47  14.6 12.0  0.32   0.32   2.06 1.42 [33] 

4.00  1.00 14.0  6.00  4.00   1.00 4.00 1.00 4.00 1.00 2.00 2.00 [34] 

Hospital 

7.00  16.7    8.60 58.1 1.30 0.50        
[39] 

5.20  32.4    6.60 44.8          

  6.00  4.00   53.0        4.00 10.0 

[40] 
  12.0    29.0 18.0        12.0  

  4.00    25.0 21.0        42.0  

  2.00  2.00  8.00 55.0        2.00 2.00 

7.00  16.7    8.60 58.1 1.30 0.50     0.80   

[41] 
7.40  13.4    8.90 57.4 1.50 1.50     1.50   

11.6  17.1    15.0 44.7 2.40 1.70     1.00   

22.9  21.1    8.30 43.6 1.40 0.50     0.50   

  42.0     51.0       0.10   

[42] 

  23.0     55.0       1.00   

  45.0     35.0          

  39.0     39.0          

  31.0     62.0          

       51.6          
[43]        47.8          

  13.7    14.7 43.8          [44] 

Office 

  18.0  2.80  2.80 16.5       0.03 0.10 4.00 [36] 
  39.7    23.6 10.4          [37] 
      23.1 15.4          [38] 

Elementary 

school  

20.4  6.90 2.40   6.90 44.4 1.40 2.30     0.20 7.00 1.10 [45] 

16.3  22.2 0.62   10.2 43.1  0.92      3.07 0.62 

[46] 
4.00  12.7 1.18   3.06 65.4  4.71     0.47 1.41 0.24 

6.20  10.8 1.89   6.47 63.1  6.47        

1.43  14.3 1.43   8.21 61.8  7.50      0.71  

3.40 0.50 18.8 1.20   2.40 5.30 0.30 5.70  0.90 8.00 1.20 0.30 7.30 0.80 
[47] 

3.10 0.40 14.0 0.90   1.00 4.20 0.30 2.90  2.30 3.30 1.70 0.30 6.80 1.10 

8.40  65.6    4.30 16.2  2.10        [39] 

0.50  0.60  1.30  12.4 3.10 4.60     0.45 5.58  2.40 

[48] 2.30  1.00  5.20  10.8 3.30 3.10      5.20  1.70 

2.00  2.10  1.30  14.1 4.40 5.20      10.1  2.70 
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Table B2. (continued) 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

University 

  15.1  8.00  0.50 17.1         7.10 

[36] 

  18.0  2.80  2.80 16.5       0.03 0.10 4.00 

  7.10  3.70  1.20 32.6         6.40 

  13.7  1.20  8.60 15.4       0.10 0.10 7.20 

  9.30  4.30  3.60 35.0          

  23.7  2.50  1.30 10.3         3.70 

  15.8  7.70  1.30 32.0         5.10 

  9.70  2.00  1.30 16.2         1.30 

1.40  37.6    0.80 55.0  0.80        

[79] 

7.10  12.6    5.40 44.3          

  42.4    12.8 22.0         1.20 

  15.8    34.8 27.1          

1.00  26.3    4.70 48.9  0.60        

             4.10  2.30  [57] 

  7.00    35.0   13.0        
[70] 

  15.0    40.0   16.0        

Public 

buildings a 

  23.7  2.50  1.30 10.3         3.70 [36] 

6.20 11.4 58.0    7.40 15.8          [50] 

3.50  30.0    17.0 18.0  0.90      3.00 14.0 [49] 

13.3   5.10   0.90 1.90    8.30  1.40  0.90 3.20 

[51] 

4.90  0.20. 2.30   3.60 0.80    17.6 0.20 4.30 0.30  1.00 

1.30   0.20   0.90 0.20    71.2 0.10 1.30 0.20 0.40 8.80 

2.20  3.60 0.30   0.80 0.20    0.10 1.90 7.00 5.90 19.6 4.50 

3.20  5.10 1.30   1.40 1.30    5.90 2.70 2.60 3.20 4.50 5.40 

3.60  4.70 3.50   2.70 1.20    8.90 0.40 3.40 
0.20

0 
2.80 2.10 

4.90  2.90 1.60   1.00 4.30    8.60 1.10 3.60 4.30 3.00 4.50 

7.30  4.30 0.90   1.60 3.60    9.50 1.00 0.90  0.50 0.90 

           94.5      

6.00  1.20 0.80   1.30 0.60    6.50 4.20 2.20 0.60 15.3 4.00 

   0.10   0.20     84.1  0.90 0.60 0.10 1.00 

6.80  2.40 0.50   0.50 2.00    2.10 0.60 2.80 4.60 8.00 6.70 

2.00  1.70 2.30 1.20  8.90 1.70    2.30 0.40 1.90 2.80 9.60 4.70 

1.90  2.50 0.30 1.20  2.60 0.40    5.60 2.20 3.90 2.40 11.4 5.70 

13.9  0.90 2.20 22.1  0.30 1.10    18.8 3.70 4.20 0.40 0.70 1.00 

1.00  1.70 1.50   2.70 1.10    5.20 0.80 2.80 0.80 1.90 24.1 

10.3  5.90 1.20 0.20  4.20 5.30    0.50 1.30 2.70 3.50 5.00 5.60 

1.70  1.70  0.10  71.6 0.40    1.00 0.30 0.10 0.30 0.50 0.10 

0.80    0.40  5.50 0.10    74.9  1.80 0.50 0.10 1.00 
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Table B2. (continued) 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

 

13.3  3.40 1.50   1.20 4.70    10.8 0.70 4.70 0.80 2.40 2.10 

 1.40  0.20 2.70   9.20 0.40    1.80 0.90 8.60 2.40 0.30 10.9 

1.00  0.30 0.10   5.50 1.00    9.00 1.60 4.30 0.90 1.10 2.00 

23.0      4.00 4.00      10.0  14.0  

[52] 

       100          

  67.0     7.00      7.00    

       8.00      8.00  8.00  

       33.0          

       60.0          

       33.0        11.0  

             100    

19.0                 

  42.6 2.00   5.60 24.1        11.1 1.90 

[71] 

  65.0 9.02   2.20         5.10 8.80 

  65.3 10.8   1.10 5.30     2.10   6.30 10.5 

  59.5 9.09   13.5       2.70  8.10  

  68.0    4.00 20.0          

  73.8  1.00  5.80 8.70        3.90 1.00 

  35.3    1.00 3.80        6.70  

  50.0    2.20       6.50  19.6 6.50 
a Public buildings include auditorium, museum, retail store, subway station, and restaurant 
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Table B3. Bacterial percentage (%) in surface samples from literature review 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

Residence 

4.00   11.0  1.00  2.00    30.0  5.00   2.00 

[34] 

5.00   16.0    14.0   1.00 1.0  4.00  2.00 2.00 

2.00  6.00 1.00    1.00    1.0  5.00  6.00 
23.0

0 

4.00   5.00    1.00    2.0 1.00 10.0  1.00 2.00 

5.00   8.00    13.0    1.0 1.00 6.00  2.00 3.00 

  1.00 2.00    1.00      1.00  4.00 
23.0

0 

2.00   15.0  6.00  1.00    17.0  10.0    

1.00   20.0  16.0  2.00   3.00 11.0  5.00 2.00  1.00 

3.00           3.0 2.00 1.00 2.00 1.00 1.00 

  17.0               

[35] 

 32.0 26.3             
33.0

0 
 

  35.7  13.0         9.30  
28.7

0 
 

  20.0             
50.0

0 
5.70 

  33.0             
62.3

0 
 

 30.0 48.3             8.30  

  50.0           22.3  
16.7

0 
 

 39.5 35.5            25.0   

Hospital 

               
24.0

0 
 

[81] 
   7.00 0.00      16.0     3.00 4.00 

   5.00 0.00      17.0     2.00 7.00 

  2.36  4.02 4.35    1.42      
13.0

0 
0.03 

[84] 

0.35  3.13 1.98 4.00 8.62 0.07  0.32 3.48    0.09  
19.1

0 
0.03 

Fitness 

center 

  5.20     20.0 1.30      72.5   

[82] 

       6.80       32.8   

  2.00     52.7       44.9   

       99.8          

      84.5 13.6 1.80         

       17.7       11.5  6.30 

      7.10 3.70       14.7  2.40 

      0.30 48.0       50.5   

       32.6       66.3   
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Table B3. Bacterial (continued) 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

Museum 
3.50  18.8    59.0 18.7          

[50] 
1.20 0.90 45.5    41.3 10.3          

Mobile 

device 

  8.65    4.33 51.9 4.33 6.73     0.48 2.40 0.48 

[83] 
  5.66    2.52 52.8 9.43 10.7     0.63 1.26 0.63 

  3.00    5.15 57.5 6.01 4.72     0.86 2.15 1.29 

  5.20    4.09 48.4 5.98 8.19     1.89 0.79 0.47 
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Table B4. Bacterial percentage (%) from air and surfaces classified according to age 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. 

