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ABSTRACT 

Biological aerosols (bioaerosols) constitute a significant portion of airborne particulate 

matter, both indoors and outdoors; however, the extent to which anthropogenic oxidative air 

pollutants can modify bioaerosols remains unclear. This work isolated the potential for 

atmospheric ozone to modify important biopolymers in ubiquitous types of bioaerosols.  

Independent lines of evidence for ozone-mediated modifications of bioaerosols were obtained 

from environmentally controlled chamber studies designed to challenge bioaerosols with ozone 

and humidity conditions relevant to the current US EPA NAAQ standards. Before and during 

different ozone exposures, intrinsic bioaerosol fluorescence was monitored concurrently with the 

quantity and activity of significant allergens and enzymes present in pure bioaerosols. Results 

indicate significant decreases in fluorescence intensity, enzyme activity and specific allergen 

content with ozone exposure, while liberated water soluble organic carbon (WSOC) 

concomitantly increased over time in all environmental conditions tested.   

As judged by real-time intrinsic fluorescence measurements of whole bioaerosols 

(airborne sporulated Aspergillus spp. and Bacillus subtilis), and the intrinsic fluorescence 

properties of the liberated bioaerosol WSOC fraction, differences in specific fluorescence began 

to appear within an hour of bioaerosol exposures to ozone and high humidity. Significant 

decreases in measureable airborne fungal enzyme activity (beta-N-acetylhexosaminidase) and 

allergen (Aspf1) content were encountered in response to ozone exposures.  On time scales 

relevant for lower atmosphere environmental ozone bioaerosol exposures, these are the first 
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observations implicating ozone inhibition of key enzymes responsible for fungal spore 

germination, and antigenic modification of the Aspergillus allergen Asp f 1.  

Results from these controlled bioaerosol exposure chamber studies were related to actual 

environmental aerosol samples that had experienced extreme oxidative stress during a local 

wildfire. The carbon content and intrinsic fluorescence profiles of WSOC from collected wildfire 

aerosols indicate that distinct fluorescence patterns from the WSOC present in wildfire emissions 

changed over the course of the wildfire event in both indoor and outdoor locations, further 

demonstrating the infiltration potential of wildfire emissions into the indoor environment. 

Results from this work contribute to a limited body of existing observations documenting the 

potential impacts of oxidative air pollutants on bioaerosols present in both outdoor and indoor 

environments.   
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GLOSSARY 

Term         Definition 

Aged  Biological aerosols not exposed to ozone, but have similar suspension 
times as those exposed to ozone (i.e. baseline results) 

Asp f 1  Known allergen present on Aspergillus fumigatus  

Bioaerosol  Biological aerosol, including airborne viable and nonviable 
microorganisms whole and fragmented 

Biopolymer Including total proteins, allergenic proteins, enzymes (consist of 
proteins), chitin, sporopollenin, melanin, etc. 

EC  Elemental aerosol carbon 

EEM Excitation-emission matrix 

EOD  Equivalent optical diameter of bioaerosol 

DOC Dissolved organic carbon 

Fresh  Freshly aerosolized bioaerosols, not yet aged or exposed to ozone        
(i.e. initial measurements) 

FI Fluorescence Index 

FrI Freshness Index 

HIX Humification Index 

MARIA  Mulitplex Array for Indoor Allergens, here measuring Asp f 1 

NAHA  -N-acetylhexosiminidase 

OC  Organic aerosol carbon 

Old  Mature microbial cultures used to produce bioaerosols 

Ozone 
exposure  

Integral of ozone concentration (ppb) over the time bioaerosols are in 
contact with ozone (hr), reported as ‘ppb-hr’ 

PAH Polyaromatic hydrocarbon 

PM Particulate matter 

pQY Psuedo-quantum yield 

pWIBS Portable Wideband Integrated Bioaerosol Spectrometer, also known as 
InstaScope 

RH  Relative humidity (%) 

SUVA254 Specific UV absorbance at 254nm 

WSOC Water soluble organic carbon 

Young  Young microbial cultures used to produce bioaerosols 

 



1 
 
 

INTRODUCTION CHAPTER 1. 

1.1. Rationale:  “Take a breath, and you sample the world” – Nathan Wolf 

 A single cubic meter of outdoor air can contain up to 106 microorganisms, including 

airborne bacteria, pollen, and fungal spores [1]. A significant portion of these primary biological 

aerosols (bioaerosols) may have traveled vast distances [2] and undergone a great deal of 

atmospheric processing (aging), including but not limited to interactions with various oxidants. 

Bioaerosols, including whole microorganisms regardless of viability, microbial fragments, 

detritus and plant/animal debris, can significantly to the mass of atmospheric PM [1] and indoor 

PM mass [3]. The source and presence of bioaerosols, the extent of their aging, and their impact 

on environmental and human health have become a growing concern among the research 

community and the general public. Bioaerosol can range in size from 20 nm to >100 m, and 

represent a significant portion of the inhalable fraction of particulate matter (PM) [4]. Urban air 

pollution can modify the surface composition of pollen, and subsequently their bioactivity, 

leading to increases in immunological responses from pollen exposed to urban air [5] and 

anthropogenically sourced oxidative pollutants [6]. Decreases in pollen viability [7] and crop 

yields [8] have also been cited with increased oxidative pollutant exposures, raising an increased 

awareness on the indirect effects of air pollutants on ecology. One of the main pollutants 

responsible for the oxidation of organic substances in the atmosphere includes ozone (O3), either 

directly emitted from anthropogenic activity (vehicle emissions) or indirectly formed through 

photo-oxidation processes [9]. The US EPA recently reduced ground-level standards for ozone, 

one of six principle pollutants listed in the National Ambient Air Quality Standards (NAAQS), to 
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70ppb over an 8 hour period; and reflecting a broader concern on the impact of ozone on public 

health, welfare, and the environment.  

In addition to the context of oxidative bioaerosol modification on public health, there has 

been an increasing body of work dedicated to the relevance of bioaerosols in cloud formation 

and precipitation by serving as nucleation sites for water droplets and ice crystals [10], citing that 

atmospheric processes can also be influenced by the surface properties of bioaerosols [11]. 

Methods for bioaerosol detection, quantification and characterization are numerous [1]; however, 

environmental factors, such as the presence of other air pollutants (ozone) and relative humidity 

(RH), can influence the biopolymer composition of these bioaerosols [12-14]. In response to the 

demand for real-time bioaerosol measurements, in-situ, or on-line, fluorescence particle monitors 

have been developed to aid in enumeration, and to some extent classification, of bioaerosols 

based on their intrinsic fluorescence of proteins and other biopolymers [1, 15]. Recent studies 

indicated that changes in the fluorescence intensity of aged aerosolized proteins and whole 

bacteria can be detected using an on-line bioaerosol monitor [14, 16].  

Aerosol intrinsic fluorescence is also beginning to be utilized in post-sampling 

characterization by evaluating the fluorescent excitation-mission matrices (EEMs) of aerosol 

aqueous extracts [17, 18]. In water quality research, EEMs have been extensively used for 

characterizing dissolved organic matter [19, 20] and it has become clear that oxidation processes 

can influence the intrinsic fluorescence profiles of dissolved organic matter [21].  Ozone 

disinfection processes for water treatment have initiated numerous studies on the surface 

oxidation processes of different microorganisms in aqueous environments [22]. This research 

provides valuable insight on the mechanisms of oxidation. However, to determine oxidation 
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events unique to different classes of bioaerosols and their effect on characterization, 

quantification methods of biopolymer modification must be extended from the aqueous 

environment to the atmospheric environment. Further, research focus needs to be shifted beyond 

gas-phase oxidation mechanisms of isolated biopolymers to that of whole airborne cells 

(bioaerosols). In response to these current research gaps, controlled environmental chamber 

studies were conducted to evaluate the impact of varying RH levels and ozone exposures, on 

whole-cell biopolymer content (and their biologically active fractions) and intrinsic-fluorescent 

signatures of model bioaerosols.  
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1.2. Formal Hypotheses 

The following hypotheses were developed and challenged to investigate the overarching 

hypothesis driving this research that biopolymers present in and on whole airborne 

microorganisms can be modified by ozone in environmentally relevant concentrations and time 

frames:  

Hypothesis I. Oxidative aging processes, by environmentally relevant ozone and relative 

humidity levels, will significantly reduce the intrinsic fluorescence signatures of biopolymers 

present in whole-cell bioaerosols models. 

Hypothesis Ia.  Real-time fluorescent measurements will detect a decrease in intrinsic 

fluorescence intensities of model bioaerosols during exposure. 

Hypothesis Ib. Changes in intrinsic fluorescence intensities of exposed bioaerosol 

aqueous extracts, over those of fresh bioaerosols, can be characterized by excitation-

emission matrices. 

Hypothesis II. Bioaerosol exposure to gas-phase ozone, under environmentally relevant 

conditions, will modify biopolymers on the surface of common airborne pollens, fungi, and 

bacterial spores. 
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1.3. Dissertation Guideline 

This thesis has been designed such that each chapter can be read independently, while 

also addressing the outlined hypotheses. General environmental chamber characteristics and 

microbial culturing techniques are covered in Chapter 2. Chapters 3 through 5 directly address 

the outlined hypotheses as they relate to intrinsic fluorescence or biochemical analysis. Specific 

methods (for example, protein quantitation or real-time bioaerosol fluorescence measurements) 

will be covered in their respective chapters. Chapter 6 covers application to practice by 

characterizing the water soluble organic carbon content and intrinsic fluorescence properties of 

environmental aerosol samples collected during a local wildfire event. 



6 
 
 

METHODS OF BIOAEROSOL CULTURING AND EXPOSURES CHAPTER 2. 

2.1. Introduction 

The following methods outline the environmental bioaerosol exposure chamber design 

and operation, fungal and bacterial spore culturing and aerosolization techniques, as well as 

bioaerosol sampling and enumeration details. Methods specific to certain analyses and 

characterizations can be found in their respective chapters. 

2.2. Environmental Bioaerosol Exposure Chamber 

For these bioaerosol oxidation studies, an environmental chamber (11.4 m3) was designed 

and built to conduct controlled bioaerosol exposure studies for extended periods of time (>4 

hours) in environmentally-relevant conditions. The basic design and function of the exposure 

chamber was similar to studies conducted by Peccia et al. 2001 [23]. For this work, the 

environmentally-relevant conditions tested included low RH (20-30%) and high RH (85%), with 

and without the presence of ozone.  The completely isolated 11.4 m3 chamber was design to be 

operated in batch reactor mode, where relative humidity (RH), light, and concentrations of ozone 

and bioaerosols were tightly controlled and monitored. Figure 2-1 indicates the bioaerosol inlet 

and sampling locations, as well as basic functional components of the environmental exposure 

chamber. 



7 
 
 

 

Figure 2-1. Schematic of environmental chamber and sampling equipment used for bioaerosol 
oxidation studies. 