Children 

Air 

20.4  6.90 2.40   6.90 44.4 1.40 2.30     0.20 7.00 1.10 [45] 

16.3  22.2 0.62   10.2 43.1  0.92      3.07 0.62 

[46] 
4.00  12.7 1.18   3.06 65.4  4.71     0.47 1.41 0.24 

6.20  10.8 1.89   6.47 63.1  6.47        

1.43  14.3 1.43   8.21 61.8  7.50      0.71  

3.40 0.50 18.8 1.20   2.40 5.30 0.30 5.70  0.90 8.00 1.20 0.30 7.30 0.80 
[47] 

3.10 0.40 14.0 0.90   1.00 4.20 0.30 2.90  2.30 3.30 1.70 0.30 6.80 1.10 

8.40  65.6    4.30 16.2  2.10        [39] 

0.50  0.60  1.30  12.4 3.10 4.60     0.45 5.58  2.40 

[48] 2.30  1.00  5.20  10.8 3.30 3.10      5.20  1.70 

2.00  2.10  1.30  14.1 4.40 5.20      10.1  2.70 

Skin 

7.80   23.0 0.50  2.20 7.00  3.50   3.70 3.70 1.20 7.60 1.20 
[85] 

11.1   18.0 0.70  2.40 7.30  4.90   4.20 4.20 1.20 7.00 1.10 

9.02   1.57    18.7  18.9       2.52 

[80] 

5.86   2.03    28.9  23.2       0.77 

1.34   5.54    7.15  27.1       2.52 

3.31   6.96    29.7 1.46 34.1        

3.55   12.8    12.2 1.30 39.4        

3.75   4.93    6.17 0.97 29.6        

       9.87 6.10 5.84        

       6.47 4.36 12.0        

       10.1 2.25 6.86        

Adult Air 

3.00  53.1    9.40 26.7 3.60         [39] 
  15.1  8.00  0.50 17.1         7.10 

[36] 

  18.0  2.80  2.80 16.5       0.03 0.10 4.00 
  7.10  3.70  1.20 32.6         6.40 
  13.7  1.20  8.60 15.4       0.10 0.10 7.20 
  9.30  4.30  3.60 35.0          

  23.7  2.50  1.30 10.3         3.70 
  15.8  7.70  1.30 32.0         5.10 
  9.70  2.00  1.30 16.2         1.30 

1.40  37.6    0.80 55.0  0.80

0 
       

[79] 

7.10  12.6    5.40 44.3          

  42.4    12.8 22.0         1.20 
  15.8    34.8 27.1          

1.00  26.3    4.70 48.9  0.60

0 
       

             4.10  2.30  [57] 
  7.00    35.0   13.0        

[70]   15.0    40.0   16.0        
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Table B4. Bacterial (continued) 
Family Cor. Der. Mic. Pro. Fla. Ali. Bac. Sta. Lac. Str. Bra. Met. Rho. Sph. Ent. Mor. Pse. Ref. Family 

 Skin 

9.50   24.5 1.10  1.70 6.70  2.60   3.10 1.50 1.40 6.90 1.20 

[85] 
7.50   6.20 2.00  1.90 7.10  1.20   6.30 6.30 0.70 10.3 1.40 

13.2   29.6 0.60  1.80 6.80  2.10   2.10 2.10 1.10 4.30 0.90 

15.5   19.6 2.20  2.90 5.50  1.50   2.60 2.60 0.70 10.0 0.40 

   85.2   1.60    
0.24

0 
      

[77] 
   73.3   1.10 3.30        6.70 4.40 

   25.3    8.80        2.20 1.10 

3.40   64.3    27.6  2.20      1.10  

   73.5   1.10 8.00  1.10      8.00  

1.44  7.21 10.6 0.48   3.37  7.69  1.92 
0.48

0 
  5.77  

[78] 

7.35  3.92 12.3    2.94 4.41 5.88     1.96 11.8 9.31 

26.2  3.47 12.4    16.8 2.48 5.94     0.50 14.4 2.97 

44.6  1.47 14.7    18.6  1.96      4.90  

21.2  1.97 23.2    15.8 0.99 10.8      0.49 2.96 

13.5  1.00 59.5    9.50  2.50      1.50 1.00 
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APPENDIX C. IRB EXEMPT FOR CHAPTER 3  
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APPENDIX D. MATHEMATICAL MODEL SIMULATING FUNGAL 

AND BACTERIAL GROWTH ON SURFACES IN INDOOR SPACES 5 

 

ABSTRACT 

The growth and persistence of microbes on indoor surfaces is influenced by various 

properties such as temperature, surface characteristics, material type and microbial 

characteristics. Although studies about microbial attachment have been conducted in many 

different fields, study of surface microbial behavior is still insufficient to interpret how 

microorganisms interact with the indoor surfaces and predict temporal and spatial changes. 

This study simulates the fungal and bacterial growth of selected microbe: E. coli, 

Staphylococcus aureus, Micrococcus, and Bacillus for bacteria and Aspergillus and 

Penicillium for fungi. Surface properties and microbial characteristics are expressed as a 

function of an attachment fraction. The results show the change of bacterial density is 

influenced by the microbial growth and decay rate. The attachment fraction plays a 

dominant role. Temperature and humidity are significant factors for fungal growth. The 

optimum temperature and relative humidity value for fungal growth were 30℃ and 90%, 

respectively. 

Keywords: Microbial adhesion, surface roughness, building environment, indoor, diffusion 

 
5 Seong, D. & Hoque, S. 

Results in this chapter presented in Indoor Air Conference 2018, Philadelphia, 

Pennsylvania, USA 
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D.1. INTRODUCTION 

Microbial contamination on different surfaces is influenced by various properties 

such as temperature, type of surface materials (plastic, glass, stainless steel, or wood), 

surface characteristics (hydrophobicity, charge, or roughness), and microbial 

characteristics (hydrophobicity, flagellation or motility) [218, 332]. The basic process of 

bacterial attachment on the surface is a physicochemical process. The first step is a physical 

attachment which is a reversible interaction between the bacterial cell and the contact 

material surface. The second step is a chemical interaction between the microbial cell 

structures and molecules on the contact material surfaces [218]. 