   

Three 10-inch portable fans were implemented radially to ensure complete mixing within 

the chamber. Gaseous ozone was generated via corona discharge (A2Z Ozone MP 1000) with 

pure oxygen as the source gas to avoid additional introduction of oxidizing ozone generation 

byproducts such as NOx [24]. The ozone concentration inside the camber was continuously 

monitored and logged using a Model 202 Ozone Monitor (2B Technologies). A carbon ozone 

scrubber and high volume HEPA filter were present inside the chamber (controlled from the 

outside) to facilitate quick removal ozone and bioaerosols from the air after bioaerosol exposure 
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experiments. The relative humidity inside the chamber was controlled and monitored by an 

IMAGE Digital Air Humidity Controler Sensor (WH8040). The accuracy of the IMAGE 

humidity sensor measurements was verified within +/- 5% RH (RH ranging from 15% - 85%) of 

by a Picarro Cavity Ring-Down Spectroscopy (CRDS) analyzer.  Bioaerosol was generated using 

either a Collision six-jet nebulizer (BGI Inc.) at an operation pressure of 20 psi for bacterial 

spore aerosolization, or by using dry pressurized HEPA filtered air passing over pure sporulated 

fungal cultures. Specific bioaerosol collection techniques are described below and in their 

relevant chapters. 

 

2.2.1. Condensing Particle Capture Sampling Method 

The Spot Sampler Airborne Particle Collector (Aerosol Devices Inc.) was used to 

concentrate aerosolized fungal spores during chamber studies where impingers could not achieve 

the desired final collected sample mass (ie for allergen testing). The Spot Sampler provided a 

high particle collection efficiency (>95% for particles 5nm - 2.5 m) with a continuous sample 

stream (~1.5 lpm) that passed through a three-stage condensation growth chamber and deposited 

high concentrations of spores in a 75l sample wells, see Figure 2-2. 
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Figure 2-2. Schematic of the Spot Sampler Airborne Particle Collector with the condensation 
growth chamber and particle sampling tray. 

 

Estimations of the Spot Sampler sampling time required to collect enough airborne fungal 

biomass to safely exceed the lower limit of detection for allergen and protein are displayed in 

Table 2-1. These required Aspergillus fumigatus biomass estimations are based on preliminary 

fungal biomass protein and allergen range finding studies using ATCC A. fumigatus source 

material and estimated spore mass. Estimations of A. fumigatus spore mass were determined 

from a Bacillus subtilis spore density of 1.335 g/cm3 [25], mean A. fumigatus spore diameter of 

2.2 m [current work], and bioaerosol concentration in the chamber determined from optical 

particle counts (InstaScope). Samples collected for biopolymer characterization (protein and 

allergen content), were collected at high spore concentrations (> 7x104 spores/L), while most 

real-time fluorescence studies were conducted at lower aerosolized spore concentrations     
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(5x103 – 1.5x104 spores/L) to eliminate potential aerosol concentration influence on the 

fluorescence intensity detectors. 

 

Table 2-1. Aspergillus fumigatus sampling time look-up table 

Spores/   
L air 

Sampling 
Time  
(min) 

InstaScope  
(spore counts    

per sec) 
Biomass 

(mg) 
1.8E+05 6.0 2500 0.035 
1.4E+05 7.5 2000 0.028 
1.2E+05 8.5 1750 0.024 
1.1E+05 10.0 1500 0.021 
8.9E+04 12.0 1250 0.017 
7.1E+04 15.0 1000 0.014 
5.4E+04 19.9 750 0.010 
3.6E+04 29.9 500 0.007 
2.9E+04 37.4 400 0.006 
2.5E+04 42.7 350 0.005 
2.4E+04 44.0 340 0.005 
2.4E+04 45.3 330 0.005 
2.3E+04 46.7 320 0.004 
2.2E+04 48.2 310 0.004 
2.1E+04 49.8 300 0.004 

 

Specific methods related to sample processing for protein and allergen quantitation of 

samples collected with the Spot Sampler can be found in Chapter 5. 

2.3. Bioaerosol Microscope Counting Techniques with a Hemocytometer 

All bioaerosol enumeration of Spot Sampler and impinger samples were conducted by 

direct microscopy counts using a hemocytometer (model and 1mm x 1mm). The hemocytometer 

was soaked in water/soap from 10 minutes, thoroughly washed with ethanol and dried with 
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filtered air between each use to ensure all residual spores had been removed. Each sample was 

thoroughly vortexed and diluted with 0.05% Tween/DI water solution to ensure accurate counts 

with an average target grid average sum (here a grid is defined as a corner square consisting of 

16 smaller squares, where grid dimensions are 1mm x 1mm x 0.1mm) of roughly 60 or less 

spores per grid. Ten microliters of diluted sample was added to each side of the hemocytometer 

slide allowing for 8 grid sums to be averaged and used in the final count estimates. Microscopy 

counts (with phase contrast) were performed at 20X (2,000) magnification.  

 2.4. Aspergillus spp. Culturing Techniques 

Aspergillus cultures were grown at room temperature on 10 ml of potato dextrose agar 

coated on the bottom of 475 ml sterile glass jars, and fit with 100 mm petri dish lids to allow for 

ventilation of condensation when needed. During growth, the culture jars were sealed with 

parafilm. Cultures were grown until spores developed (2-4 weeks from inoculation). To remove 

residual condensation on the walls of the culture jars, and allow the cultures to equilibrate with 

ambient RH, the parafilm was removed 24 hours before aerosolization into the chamber. To 

aerosolize the cultured Aspergillus spores, each jar was fitted with custom made stainless steel 

lid attachments consisting of two - ¼” diameter stainless steel tubes to allow for dry HEPA 

filtered house air to enter one tube, pass over the culture and carry spores out through the other 

tube and into the chamber.  
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2.5. Bacillus subtilis Culture and Sporulation 

Bacillus subtilis spores were cultured and harvested with the same method as Dow et al. 

[26]. Pure cultures of vegetative B. subtilis were grown in Tryptic Soy Broth at 37◦C for 24 

hours. Sporulation was induced with a 1:100 dilution of culture to 20mg/L MnCL2 in phosphate 

buffer. The inoculum (1ml) was spread onto R2 Agar plates for 14 day incubation at 37◦C, 

enough time to ensure a 95% spore to vegetative cell ratio. Either immunofluorescence 

microscopy or phase-contrast microscopy confirmed the presence of spores. Figure 2-3, shows 

an example of a 100x magnification of a sporulated B. subtilis culture tagged with fluorescent 

antibodies, where the bright blue spots indicate the spores.    

 

 

Figure 2-3. Immunofluorescent microscope image of B. subtilis spores at 100x magnification. 
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REAL-TIME BIOAEROSOL FLUORESCENCE CHAPTER 3. 

3.1. Introduction  

This chapter presents results from experiments that were designed to challenge 

Hypothesis Ia as it pertains to Hypothesis I, previously presented in Chapter 1: 

Hypothesis I. Oxidative aging processes, by pollutant and RH exposure, can significantly 

change intrinsic fluorescence properties of whole cell bioaerosols. 

Hypothesis Ia.  On-line fluorescent measurements can detect changes in intrinsic 

fluorescence properties of bioaerosols during aging. 

For context, a brief review of relevant literature pertaining to the scope of these specific 

bioaerosol aging experiments will be covered, along with details of the experimental methods, 

results and discussion. 

3.2. Previous Work on Real-Time Bioaerosol Fluorescence 

Bioaerosols have intrinsic fluoresce properties which have been leveraged to size, 

enumerate, classify airborne microorganisms in the atmospheric environment [27-30]. 

Fluorescence has been used to describe bioaerosol response to atmospheric processes [1], 

bioaerosol occurrence in health care settings [31, 32], and in the context of classifying biological 

warfare agents of national security concern [33, 34].  Advances in real-time bioaerosol 

fluorescence measurements have improved resolution and discrimination capabilities by 
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incorporating real-time, single-particle fluorescence monitors with multiple excitation and 

emission channels [35-41].  

The ability to classify bioaerosols based on their size and fluorescence behavior 

(excitation-emission wavelengths and intensity) using multi-channel bioaerosol fluorescence 

monitors has been of growing interest because of the potential to determine interferences by non-

biological particles (i.e combustion particles) and establishing methods for bioaerosol 

identification [37, 40-42]. For example, Sivaprakasam et al. 2011 [37] were able to improve 

discrimination between bioaerosols and diesel exhaust particles with the addition of a 350nm 

excitation wavelength, where these aerosol fluorescence profiles would have overlapped with 

266nm excitation alone. Robinson et al. 2013 [43] leveraged cluster analysis techniques for 

interpreting single-particle bioaerosol fluorescence data to classify bioaerosol types, reporting 

that algorithms used to interpret fluorescence spectra could be adjusted to confidently separate 

bacteria and fungi into unambiguous particle groups.   

In this context, cluster analysis is based on the assumption that the fluorescence 

properties are constant; however, perspectives are emerging that question the influences 

atmospheric aging and/or oxidative exposures may have on the chemical and optical properties 

of bioaerosols.  It is evident that aging influences viability as defined by the ability to be 

recovered by culturing techniques; thus, it follows that the changes of intracellular biopolymers 

which accompany the loss of viability would likely affect the detectable properties of 

bioaerosols, including intrinsic fluorescence properties.  Because of the optical properties of 

bioaerosols, many of the biopolymers and enzymatic energy carriers which make up microbial 

cells are candidates for real-time fluorescence characterization—based on the quantum yield 
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from unique combinations of excitation and emission wavelengths [4, 39].  Table 3-1, adapted 

from Pöhlker et al. [15], outlines the more common biological fluorophores thought to contribute 

to this bioaerosol detection approach. 

 

Table 3-1.Summary of relevant fluorophores reported in bioaerosol detection 

Bioaerosol 
Fluorophore 

Function/Remarks                   
(possible WIBS-4 Channel) 

Excitation 
Wavelength (nm) 

Emission 
Wavelength (nm) Study* 

Tryptophan (Trp) 
Amino acid, responsible for ~90% of 
signal from native proteins (FL1) 

280 – 295, 286 340 - 353 1, 2-6 

Tyrosine (Tyr) 
Amino acid, responsible for ~10% of 
signal from native proteins (FL1) 

275, 280 300 - 304 1, 2-6 

NADH and 
NADPH 

Coenzymatic redox carrier (indicator of 
viability) – (FL3) 

290 – 295, 340 - 366 440 - 470 
1, 2-5, 

8, 9 

Flavins (riboflavin 
and FMN) 

Coenzymatic redox carrier and 
photoreceptor (indicator for cell 
metabolism) – (FL3) 

380, 450-488, 280, 
373, 445 

520-560, 523 
1, 4, 5, 
8, 12, 

13 

Chitin 
Fungal cell wall component (FL2 & 
FL3) 

335, 254, 373 413, 452 - 458 
1, 28-

30 

Sporopollenin 
Pollen and fungal spore cell wall 
component (FL2 & FL3) 

300-550  400-650 35-37 

Carotenoids 
Accessory pigment in photosynthesis 
and UV protection (FL3) 

400-500 520-560 36, 50 

 

 

 

Emerging studies of particulate matter using on-line fluorescence measurement 

techniques have largely focused on discriminating between biological and non-biological 

aerosols [39], and more recently have leveraged the ability of fluorescence-based bioaerosol 

detectors to discriminate between classes of bioaerosols.  For example, O’Connor et al. [42] used 
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principal component analysis (PCA) to evaluate fluorescent emission properties of thirteen types 

of pollen and fungal spores at a single excitation wavelength of 370 nm. They determined that 

grass pollens had the most intense and distinct emission spectra when compared with the other 

common pollen grains and fungal spores.  This marked intensity made grass pollen easier to 

discriminate from other pollens and fungal spores with fluorescent methods.  Baumgardner et al. 