Microbial attachment on the surfaces has been studied in various fields. Dental 

researchers evaluated the impact of surface characteristics on the bacterial adhesion of 

zirconia-porcelain veneer or implant [267, 318]. A study of attachment characterization of 

microorganisms was investigated to prevent bacterial regrowth and survival in food 

containers [333, 334]. Higher number of microorganisms attached on the plastic surface 

(polyethylene) than galvanized steel as plastic containers encouraged the bacterial 

attachment by supplying enough nutrients for bacterial growth [333]. Similar results were 

reported with higher spore attachment rate on plastic surfaces compared to steel surfaces 

with a working ventilation system [335]. It was also reported that bacterial adhesion 

patterns on the glass materials changed depending on the bacterial strains and surface 

characteristics [170]. Recent study examined bacterial re-aerosolization under different 

environmental conditions. Jana S. Kesavan and her colleagues [171] found that attached 

bacterial spores were affected by the relative humidity and bacterial characteristics 
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(existence of exosporium, hair, or basal layer). Lower humidity levels caused higher re-

aerosolization and also dry-deposited particles showed more resuspension than wet-

deposited particles [171]. 

Humidity also plays a significant role in fungal growth and persistence in indoor 

spaces. Fungi was commonly detected in damped environments such as water damaged 

places [66, 336]. An environmental assessment conducted by Riggs et al.[337] in Greater 

New Orleans after the hurricanes revealed nearly 44% homes had visible mold growth with 

Aspergilli and Penicillium being the dominant fungal species. Significant increases in 

Aspergilli species were also reported in homes flooded in southern Taiwan after extreme 

rainfall due to Typhoon Morakat [338]. Exposure to dampness becomes more significant 

if the concerned building is used by vulnerable population (e.g., schools). Predominant 

indoor fungi are Aspergillus, Penicillium, Cladosporium and Alternaria [45]. 

The diversity of the microbiome in the indoor air and the influence of built 

environment characteristics, air quality parameters, human impact on it continues to be 

investigated [57, 71, 339]. However, we do not know or cannot predict how specific 

changes either in air quality parameters such as temperature or humidity or in design 

parameters such as surface type will influence the growth of specific bacteria or fungi. 

Being able to quantify such changes can have immediate impacts in areas such as 

remediation after flooding. This paper builds a mathematical model to quantify the 

influence of indoor air parameters and surface characteristics on fungal and bacterial 

growth.  
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D.2. MATERIALS AND METHODS 

D.2.1. Model description 

The model accounts for attachment of the microbe, growth/decay and transport. 

The attachment process is influenced by the surface characteristics which are surface 

roughness, porosity or morphology, or microbial characteristics which are mobility, 

flexibility, or hydrophilicity [170, 171]. Table D1 shows the response and predictor 

variables. Bacterial and fungal density are the response variables. The predictor variables 

are the microbial growth and decay rate, time, microbial diffusivity, and fraction of 

attached microbes. 

Table D1. Model parameters 

Classification Parameter Description Unit 

Response 

variables 

Mb Bacterial density g/cm3 

Mu Fungal density g/cm3 

Predictor 

variables 

B Total bacterial density g/cm3 

U Total fungal density g/cm3 

t Time h 

µ Microbial growth rate h-1 

kd Bacterial decay rate h-1 

Db Bacterial diffusivity cm2/h 

Du Fungal diffusivity mm/h 

f Fraction of attached microbes None 

 

 The overall equation contains the function of attachment, growth and decay, and 

transport of microbes. The equation is as follows where M indicates either bacteria or fungi: 

𝜕𝑀

𝜕𝑡
= 𝑓(𝑎𝑡𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡, 𝑓𝑎𝑡𝑒, 𝑎𝑛𝑑 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡) Eq. D1 

There are two assumptions. The first assumption is that inactive (dead) microbes do not 

impact on the active ones. The second assumption is that nutrient is enough to grow 
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microbes, so that chemotaxis is not considered in for the ‘bacteria’ model. However, the 

second assumption is not considered in the ‘fungus’ model. Since microbial attachment is 

influenced by surface roughness and air flow rate, the number of attached microbes (M0) 

will be described with arbitrary fraction (f) of suspending microbes (Ms).  

𝑀0 = 𝑓 × 𝑀𝑠 Eq. D2 

The change of bacterial density on the surface can be described as follows where the 

bacterial growth and death is modeled as a first order reaction,   is a chemotaxis 

coefficient, and s is the concentration of nutrient: 

𝜕𝑀0

𝜕𝑡
= 𝜇𝑀𝑏 − 𝑘𝑑𝑀𝑏 − 𝐷𝑏∇2𝑏 − 𝜒∇(𝑏∇𝑠) Eq. D3 

The range of Db for the model is from 10-9~10-11 m2/s. The first and second terms on the 

right side describe microbial growth and decay rate, the third term represents the bacterial 

motility in the absence of chemotaxis (bacterial random walk), and the last term designates 

the bacterial flux resulted from chemotaxis [340, 341]. Since we assumed the absence of 

chemotaxis and that bacterial motility is described with only diffusivity, the last term is 

neglected for future calculations. Initial and boundary condition of the bacterial surface 

model are given in Table D2. 

Fungal surface model for fate and transport is described with one-dimensional 

reaction diffusion model by Ito [342]. The equation is adopted as follows where u is the 

density of the active fungus, Du is the diffusion coefficient of fungus, n is the concentration 

of nutrients, and   is the death rate of fungus:  
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𝜕𝑀𝑢

𝜕𝑡
= −𝐷𝑢∇2𝑢 + 𝑓(𝑢) − 𝑎(𝑢)𝑛 − 𝛾𝑢 Eq. D4 

The first term on the right side describes the fungal random movement, the second term 

indicates the reaction and generation term, the third term shows the conversion from active 

to inactive fungus, and the last term describes the death rate of active fungi [342]. To 

estimate the impact of temperature and relative humidity, the following correlation is 

utilized: 

𝜉(𝑇, 𝜑) = 𝑎1exp (𝑎2𝜑2 + 𝑎3𝑇2 + 𝑎4𝜑𝑇 + 𝑎5𝜑 + 𝑎6𝑇 + 𝑎7) Eq. D5 

where, T is temperature, 𝜑 is relative humidity, and na  is model parameter. According to 

the analysis of Ito [342], the parameters in Eq. D5 are: 1a =0.840, 2a =-132.403, 3a =-

0.009, 4a =-0.943, 5a =269.292, 6a =1.350, and 7a =-141.976. Initial and boundary 

condition of the fungal surface model are presented in Table D2. In absence of diffusion 

the change of microbial density can be determined from 0 exp(( ) )dM M k t= − . However, 

combining the influence of diffusion and decay the aforementioned equations can be solved 

to obtain the mathematical forms shown in Eqs. D6 and D7 that predict bacterial and fungal 

density changes. The symbols bo and uo represent the initial bacterial and fungal densities. 

𝑀𝑏 = 𝑏0 exp((𝜇 − 𝑘𝑑)𝑡) −
𝐵

2(𝜋𝐷𝑏𝑡)1/2
exp (−

𝑥2

4𝐷𝑏𝑡
) Eq. D6 

𝑀𝑢 = 𝑢0 exp((𝜇 − 𝑘𝑑)𝑡) 𝜉(𝑇, 𝜑) −
𝑈

2(𝜋𝐷𝑢𝑡)1/2
exp (−

𝑥2

4𝐷𝑢𝑡
) Eq. D7 
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Table D2. Initial and boundary conditions 

Condition Bacterial density Distance Time 

Initial condition 
b = 0 

u = 1 
0 ≤ x ≤ L t = 0 

Boundary condition 
b = b0, u = u0 x = 0 t = 0 

0= xb , 0= xu  x = L t ≥ 0 

 

D.2.2. Microbial characteristics 

The process of microbial attachment on the surfaces is influenced by the microbial 

characteristics. Table D3 shows the microbial characteristics of the indoor microbes, E. 

coli, Staphylococcus aureus, Micrococcus, Bacillus, Aspergillus, and Penicillium. Bacteria 

have two types of shape, rod or cocci (sphere), and two different motilities, moving via 

flagella or fixed/floating on the surfaces. Fungi form conidiophores. Microbial growth and 

decay rates were obtained from the literature. 

Table D3. Microbial characteristics 

Bacteria Gram Shape Mobility µ (/h) kd (/h) Ref. 