2013 [44] reported that distinct groupings of fluorescence spectra corresponded to phenotypic 

groupings of bioaerosols, and that comparing the ratio of emission between 420-650 nm when 

challenged with excitation of 280 or 370 nm, was able to resolve fungal spores from some 

similar sized pollens (or their fragments).  A classification method for discriminating between 

bioaerosol types based on fluorescence bandwidth, or the combinations of bandwidths, was 

successfully developed and applied by Perring et al. 2015, to investigate variations in bioaerosol 

types across the United States [40].  Perring and coworkers reported that size segregated 

fluorescent aerosol detected in the lower atmosphere (c.a. < 1000 ft.) across the Southeast United 

States, was consistent with the sizes and fluorescence patterns of fungal spores observed in a 

laboratory setting [41], while a shift to larger fluorescent particle sizes, with markedly different 

fluorescence patterns, was more commonly observed across the Southwest U.S.  

In a series of controlled environmental chamber studies, size (optical diameter), particle 

fluorescence and intensity distributions were catalogued from a collection of more than 50 

aerosolized pure cultures of fungi and bacteria [41].   When aerosolized, the size-normalized 

fluorescence type distributions of whole microbial cells, as well as pollen grains and their 

fragments, clustered into obvious patterns which could be associated with their major phenotypic 

classes.  This library approach was used as a reference to implicate fluorescence signatures 
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(within the relevant size range) in patient rooms and soiled textile storage rooms in a modern 

hospital; fluorescence spectra were in agreement with co-located molecular profiles of airborne 

bacterial genes recovered from the same locations [31]. 

Kanaani et al. [45] found that on-line fluorescence measurements can discriminate 

between two types of fungal spores (Aspergillus spp. and Penicillium spp.); but, as the spores 

were exposed to air, the fluorescence intensities for both genera decreased with exposure time. 

Further, vegetative bacterial cells (E.coli and B. subtilis) exposed to elevated temperatures (20 ◦C 

– 200 ◦C) also exhibited marked decreases in fluorescence intensity with an inverse trend 

between fluorescence and temperature beyond 40 ◦C [46]. Creating baseline libraries of 

bioaerosol response with different instruments is important, but there are few reports which 

characterize the fluorescence properties of bioaerosols as they age and experience changes in 

environmental variables - temperature, humidity and redox condition.  

Recent studies indicate that changes in the fluorescence intensities of octapeptide and 

whole bacteria could be detected using an on-line bioaerosol monitor [14, 16].  These studies 

provided some of the earliest indications that common gas-phase oxidants (such as ozone), at 

different RH levels, may impact the surface of commonly occurring bioaerosols.  A laboratory 

chamber study conducted by Santarpia at el. [16] aerosolized both Yersinia rohdei bacteria and 

MS2 bacteriophage in a rotating drum containing ozone, and detected a decrease in on-line 

fluorescence emission spectra in the near UV region (263 nm excitation / 330 nm emission).  In 

this same experimental series, aerosolized MS2 particles were challenged with ozone as 

humidity varied from low RH to high RH, which was reported to have a significant impact on 

specific fluorescence intensity. A recent study by Pan et al. [14] reported changes in fluorescence 
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spectra of aerosolized octapeptides exposed to environmentally relevant ozone concentrations at 

varying RH levels, with higher RH levels associating with the greatest spectral response 

(decline) when challenged with ozone.  Further, the emission spectra from immobilized 

octapeptide experienced a blue-shift as ozone concentrations increased, indicating ozone-induced 

modifications to these fluorescing compounds. This same study reported an increase in 

fluorescence particle intensity in response to ozone exposure.  The authors suggest this increase 

was associated with the formation of kynurenine and/or its oxidized conjugate, ozonide N-formyl 

kynurenine, from the oxidation of specific tryptophan residues in this octapeptide.  However, no 

analytical chemistry measurements confirmed the decay of octapeptide, its integrated tryptophan 

residues, nor measurements reporting the concomitant appearance of kynurenine containing 

compounds.   

The current aerobiology literature concerning particle aging remains limited and tenuous, 

particularly where fluorescence properties are concerned.  Controlled observations of airborne 

microbe interactions with common air pollutants, and whole cell bioaerosols, have yet to be 

comprehensively explored. 
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3.3. Experiment Specific Methods and Materials 

The methods presented in this chapter are specific to the experiments conducted by 

individual particle interrogation and real-time fluorescence bioaerosol measurements. For 

general methods related to analytical techniques, or other sample collection and processing, and 

chamber design, refer to Chapter 2. 

3.3.1. Overview of Instrumentation 

A high-throughput aerosol monitor, which concurrently reports the optical diameters and 

selected fluorescence properties of airborne particles (InstaScope, Detectiontek, Inc, Boulder, 

CO) was used for this research.  This instrument is a portable variant of the Wideband Integrated 

Bioaerosol Spectrometer – Model 4 (WIBS4, Droplet Measurement Technologies), which has 

been seeing increased use for ambient aerosol characterization [39, 47].  The InstaScope 

(referred to hereafter as a portable WIBS, or pWIBS) is a single particle interrogation device 

designed to measure and record total particle concentrations, their equivalent optical diameter 

(EOD), and associated fluorescence properties (if any) as outlined below in Table 3-2: 

Table 3-2. InstaScope (pWIBS) fluorescent detection channel assignments 

Channel ID 
Excitation 

Wavelengths (nm) 
Emission Wavelengths 

(nm) 
Potential Corresponding 
Biological Fluorophore 

A (FL1_280) 280 310 - 400 Tryptophan (protein) 

B (FL2_280) 280 420 - 650 Sporopollenin/chitin 

C (FL2_370) 370 420 - 650 
Nicotinamide adenine 
dinucleotide, reduced 

(NADH) 
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Common biological fluorophores, which are germane to the detection of whole microbial 

cells, are included with their correspondence to each of three different fluorescent channels 

which are detected by the pWIBS as listed above.  Channels are defined here as specific 

emission bandwidths, which correspond specific excitation wavelengths.  It should be noted that 

many other fluorophores can be measured in these channels, including non-biological particles 

which may present interference (false positives) [48].  In this work, a series of controlled 

environmental chamber experiments provided conditions for those potential interferences to be 

controlled (eliminated).  

Single-particle size and associated fluorescence data are electronically stored in an 

archive, which can provide population data from between 3,000 to 30,000 single-particle 

measurements from a predetermined time frame (in consecutive 10 minute intervals), over the 

course of aerosol chamber experiments.  Real-time fluorescence and particle concentration data 

were archived while other bioaerosol samples were concurrently collected from the chamber air 

(filters, impingers, etc.) for subsequent microscopic and biochemical analyses. The pWIBS 

sample flow rate was 14 mL/s (0.84 L/min), where all inlet flow passed through HEPA filters 

after measurements were conducted and before being discharged.  A schematic of the p-WIBS 

instrument and direction of particle flow during measurements, adapted from the Droplet 

Measurement Technologies instrument manual [40], is shown in Figure 3-1 
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Figure 3-1. Schematic of the pWIBS4 particle detection cell as viewed from above (A) and from 
the side (B). 

 

3.3.2. Discussion of Calibrations and Data Analysis Methods 

In order to best determine particle fluorescence properties above background, an 

analytical threshold was determined for each channel by forcing the instrument to acquire signal 

in the absence of particles. This approach was used to determine the “background” fluorescence 

associated with the instrument electronics under any operating condition, and is simply referred 

to as a “forced trigger”.  This background was removed from each particle’s fluorescence spectra 

across all channels.   Figure 3-2 illustrates the background fluorescence for each detector channel 

at different gain settings, where gain is the electronic signal sensitivity of the fluorescent light 

detectors.  Detector gain settings only impacted the FL1 channel as shown in Figure 3-2-A. 

Examples of the potential influence on uncorrected fluorescence data for each channel are shown 

in Figure 3-2-D-F for Aspergillus fumigatus spores recovered from a high humidity atmosphere.  

In this case, it is clear that background fluorescence is significant and could skew analysis of 



22 
 
 

actual particle fluorescence; therefore, it is simply determined by running a forced trigger 

protocol immediately before sampling, and subtracted from particle fluorescence observations.   

For each experiment reported here, a background fluorescence intensity histogram was fit with a 

lognormal curve, placing the background threshold value at +/- 3σ from the max peak location.  

Maximum background fluorescence intensity values were 128 for higher gain settings and 87 for 

lower gain settings in the FL1 channel respectively; an intensity of 68 for the FL2 channel; and, 

an intensity of 4 for the FL3 channel. 

 

Figure 3-2. Background fluorescence (forced trigger) response from pWIBS at high and low gain 
detector settings.  Examples of probability densities determined from normalized fluorescence 
histograms without background correction (plots A – C).  Probability density plots compiled 
from observations of airborne Aspergillus fumigatus spores before ozone exposure (blue), and 
after 3 hour 200ppb ozone exposure (red), at 85% RH:  FL1 channel (Channel A), the FL2 
channel (Channel B), and the FL3 channel (Channel C) (plots D-F). 
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The pWIBS was regularly calibrated with green and yellow polystyrene latex (PSL) 

microspheres to verify that the excitation and detection channels were operating correctly. The 

single-particle optical diameters for all bioaerosols measured are reported here as equivalent 

optical diameter (EOD), and determined from measuring elastically scattered light of each 

bioaerosol after passing through a 635nm continuous laser beam.  The scattered light from all 

particles are then compared to EOD “look-up tables” constructed based on observed scattered 

light intensity from non-fluorescent polystyrene latex spheres (PSLs) of known diameters 

(0.85um, 1um, 1.3um, and 3um) and refractive index of 1.59 (Fisher Scientific). The optical 

scatter data was fit with the Bohren and Huffman (1983) [49] treatment of the Mie Theory 

calculations. Particle size distributions were constructed for each bioaerosol, in each chamber 

experiment, using log-normal particle size distributions [50], widely utilized in aerosol research. 

In many cases the diameter determined from elastic scattered light (optical diameter) is different 

from the aerodynamic diameter depending on the particle shape and surface characteristics, and 

light refractive indices.  Here, scanning electrograph microscopy (SEM) images of Aspergillus 

fumigatus spores were taken for size verification and particle surface characteristics.  The EOD 

and measured physical diameter for A. fumigatus spores were in good agreement, therefore using 

the calculated EOD in these studies provided a reasonable estimate of particle diameter.  

All data were compiled in a dataset compatible for graphical and statistical analyses using 

IGOR Pro (Wavemetrics) and Matlab (Mathworks).  Fluorescence data were gated to use those 

values which corresponded with particle sizes in the EOD range of whole microbial cells, as 

verified by direct microscopy.  Fluorescence, size and intensity data for each channel (FL1, FL2, 

and FL3) were analyzed, in part, by comparing three-dimensional histograms (heat maps) which 
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facilitated the comparison of analytical centroids with accepted statistical tests.  Size (EOD) and 

intensity frequency distributions for each bioaerosol population, in each channel, for each 

experimental condition were compiled.  To minimize the influence of kurtosis introduced by the 

disproportional fluorescence of sub-cellular size particles (i.e. fractions of cells) or particle 

clusters, while accounting for instrument gain, approximately 75% of all the optical data 

collected were used for fluorescence analyses after being gated for the EOD size range 

corresponding to individual whole microbial cells.  These gated data were used to compile size-

segregated intensity (frequency) distributions from the raw optical data sets.  Particle sizes 

(EOD) and associated fluorescence intensity, with their respective variance, were compared with 

gated mean fluorescence in each channel using lognormal data transforms into standard, 

multivariate Gaussian distributions.   Using fluorescence spectra and size, airborne cellular 

response to ozone could then be judged by shifts in the centroids of these size-segregated 

fluorescence intensity distributions in two dimensions, as a standard Euclidean distance.  These 

spectral shifts are defined here as a “Difference in Fluorescence (DiF)” determined from their 

Euclidean distance normalized by particle size (EOD), according to the following analytical 

geometry: 

	
ln ln 	 ln ln 	

ln ln
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Where in the DiF Measure equation,  

D is the mean fluorescence corresponding to the equivalent optical diameter before (pre), 

and after (post) ozone exposure; and, 

FI is the corresponding mean fluorescence intensity in a given channel before (pre), and 

after (post) ozone exposure. 