Escherichia coli (E. coli) (-) Rod Flagella 0.37 0.084 
[268, 343, 

344] 

Staphylococcus aureus (+) Cocci Nonmotile 0.15 0.042a [268, 345] 

Micrococcus (+) Cocci Nonmotile 0.30 0.042 a [346, 347] 

Bacillus subtilis (+) Rod Flagella 0.35 0.0002 [348, 349] 

Fungi Shape µ (/h) kd (/h) Ref. 

Aspergillus Conidiophores 0.148 0.042 a [350] 

Penicillium Conidiophores 0.123 0.042 a [350] 
a arbitrary values 

D.3. RESULTS AND DISCUSSIONS 

Bacterial behavior on the different surfaces is influenced depending on the surface 

conditions (roughness, hydrophobicity, or charge), surrounding indoor air quality 

parameters (temperature, humidity, or flow rate), and bacterial characteristics 

(hydrophobicity, flagellation, or motility). Surface conditions and microbial characteristics 
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are shown as attachment fraction (fatt) and multiplied by the number of suspended microbes 

in the ambient. For example, if a surface material holds all the attached microbes, the 

attachment fraction (fatt) is stated as 1.0. The fraction (fatt) differs depending on the surface 

materials, roughness, temperature, or humidity. This allows for incorporating different 

microbe – surface configurations into the models based on prior knowledge or simulate a 

required hypothetical scenario. 

(A) 

 
 

(B) 

 
 

Figure D1. (A) The change of bacterial density if only bacterial growth and death are 

considered. (B) The change of bacterial density when the bacterial growth/death and 

diffusion are considered. 
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Figure D1 shows the change of bacterial concentration over time when the number 

of air-borne bacteria near the surface is set as a hundred and all the bacteria attach onto the 

surface (fatt = 1.0). This represents a scenario where boundary conditions near the surface 

favors the microbes ‘deposition’ and surface and microbial wall characteristics ensures 

attachment. Figure D1(A) indicates the change of bacterial density in absence of 

diffusivity. The calculation of growth and decay rate of each bacteria shows the following 

trend for bacterial density: Bacillus (0.35 g/cm3) > Micrococcus (0.30 g/cm3) > E. coli 

(0.29 g/cm3) > Staphylococcus (0.15 g/cm3). Bacillus has the highest growth rate whereas 

Staphylococcus shows the lowest. The overall bacterial density exponentially increases 

with time (since nutrient is considered to be in excess). Figure D1(B) shows the change of 

bacterial density when bacterial diffusivity is considered. The diffusion coefficient, Db was 

set at 3.6×10-2 cm2/h. The diffusion coefficient takes into account the influence of the 

boundary conditions at the air – surface interface on the microbe transport to the surface. 

Although the plots of Figure D1(B) are very similar to Figure D1(A), the concentration is 

slightly lower due to diffusion as it now takes longer to reach the same concentrations. 

Figure D2 shows the impact of attachment fraction (fatt) on the density of 

Micrococcus. Staphylococcus showed the similar trends. Bacterial growth and decay rate 

and diffusivity are considered, and the number of suspended bacteria is assumed to be a 

hundred. Attachment fraction has a high impact on the bacterial concentration. As more 

bacteria ‘attach’, the higher the increase of the bacterial density and minimal influence of 

diffusion or growth/decay rates. This indicates the importance of further exploring the 

surface properties and bacterial characteristics.  
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Figure D2. The influence of the attachment fraction (bacterial characteristics and surface 

properties) on the change of the Micrococcus concentration. 

 

 

Figure D3 shows the fungal hyphal length growth depending on temperature and 

relative humidity after 24 hrs. The growth rate is in mm/day. Figure D3(A) represents 

Aspergillus. The figure shows that growth spikes when relative humidity crosses 70%, but 

under coupled temperature condition the maximum growth rates occur near 30℃. Figure 

D3(B) shows similar growth rate versus humidity dependency for Penicillium. However, 

no significant temperature dependency is observed. 

(A)

 

(B) 

 
Figure D3. The fungal hyphal growth depending on temperature and relative humidity 

after 24 hours. (A) Aspergillus and (B) Penicillium. 
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Figure D4 plots the significance of nutrient condition. A relative humidity value 

higher than 75% is considered as a limiting growth condition. Figure D4 shows the fungal 

hyphal growth after 50 hours when temperature, relative humidity, and diffusivity are fixed 

at 30℃, 90% and 3 mm/day. The percentages in the figure indicate the concentration of 

nutrient i.e., at 100% nutrient presence 19.7 mm growth is seen for Aspergillus and 5.6 mm 

growth in Penicillium. 90% nutrient indicates that sufficient nutrient is present to sustain 

90% of the population. The figure shows the extent of contamination that may occur on a 

surface under assumed given conditions. Penicillium growth is much slower than 

Aspergillus due to the growth rate. Several studies investigated the influence of temperature 

and relative humidity on mold growth. Limiting humidity values were observed between 

75~80% [351-353]. A short spore germination time was observed with increasing 

temperature and relative humidity [342]. 

 

(A) 

 

 

(B) 

 

 

 
 

 

 

Figure D4. The fungal hyphal growth after 50 hours depending on the nutrient 

concentration at 30℃, 90% relative humidity, and 3 mm/day diffusivity. (A) Aspergillus 

and (B) Penicillium. 
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The results indicate the dominant influence of attachment fraction on change of 

bacterial density and the effects of temperature and humidity. Further investigation and 

characterization of microbe - surface interaction is required to qualify attachment fraction. 

Laboratory tests and field sampling data focusing on extracting information on microbial 

growth on surfaces can be applied to assess the models. ‘Building scientists’ can apply 

these models and the associated mathematical framework to determine building, indoor 

and surface conditions that control the indoor microbiome diversity and quantity. The 

information can be applied for HVAC operations, interior design in all buildings and 

specific cases will be useful for reducing transfer of infection in hospitals, day cares, and 

senior homes etc., where more vulnerable populations reside. 

D.4. CONCLUSIONS 

This study developed a mathematical model to simulate how microbes interact with 

indoor surfaces. Common indoor microorganisms, such as E. coli, Staphylococcus aureus, 

Micrococcus, Bacillus, Aspergillus, and Penicillium are investigated. Bacillus shows the 

highest increase in density, whereas Staphylococcus shows the least. The attachment 

fraction is a major determining factor on the surface persistence of bacteria. In fungus 

surface model, Aspergillus shows higher hyphal length growth than Penicillium due to the 

different growth rates. Limiting relative humidity for fungal growth is 75%. Optimum 

temperature of Aspergillus is observed to be 30℃ while Penicillium is not significantly 

influenced by temperature. Fungal contamination spread is influenced by ‘nutrition’. 
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APPENDIX E. INFLUENCE OF INDOOR CONDITIONS ON 

MICROBIAL DIVERSITY AND QUANTITY IN SCHOOLS 6 

 

ABSTRACT 

HVAC systems consumes 37% of the electricity in educational buildings. Energy 

consumption varies depending on the ventilation strategy. School buildings have a 

responsibility of ensuring energy performance and maintenance of indoor environmental 

quality for its occupants. This study assesses the efficiency of the ventilation system in 

terms of the microbes present in the spaces. Microorganisms and particulate matters were 

sampled in classrooms, locker rooms, libraries in two high schools and an elementary 

school. Six bacterial species and seven fungal species were identified. The most abundant 

microorganisms were Staphylococcus sp., Bacillus sp., and Micrococcus sp. Elementary 

school, especially kindergarten, showed higher microbial concentration and particulate 

matter as a result of higher human activity. Microbial concentration was influenced by the 

types of room in the same building with the same ventilation system. Canonical 

correspondence plot (CCA) determined that gender and school type have significant 

effects. The presence of Bacillus sp., Aerococcus sp., Corynebacterium sp., and 

Penicillium sp. was significantly related to gender, while Staphylococcus sp. and  

 
6 Seong, D., Norman, R.S. & Hoque, S. 

Results in this chapter presented in Indoor Air Conference 2018, Philadelphia, 

Pennsylvania, USA
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Alternaria sp. were related to type of school. The presence of Aerococcus sp. and 

Micrococcus sp. depended on the distance from the vent location. Relatively lower number 

of Aerococcus sp. was detected when the distance between sampling site and vent was less 

than 2 m. Micrococcus sp. was generally detected when the distance was < 3.5 m. The 

distance from the door was not significant.  

E.1. INTRODUCTION 

Poor air quality causes health problem [48, 73], discomfort [354, 355], and 

deterioration of learning performance [356]. More and more buildings are being designed 

as air-tight structures to save energy, however, this could lead to degradation of indoor air 

quality through containment of contaminated air in dead zones in the room, or introduce 

outdoor pollutants indoors depending on the ventilation condition [19, 20]. Even though 

ventilation systems have evolved over decades, poor air quality persists. Therefore, 

appropriate ventilation strategy is required to maintain air quality and prevent waste of 

energy. 

According to the data from EIA (Energy Information Administration, US), HVAC 

systems consume most of the electricity following lighting, refrigeration, and computing 

in educational buildings in USA [357]. Schools spend approximately $130 per student for 

electricity [357]. School’s median energy costs based on EPA data are $1.30/ft2 in 

elementary school, $1.38/ft2 in middle school, and $1.35/ft2 in high school, respectively 

[358]. Educational buildings which include classrooms, preschool, day-care, elementary 

school, middle school, high school, and college/university consume 37% of total electricity 

consumption for HVAC systems [357]. Energy usage in schools is not only related to the 
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schools’ operational expenditure but is also connected to reducing energy consumption and 

CO2 emission. School as a public building has a responsibility of energy performance and 

indoor environmental quality [359]. A recent study has predicted that the total world energy 

usage will increase by 56% from 2010 to 2040 [360]. Buildings consume 50% of total 

building energy usage and 20% of total energy consumption in USA to operate HVAC 

systems [361]. According to a previous study comparing energy usage of offices in U.S. 

cities, energy consumption reduced 1.5~29.0% when the ventilation strategy changed from 

mechanical to natural ventilation [117]. HVAC systems have become essential for thermal 

comfort and desired indoor air quality. The increase of building’s energy consumption is 

inevitable. Since different school levels have different human density and occupational 

time, consequently, different energy consumption [359], schools’ requirements need to be 

considered before determining an energy efficient ventilation strategy which will also 

ensure health and productivity.  

Several studies have investigated the effect of ventilation system using carbon 

dioxide (CO2) or particulate matter as tracers/indicators [3, 362], but few studies have 

assessed the impact on indoor microbes. Microorganisms in an indoor space reflect the 

combined effects of the presence of occupants, activities, environmental parameters and 

specific characteristics of the space. For instance, human-related bacteria such as 

Staphylococcus sp. and Micrococcus ap. are frequently found in building environment 

[363]. Different age groups have different microbial flora [85]. Since Lactobacillus sp. is 

a vaginal microorganism, it has been frequently detected in female related spaces while 

Corynebacterium sp. has been found in male-related rooms [30]. Meadow and his 

colleagues confirmed that individuals have their own biological cloud and release their 
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distinctive microbes in the spaces [72]. Human activity changes the indoor microbial 

communities and concentrations [34].  

 Although numerous studies have found that the indoor microorganisms differ 

depending on the indoor conditions, current ventilation standards do not use microbial 

presence as a way of assessing, ‘adequate ventilation’ [364]. Indoor microbial communities 

were highly influenced by the ventilation strategy [365]. In this study, the relationship 

between indoor microbial characteristics and engineering controls have been investigated. 

E.2. MATERIALS AND METHODS 

Microorganism and particulate matter were obtained from sampling in classrooms, 

locker rooms, and libraries in two high schools and an elementary school. The spatial 

distribution of the microbial quantity and diversity was assessed in relation to the interior 

orientation of engineering controls (such as vents) and select interior ‘décor’ such as 

placement of desks, bookshelves, sinks etc. All the schools were always mechanically 

ventilated and had windows (closed) except for the locker rooms which had no windows. 

Indoor microorganisms were collected through passive air sampling for 60 minutes using 

open Petri dishes filled with tryptic soy agar (TSA). The passive air sampling method 

follows the standard 1/1/1 scheme (1 hr exposure, 1 m above the floor, and 1 m far from 

the wall) [127]. The locations of the Petri dishes in this study were varied in relation to the 

HVAC system vents in order to investigate the influence of the ventilation system. Optical 

Particle Sizer 3330 (TSI Inc., MN, USA) was used to measure particle size distribution. 

Indoor environmental conditions were monitored using ABM-200 (Airflow and 

Environmental Meter, CPS Products, Inc., FL, USA). Temperature and humidity were 
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recorded typically at ~26℃ and ~47%, respectively. Samples were collected from October 

2017 to February 2018. Occupancy and activity were recorded. The degree of activity was 

rated in three levels: -1 (no activity, unoccupied), 0 (normal activity: sitting, talking, or 

walking), and +1 (high activity: running or most people is moving around).  

Sampled Petri dishes were incubated at the room temperature for 7 days. The shape, 

colour, and texture of the colony were evaluated for microbial identification. Colony 

forming units per m3 of indoor air (CFU/m3) were calculated to quantify the concentration 

of indoor microbes applying Eq.E1 [1, 366]: 

𝐶𝐹𝑈/𝑚3 =
5 × 𝑛 × 104

𝐴 × 𝑡
 Eq. E1 

where n is the number of colonies on the Petri dish, A is the surface area of the Petri dish 

(cm2), and t is exposure time (min).  

Overall 160 air samples were collected. For the data reliability, duplicate samples 

were taken at the same sampling location. R 3.5.1 and Minitab (Minitab Inc., PA, USA) 

were used for statistical analysis. The data significance was evaluated at p level of 0.05. 

Canonical correspondence analysis (CCA) was applied to determine the influence of 

sampling condition and distance from the vent. CCA represented the relationships between 

biological species and their environment [367]. One-way ANOVA test was applied to 

evaluate the differences among the samples.  
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E.3. RESULTS AND DISCUSSIONS 

E.3.1. Indoor air quality 

Indoor air quality was evaluated with the concentrations and types of detected 

microorganism, and particulate matter. Overall 160 air samples were collected. Among the 

samples, six different bacteria and seven different fungi were identified. Detected bacterial 

species were Bacillus sp., Staphylococcus sp., Curtobacterium sp., Aerococcus sp., 

Micrococcus sp., and Corynebacterium sp. Detected fungi were Rhodotorula sp., 

Cochliobolus spp., Pithomyces sp., Alternaria sp., Ascochyta sp., Aspergillus sp., and 

Penicillium spp. The most abundant microorganisms were Staphylococcus sp., Bacillus sp., 

and Micrococcus sp. This result is in accordance with other studies in the literature. 

Staphylococcus sp., Bacillus sp., Corynebacterium sp., and Micrococcus sp. are frequently 

found in indoors such as residences, hospitals, offices, or schools since they are human-

related bacteria [34, 37, 42, 79]. A study conducted in air-conditioned office buildings 

found Micrococcus sp., Bacillus sp., Staphylococcus sp., Penicillium sp., Aspergillus sp., 

and Rhodotorula sp. from the air and settled dust samples [37].  