 

A concern for measuring bioaerosol fluorescence with instruments that have operator-

determined gain settings (i.e. detector sensitivity) is the ability to saturate the electronic signal 

range of the respective detectors under different conditions. This can result in a reduced ability to 

characterize the full range of the intensity spectrum associated with microbiological 

fluorophores, especially where associated with larger particles.  Fluorescence data obtained by 

the pWIBS at the low and high gain settings were analyzed for the fraction of particles saturating 

the detector. For bioaerosol fluorescence measurements below the saturating range, power-law, 

linear, and multivariate Gaussian models were fit to log-normal transformed fluorescence data 

detected in each fluorescence channel.  Bioaerosol fluorescence and size (EOD) data under these 

low gain conditions were not normally distributed; thus, determining significant differences 

between the cumulative frequency distributions (CFDs) before and after ozone exposure, were 

conducted with the non-parametric Kolmogorov-Smirnov (KS) test.  As previously described, 

these data were size gated to the following ranges to eliminate variation introduced by cell 

fragments and cell clusters: fungal spores, 0.85 m < EOD < 4 m; bacterial spores, 0.5 m  < 

EOD < 2.5 m.  
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3.4. Results 

3.4.1. Bioaerosol size distributions 

Bioaerosol size distributions (equivalent optical diameter (EOD)) for each experiment 

were determined for initial conditions (pre-ozone exposure) and final measurements (following 3 

hours of exposure, t=3hrs). In each case, normalized particle number distributions were fit with 

log-normal functions to determine the mean particle EOD and their associated standard 

deviations (as referenced by its centroid). EOD data sets, before and after ozone exposure, were 

trimmed to remove cell fragments and clusters, which then included the optical data 

corresponding to only those particles with EOD between ± 3σ of the mean. Significance of 

differences in optical properties in response to ozone exposure, was then assessed using the 

Kolmogorov-Smirnov test of cumulative frequency distribution (CFD).  

 Figure 3-3-A-E shows example of the log-normal EOD number distributions for each 

type of microbe challenged with ozone at high RH and low RH.  Figure 3-3-F includes an 

electron micrograph (magnification 6,520x), showing a morphology typical of that of Aspergillus 

fumigatus spores collected during these experiments with a copper impactor: the mean optical 

diameter was approximately 2 m, as judged by a reticule installed on a scanning electron 

microscope (SEM), where gold coating is used to enhance resolution. More than 20 SEM images 

of A. fumigatus spores were acquired from samples collected to represent all the bioaerosol 

chamber conditions tested in the presence and absence of ozone. Careful inspection of the A. 

fumigatus spores in all SEM images did not provide any visual evidence to suggest structural 
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degradation of the spores’ coats  in response to ozone, regardless of environmental condition, 

ozone concentration or residence time.   

 

 

Figure 3-3. Normalized log normal number distributions of airborne A. fumigatus spores at 85% 
RH (A) and 30% RH (B); for airborne A. versicolor spores at 85% RH (C) and 20% RH (D); 
and, for airborne B. subtilis spores at 85% RH  (E).  Distributions corresponding to bioaerosol 
collected prior to ozone exposure are shown in blue (—), and distributions following 3 hours of 
ozone exposure are shown in red (—). Log normal fit of aeorsol data prior to ozone exposure, are 
shown by the blue dotted line (- - -), and log normal fit following ozone exposure are shown by 
the red dotted line (- - -).  True optical diameter of aerosolized A. fumigatus spores are shown at 
6,520X magnification, in SEM image (F).  
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The mean EOD for each bioaerosol case did not significantly change in response to any 

ozone exposure scenario, as indicated by insignificant shift of the EOD distribution centroid. 

While the bacterial spores show average EOD decreases in response to increasing residence time, 

it should be noted that these measurements are approaching the lower calibrated limit of 

detection of this instrument of 0.85m. As with their fungal counterparts, significant differences 

between the cumulative frequency distribution (CFDs), as well as their median values, were 

determined by the KS test previously described. The resulting CFDs including ozone challenges 

of B. subtilis spores are shown in Figure 3-3-E.   

The KS statistic is a measure of the maximum difference (%) between the two 

distributions (seen as red vertical line in Figure 3-4) and the median values (at 0.5 on the 

cumulative distributions) are depicted as the green horizontal line. These data suggest that RH, 

not ozone exposure, played a large role in the differences found between the cumulative EOD 

distributions of fungal spores at the beginning and end of each chamber experiment. Lower RH 

levels (< 30%) were associated with greater median decreases in spore EOD than the same 

conditions at high RH (85%). The EOD log-normal means, standard deviations, CFD median 

values, KS statistics and associated significance thresholds (p-values) for every condition tested 

are presented in Table 3-3. 
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Figure 3-4. Cumulative distributions (CFD) of EOD for airborne A. fumigatus spores at 85% RH 
(A) and 30% RH (B); for airborne A. versicolor spores at 85% RH (C) and 20% RH (D); and, for 
airborne B. subtilis spores at 85% RH (E).  Distributions corresponding to bioaerosols collected 
prior to ozone exposure are shown in blue (—), and distributions following 3 hours of ozone 
exposure are shown in red (—).  The KS statistic is shown as the red vertical line ( | ) between 
the pre and post-exposure CFDs. The respective median is shown as the green horizontal line ( | ) 
between distributions. Physical diameter of aerosolized A. fumigatus spores is shown at 6,520X 
magnification in SEM image for comparison (F). 
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Table 3-3. Bioaerosol EOD log normal and CFD descriptive statistics 