Indoor microbial concentration in each school and space is described in Figure 

E1(A). Elementary school showed a higher microbial concentration, especially in 

kindergarten, than high school. The averaged concentrations were 135 CFU/m3 in high 

school and 293 CFU/m3 in elementary school, respectively. The ANOVA test confirmed 

that human activity (p-value < 0.05) had a significant influence on the microbial 

concentration. No activity was reported in the 5th grade classroom. Figure E1(A) shows 

that the number of microbes detected is higher in male’s locker room even when both 

locker rooms had similar activities and occupancy rates. Gender did not significantly  
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(A) 

 
 

(B) 

 
 

Figure E1. (A) Microbial concentration (CFU/m3) and (B) PM2.5 (µg/m3) in each 

sampling location. H: High school, E: Elementary school, ML: Male’s locker room, FL: 

Female’s locker room, CL: Classroom, L: Library, K: Kindergarten, 2nd: 2nd grade 

classroom, and 5th: 5th grade classroom. 

 

 

impact the number of detected microorganisms (CFU/m3) and microbial species (p-value 

> 0.05). Fungal and bacterial concentration were highly influenced by the types of room 

(p-value < 0.05). Relatively higher fungal level was measured in library (median: 23%) 

than other rooms (median: 8% in locker room and 11% in classroom, respectively). Figure 

E1(B) shows the concentration of particulate matter (PM2.5). In accordance with the indoor 

microbial concentration, Figure E1(A), particulate matter was higher in kindergarten. 

E.3.2. Influence of sampling condition 

Canonical correspondence plot (Figure E2) showed and confirmed the relation 

between sampling location and microbial community. The types of room are classified into 

locker room, classroom, and library. Adolescence and children represented two different 

age groups. The three schools are: two high schools and an elementary school. Gender 

indicates: female only, male only, and both genders present. CCA results show that gender 

and types of school had a significant effect (p-value < 0.05). As shown in Figure E2 the 

presence of Bacillus sp., Aerococcus sp., Corynebacterium sp., and Penicillium sp. is 



 

204 

highly related to gender, while Staphylococcus sp. and Alternaria sp. are related to types 

of school. Numerous studies have found that Corynebacterium sp. is dominant in male-

occupied rooms [30, 78, 85]. Bacillus sp. is often found in indoor air and dust samples [79], 

Aerococcus sp. is known as an environmental species [129], and Penicillium sp. is one of 

the most common indoor fungi [129]. However, previous studies have not investigated the 

relation between Bacillus sp., Aerococcus sp., and Penicillium sp. and gender. 

The presence of Aspergillus sp., Rhodotorula sp., Ascochyta sp., Cochliobolus sp., 

Micrococcus sp., and Curtobacterium sp. was not associated with the types of room, 

school, age, and gender. Aspergillus sp. is frequently detected indoors, while Cochliobolus 

sp. is an outdoor-related fungus [37, 129, 368]. Rhodotorula sp. is abundant in indoor and 

outdoor air samples [369].  

 

 
Figure E2. CCA plot showing overall detected microorganisms among different 

sampling conditions. B1: Aerococcus sp., B2: Bacillus sp., B3: Corynebacterium sp., 

B4: Curtobacterium sp., B5: Micrococcus sp., B6: Staphylococcus sp., F1: Alternaria 

sp., F2: Ascochyta sp., F3: Aspergillus sp., F4: Cochliobolus sp., F5: Penicillium sp., F6: 

Pithomyces sp., and F7: Rhodotorula sp. 
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E.3.3. Influence of vent location 

The spatial distribution of microbial diversity and quantity was investigated to 

determine the influence of vent location. Figure E3 shows the location of sampling sites, 

vents, doors, and windows. The ratio of detected bacteria and fungi was not significantly 

influenced by the distance from vents (p-value > 0.05). However, the presence of 

Aerococcus sp. and Micrococcus sp. were significantly influenced by the vent location (p-

value < 0.05). Aerococcus sp. is outdoor-related species and Micrococcus sp. is associated 

with human presence [129]. Relatively lower number of Aerococcus sp. was detected when 

the distance between sampling site and vent was less than 2 m. Micrococcus sp. was 

generally detected when the distance was lower than 3.5 m. Higher number of Micrococcus 

sp. was observed > 4 m away from the closest vent. This result demonstrates a possibility 

 
Figure E3. Schematic diagram of the location of vents, doors, windows, and sampling 

sites. 
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of the influence of the zones in the room with different range of velocity magnitudes 

influencing the presence of microbes. The number of detected bacteria (CFU/m3) was 

highly impacted by the distance from the closest window (p-value < 0.05). However, each 

microbial species was not significantly influenced by the window location (p-value > 0.05). 

The distance between sampling site and the door was not significant among all microbial 

species (p-value > 0.05).  

E.4. CONCLUSIONS 

The study investigated the microbial concentration and particulate matter in 

different sampling conditions. Samples were collected from two high schools and an 

elementary school. Air sampling from locker rooms, classrooms, and library were 

investigated to identify the influence of age, gender, space occupancy, and activity. Six 

different bacteria and seven different fungi were detected. Bacterial species were Bacillus 

sp., Staphylococcus sp., Curtobacterium sp., Aerococcus sp., Micrococcus sp., and 

Corynebacterium sp. Fungi were Rhodotorula sp., Cochliobolus spp., Pithomyces sp., 

Alternaria sp., Ascochyta sp., Aspergillus sp., and Penicillium spp. Higher microbial 

concentration was observed in kindergarten where the highest activity rate was measured. 

In agreement with previous studies, male’s locker room showed relatively higher 

concentration of microorganisms and particulate matter [30, 72]. Our CCA result 

confirmed that the microbiome at different schools (high school and elementary school) 

and gender were significantly different. Staphylococcus sp. and Alternaria sp. are highly 

related to types of school, while the presence of Bacillus sp., Aerococcus sp., 

Corynebacterium sp., and Penicillium sp. is mainly related to gender. The analysis 
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determined that the ratio of bacteria and fungi was not significantly influenced by the vent 

location. However, several bacterial species showed differences depending on the distance 

from the closest vent, Aerococcus sp. and Micrococcus sp. The distance from the door was 

not significant among all the microbial species. Aerococcus sp. and Micrococcus sp. were 

detected in spaces with natural and mechanical ventilation system [47, 51].  

The results of the analysis indicate that while the spaces were continually 

mechanically ventilated maintaining acceptable humidity and indoor temperature 

conditions, the effects on indoor microbial diversity and quantity needs further evaluation. 

Outdoor related microorganisms such as Aerococcus sp. and Bacillus sp. were continuously 

detected in the mechanically ventilated spaces. There was no impact of window or door 

locations to the presence or absence of the detected species. Understanding how other 

ventilation approaches such as natural, hybrid or personalized ventilation systems impact 

the spatial distribution of the microbiome can lead to more energy efficient designs and 

healthy indoor conditions. The characteristics of the microbiome can also have an 

influence, which remains to be investigated.
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APPENDIX F. DATA AND CODES 
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F.1. Data of Chapter 2 

Table F1. Surface bacterial diversity and their percentage (%) 

Family Skin Rest room Mobile device 

Bacillaceae 1.00 1.55 5.00 

Comamonadaceae 0.00 2.36 0.00 

Corynebacteriaceae 12.36 9.37 0.00 

Enterobacteriaceae 0.00 1.79 1.20 

Lactobacillaceae 1.35 5.09 8.01 

Micrococcaceae 1.28 6.45 7.00 

Moraxellaceae 6.20 7.54 2.05 

Propionibacteriaceae 37.37 26.62 0.00 

Pseudomonadaceae 2.39 2.07 0.00 

Rhodobacteraceae 1.25 2.15 0.00 

Sphingomonadaceae 1.13 4.24 0.00 

Staphylococcaceae 16.37 7.22 65.50 

Streptococcaceae 13.95 6.24 9.43 

Others 5.34 17.30 1.80 

 

 

Table F2. Bacterial diversity of air samples from different sampling locations  

Family Residence Hospital Office School 
Public 

building 

Alicyclobacillaceae 4.10 0.00 0.00 0.00 0.00 

Bacillaceae 9.95 8.68 31.15 12.87 6.89 

Bradyrhizobiaceae 0.00 0.00 0.00 0.00 0.00 

Corynebacteriaceae 3.16 4.00 0.00 4.27 5.48 

Dermabacteraceae 1.30 0.00 0.00 0.00 0.00 

Enterobacteriaceae 0.00 0.00 0.00 1.23 1.26 

Flavobacteriaceae 0.00 0.00 1.76 2.20 1.03 

Methylobacteriaceae 2.73 0.00 0.00 0.00 16.07 

Micrococcaceae 30.32 21.92 36.31 24.10 24.47 

Moraxellaceae 2.78 3.92 0.00 1.58 6.64 

Propionibacteriaceae 9.57 0.00 0.00 0.00 2.13 

Pseudomonadaceae 2.34 0.00 2.52 2.57 5.24 

Sphingomonadaceae 2.73 0.00 0.00 0.00 7.17 

Staphylococcaceae 10.96 54.88 26.62 37.78 13.77 

Streptococcaceae 0.00 0.00 0.00 3.47 0.00 

Others 20.06 6.60 1.65 9.95 9.84 
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Table F3. Bacterial diversity of surface samples from different sampling locations 

Family Residence Hospital Gym Museum 

Alicyclobacillaceae 1.86 8.47 0.00 0.00 

Bacillaceae 0.00 0.00 10.28 50.15 

Bradyrhizobiaceae 0.00 21.54 0.00 0.00 

Corynebacteriaceae 2.10 0.00 0.00 2.35 

Dermabacteraceae 8.20 0.00 0.00 0.00 

Enterobacteriaceae 2.34 0.00 32.78 0.00 

Flavobacteriaceae 1.05 5.23 0.00 0.00 

Methylobacteriaceae 5.33 0.00 0.00 0.00 

Micrococcaceae 22.05 3.58 0.00 32.15 

Moraxellaceae 17.38 39.92 0.00 0.00 

Propionibacteriaceae 6.30 9.12 0.00 0.00 

Pseudomonadaceae 5.07 7.22 0.00 0.00 

Sphingomonadaceae 6.35 0.00 0.00 0.00 

Staphylococcaceae 2.83 0.00 32.97 14.50 

Streptococcaceae 0.00 3.20 0.00 0.00 

Others 19.14 1.72 23.97 0.85 

 

 

Table F4. Bacterial diversity and percentages (%) of difference age group 

Family Children Adult 

Corynebacteriaceae 8.18 7.99 

Micrococcaceae 12.14 15.50 

Propionibacteriaceae 6.07 24.27 

Bacillaceae 6.06 7.98 

Staphylococcaceae 32.89 24.53 

Lactobacillaceae 2.25 0.52 

Streptococcaceae 17.10 3.45 

Enterobacteriaceae 1.76 0.29 

Moraxellaceae 2.94 4.13 

Pseudomonadaceae 1.35 2.80 

Others 9.26 8.54 
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F.2. Data of Chapter 3 

Table F5. Microbial concentration (CFU/m3) and relative PM concentration (µg/m3)  

Sampling location 

Microbial concentration 

(CFU/m3) 
PM2.5

 a (µg/m3) PM10
 a (µg/m3) 

Indoor 

bacteria 

Outdoor 

bacteria 
Fungi 

max.-

avg. 
avg. 

avg.-

min. 

max.-

avg. 
avg. 

avg.-

min. 

University Lab 4.37 0.00 0.00 95.58 59.02 37.54 184.73 85.66 47.72 

 Office 47.00 15.41 5.39 87.10 48.35 29.96 171.99 74.82 49.59 

 Classroom 

(All) 
161.87 24.33 0.00 64.81 104.83 48.83 192.73 173.12 96.69 

 Classroom 

(Occupied) 
270.17 37.66 0.00 41.97 127.67 41.97 115.54 250.30 115.54 

 Classroom 

(Unoccupied) 
17.47 6.55 0.00 59.47 89.61 33.60 76.67 121.66 45.23 

High school 
Locker room 

(All) 
146.57 27.26 8.85 30.67 51.79 25.53 140.82 134.66 98.55 

 Male's  

locker room 
108.43 26.93 5.82 12.54 69.92 12.54 53.64 221.84 53.64 

 Female's  

locker room 
182.70 27.58 11.72 7.40 33.67 7.40 11.37 47.48 11.37 

 Classroom 169.53 57.94 21.66 15.62 26.63 20.13 164.90 63.26 49.18 

Elementary 

school 
Kindergarten 345.16 144.75 20.30 25.45 286.11 25.45 1252.48 4553.78 1252.48 

 2nd grade 

classroom 
269.19 102.17 11.13 35.18 78.90 35.18 296.82 676.93 296.82 

 5th grade 

classroom 
38.64 13.75 8.51 41.96 69.90 41.96 80.98 253.16 80.98 

 Library 311.76 140.16 81.21  75.84   240.13  

a max.-avg.: maximum of the data - average of the data, avg.: average of the data, avg.-min.: average of data - minimum of the data 
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Table F6. Indoor and outdoor bacterial concentration (CFU/m3) and distance between sampling location and BAE components 

Occupancy Room a Sample # 
Bacteria (CFU/m3) Distance (m) b 

Outdoor Indoor v1 v2 v3 v4 v5 d1 d2 w1 w2 

unoccupied 5CR ES1 0.00 26.20 6.26 7.12 3.38 4.80  3.36  7.27  

unoccupied 5CR ES2 13.10 0.00 7.30 6.00 5.07 2.89  6.71  4.68  

unoccupied 5CR ES3 0.00 26.20 6.56 4.52 5.12 1.91  7.45  3.06  

unoccupied 5CR ES4 0.00 13.10 6.18 3.34 5.78 2.54  8.46  1.84  

unoccupied 5CR ES5 13.10 0.00 6.85 2.65 7.90 4.74  11.24  2.91  

unoccupied 5CR ES6 0.00 0.00 2.98 2.67 5.52 5.36  8.72  6.10  

unoccupied 5CR ES7 26.20 52.40 4.62 2.16 5.36 3.47  8.34  3.46  

unoccupied 5CR ES8 13.10 26.20 3.66 5.26 2.17 4.35  4.02  6.65  

unoccupied 5CR ES9 0.00 0.00 2.89 6.87 4.45 7.65  5.67  9.72  

unoccupied 5CR ES10 0.00 0.00 4.73 7.71 3.10 6.83  2.05  9.35  

unoccupied 5CR ES11 0.00 39.30 6.26 7.12 3.38 4.80  3.36  7.27  

unoccupied 5CR ES12 13.10 78.60 7.30 6.00 5.07 2.89  6.71  4.68  

unoccupied 5CR ES13 0.00 39.30 6.56 4.52 5.12 1.91  7.45  3.06  

unoccupied 5CR ES14 0.00 13.10 6.18 3.34 5.78 2.54  8.46  1.84  

unoccupied 5CR ES15 0.00 13.10 6.85 2.65 7.90 4.74  11.24  2.91  

unoccupied 5CR ES16 0.00 39.30 2.98 2.67 5.52 5.36  8.72  6.10  

unoccupied 5CR ES17 26.20 13.10 4.62 2.16 5.36 3.47  8.34  3.46  

unoccupied 5CR ES18 0.00 0.00 3.66 5.26 2.17 4.35  4.02  6.65  

unoccupied 5CR ES19 0.00 39.30 2.89 6.87 4.45 7.65  5.67  9.72  

unoccupied 5CR ES20 0.00 78.60 4.73 7.71 3.10 6.83  2.05  9.35  

occupied 2CR ES21 91.69 235.79 5.57 6.59 3.06 4.67  3.09  7.98  

occupied 2CR ES22 26.20 52.40 6.28 5.66 4.22 3.22  5.51  5.83  

occupied 2CR ES23 13.10 104.79 6.17 3.97 5.07 1.85  7.39  3.48  

occupied 2CR ES24 0.00 183.39 5.25 3.19 4.48 1.66  6.95  3.76  

occupied 2CR ES25 26.20 170.29 8.11 4.51 7.97 4.26  10.51  0.20  

occupied 2CR ES26 1139.63 26.20 7.70 3.72 8.57 5.30  11.50  2.70  

occupied 2CR ES27 26.20 91.69 3.84 2.20 5.93 5.03  8.63  5.89  

occupied 2CR ES28 0.00 157.19 4.15 2.20 5.03 3.59  7.50  4.58  
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Table F6. (continued) 

Occupancy Room a Sample # 
Bacteria (CFU/m3) Distance (m) b 

Outdoor Indoor v1 v2 v3 v4 v5 d1 d2 w1 w2 

occupied 2CR ES29 26.20 91.69 3.65 3.30 3.39 3.00  5.60  5.49  

occupied 2CR ES30 13.10 39.30 2.92 6.64 3.92 7.13  4.17  10.27  

occupied 2CR ES61 13.10 314.38 5.57 6.59 3.06 4.67  3.09  7.98  

occupied 2CR ES62 65.50 13.10 6.28 5.66 4.22 3.22  5.51  5.83  

occupied 2CR ES63 26.20 353.68 6.17 3.97 5.07 1.85  7.39  3.48  

occupied 2CR ES64 65.50 65.50 5.25 3.19 4.48 1.66  6.95  3.76  

occupied 2CR ES65 65.50 104.79 8.11 4.51 7.97 4.26  10.51  0.20  

occupied 2CR ES66 117.89 641.86 7.70 3.72 8.57 5.30  11.50  2.70  

occupied 2CR ES67 52.40 183.39 3.84 2.20 5.93 5.03  8.63  5.89  

occupied 2CR ES68 0.00 0.00 4.15 2.20 5.03 3.59  7.50  4.58  

occupied 2CR ES69 13.10 327.48 3.65 3.30 3.39 3.00  5.60  5.49  

occupied 2CR ES70 39.30 183.39 2.92 6.64 3.92 7.13  4.17  10.27  

occupied K ES31 104.79 261.98 2.06 4.93 8.12 7.74 10.47 1.86 10.87 10.41 11.37 

occupied K ES32 52.40 144.09 3.45 6.48 9.60 6.72 10.28 1.84 10.79 11.41 11.66 

occupied K ES33 130.99 65.50 4.59 5.60 7.93 3.45 7.12 5.01 7.62 9.03 8.69 

occupied K ES34 39.30 183.39 7.98 7.30 8.09 2.64 4.81 8.85 4.99 7.79 6.38 

occupied K ES35 91.69 157.19 10.15 7.94 6.97 4.46 1.94 11.84 1.75 5.46 3.12 

occupied K ES36 694.26 222.69 7.82 4.81 3.39 4.69 2.88 9.85 2.50 2.49 2.56 

occupied K ES37 104.79 170.29 8.99 5.39 2.44 8.76 6.95 11.38 6.71 3.14 5.75 

occupied K ES38 52.40 445.37 5.78 3.10 3.48 8.25 8.37 7.96 8.44 6.00 8.11 

occupied K ES39 327.48 52.40 5.12 6.40 8.74 4.11 7.78 5.02 8.18 9.72 9.30 

occupied K ES40 104.79 26.20 7.33 8.83 11.02 5.30 9.05 6.83 9.56 11.75 10.86 

occupied K ES41 65.50 432.27 2.06 4.93 8.12 7.74 10.47 1.86 10.87 10.41 11.37 

occupied K ES42 222.69 196.49 3.45 6.48 9.60 6.72 10.28 1.84 10.79 11.41 11.66 

occupied K ES43 52.40 196.49 4.59 5.60 7.93 3.45 7.12 5.01 7.62 9.03 8.69 

occupied K ES44 78.60 235.79 7.98 7.30 8.09 2.64 4.81 8.85 4.99 7.79 6.38 

occupied K ES45 39.30 327.48 10.15 7.94 6.97 4.46 1.94 11.84 1.75 5.46 3.12 

occupied K ES46 104.79 196.49 7.82 4.81 3.39 4.69 2.88 9.85 2.50 2.49 2.56 
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Table F6. (continued) 

Occupancy Room a Sample # 
Bacteria (CFU/m3) Distance (m) b 

Outdoor Indoor v1 v2 v3 v4 v5 d1 d2 w1 w2 

occupied K ES47 117.89 261.98 8.99 5.39 2.44 8.76 6.95 11.38 6.71 3.14 5.75 

occupied K ES48 78.60 196.49 5.78 3.10 3.48 8.25 8.37 7.96 8.44 6.00 8.11 

occupied K ES49 0.00 222.69 5.12 6.40 8.74 4.11 7.78 5.02 8.18 9.72 9.30 

occupied K ES50 26.20 13.10 7.33 8.83 11.02 5.30 9.05 6.83 9.56 11.75 10.86 

a 5CR: 5th grade classroom, 2CR: 2nd grade classroom, K: Kindergarten 
b v: vent, d: door, w: window 

 

Table F7. Raw data of microbial concentration (CFU/m3/100 cm2) on different sampling sites  

Table Door Chair Bookshelf Computer Locker Floor Vent 

472500 235500 1342500 1425000 69000 577500 2415000 321000 

324000 1087500 1500 181500 1027500 33000 1920000 201000 

645000 42000 5092500 187500 7530000 1500 3840000 535500 

667500 1500 75000 1320000  1500 385500 127500 

1338000 3000 30000 91500   937500  

525000 447000 85500 892500   1200000  

211500 102000 1312500      

2070000 7500 3765000      

240000 33000 1500      

4500 42000 435000      

3000 303000 3000      

574500 7800       

13875 1950000       

885000        

510000        

256875        

4500        
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Table F8. Raw data of microbial concentration (CFU/m3/100 cm2) on different sampling 

materials 

Wood Metal Plastic Carpet Tile 

211500 235500 472500 2415000 385500 

2070000 1087500 324000 1920000 937500 

240000 42000 645000 3840000 1200000 

4500 1500 667500   

3000 3000 1338000   

574500 447000 525000   

13875 102000 1342500   

885000 7500 1500   

510000 33000 5092500   

256875 42000 75000   

4500 91500 30000   

303000 892500 85500   

7800 577500 69000   

1950000 33000 1027500   

1312500 1500 7530000   

3765000 1500 321000   

1500  201000   

435000  535500   

3000  127500   

1425000     

181500     

187500     

1320000     
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F.3. R Codes of Chapter 3 

F.3.1. Normality and ANOVA test 
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F.3.2. Mann-Whitney-Wilcox Test 

 

F.3.3. Spearman’s rank correlation  
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F.3.4. Clustering analysis  
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F.3.5. Heatmap  
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F.4. Data of Chapter 4 & 5 

Table F9. QCM-D data of VACV during attachment and detachment experiments 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F9. (continued) 
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Table F10. QCM-D data of MV during attachment and detachment experiments 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F10. (continued) 
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Table F11. QCM-D data of Bacteria during attachment and detachment experiments 
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Table F11. (continued) 

 
 

  



 

 

2
3
8
 

Table F11. (continued) 
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Table F11. (continued) 
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Table F11. (continued) 
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Table F11. (continued) 
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Table F11. (continued) 
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Table F11. (continued) 
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Table F12. QCM-D data of BSA during attachment and detachment experiments 
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Table F12. (continued) 
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Table F12. (continued) 
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Table F12. (continued) 
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Table F12. (continued) 
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Table F12. (continued) 
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Table F12. (continued) 
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Table F12. (continued) 
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F.5. MATLAB Codes of Chapter 5 

F.5.1. Generate scatter plots 
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F.5.2. Generate plots with arrows 
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F.5.3. Generate surface shear stress plots 
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F.5.4. Generate plots for clustering analysis 
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