Culture 

Culture 
Age 

(Days) RH(%) 

Ozone 
(ppb-
hr) 

EOD Log 
Normal 

max (mm) 

EOD Log 
Normal 

SD 

 CFD 
Median 

EOD 
(mm) 

KS 
Statistic 

(%) 
KS        

p-value 

A. versicolor 39 85 0 2.29 0.46 2.35 4.5 4.8E-28 

A. versicolor 39 85 600 2.35 0.43 2.28     

A. versicolor 38 85 0 2.41 0.47 2.38 15.8 1.9E-64 

A. versicolor 38 85 0 2.25 0.44 2.19     

A. versicolor 36 30 0 2.27 0.35 2.32 26.5 8.7E-104 

A. versicolor 36 30 600 2.1 0.32 2.01     

A. versicolor 35 30 0 2.3 0.39 2.32 16.4 4.3E-89 

A. versicolor 35 30 0 2.16 0.38 2.15     

A. fumigatus 78 85 0 2.28 0.49 2.29 7.1 2.34E-85 

A. fumigatus 78 85 600 2.12 0.23 2.19     

A. fumigatus 15 85 0 2.02 0.38 2.04 6.3 3.68E-06 

A. fumigatus 15 85 0 1.97 0.37 2.01     

A. fumigatus 11 85 0 1.91 0.38 2.01 7.7 3.06E-07 

A. fumigatus 11 85 600 1.96 0.39 1.94     

A. fumigatus 18 20 0 1.91 0.43 1.94 11.0 2.99E-41 

A. fumigatus 18 20 600 1.79 0.37 1.78     

A. fumigatus 24 20 0 1.84 0.33 1.9 12.3 3.15E-49 

A. fumigatus 24 20 0 1.79 0.29 1.78     

A. fumigatus 18 20 0 1.99 0.43 2.01 3.2 0.1 

A. fumigatus  18 20 1000 1.98 0.40 2.01     

A. fumigatus 15 20 0 1.93 0.37 1.9 5.2 0.0001 

A. fumigatus 15 20 1200 1.84 0.31 1.94     

A. fumigatus 15 20 0 1.97 0.36 1.97 3.2 0.11 

A. fumigatus 15 20 7500 1.92 0.34 2.01     

B. subtilis 14 85 0 0.775 0.32 0.83 19.8 5.8E-152 

B. subtilis 14 85 600 0.576 0.06 0.69     

B. subtilis 14 85 0 0.49 0.45 0.69 18.9 7.3E-134 

B. subtilis 14 85 0 0.58 0.08 0.62     
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3.4.2. Fluorescence Channel Distributions 

Theoretically, the intensity measured from a fluorescing particle should be a function of 

its size (cross section) and fluorophore composition; for spherical particles, this can be modeled 

by a power-law function. Previous studies of bioaerosol fluorescence have attempted to 

normalize emission intensity by size-apportioned exponents or other constants [14, 16, 33, 37, 

51, 52]. Because of the heterogeneous physiological composition of microbial cells and spores in 

the environment, and the fact that biopolymers in microbial cells change in response to growth 

and environmental conditions, modeling bioaerosol fluorescence intensity presents an analytical 

and mathematical challenge.  In this context, normalizing what is likely a dynamic fluorescence 

response for many different types of microbial cells in the environment (determined under a 

broad range of conditions) introduces the potential for a broad range of uncertainties. In response 

to this challenge, the next section introduces new analytical methods that can support a more 

robust statistical approach for describing and modeling size dependent fluorescence spectra of 

bioaerosols. 

The following suite of experimental results include the airborne particles exhibiting 

fluorescence above the pWIBS background in the following channels: FL1 (‘Channel A’, ex/em: 

280nm/310-420nm), FL2 (‘Channel B’, ex/em: 280nm/420-650nm), FL3 (‘Channel C’, ex/em: 

370nm/420-650nm).  These are compared to non-fluorescing particles (below background) in 

chamber studies where Aspergillus versicolor spores (Figure 4.#), Aspergillus fumigatus spores 

(Figure 4.# and Figure 4.#), and Bacillus subtilis spores (Figure 4.#) are aerosolized under 

various exposure conditions.  All fluorescence distribution data were corrected for background 



32 
 
 

fluorescence (forced trigger data, see Figure 3-2), and gated for EO diameters between ± 3 

standard deviations of the mean, as previously described, in the following ranges: 

 1.5 m < EOD < 3.5 m, for both species of fungal spores, A. fumigatus and A. versicolor  

 0.5 m < EOD < 1.5 m, for Bacillus subtilis spores 

Given the background corrections, the pWIBS gain setting (high or low) did not have an 

impact on fluorescence intensity detection (quantitation) of these bioaerosols in a given 

fluorescence channel; however, gain settings did have an impact on of the fraction of A. 

fumigatus spores that saturated the FL1 (Channel A) detector. 

The influence of ozone exposure on the distribution of A. versicolor (35 days < spore 

culture age < 39 days) across the different fluorescent channels in the pWIBS was most apparent 

after 600ppb-hr ozone exposure at 85% RH (Figure 3-5-A), where the following changes were 

detected: Channel C decreased from 18% to 10%, while a slight increase in non-fluorescing 

spores was measured 0.8% to 2.4%.   Under otherwise identical exposure conditions at low RH 

(Figure 3-5-C), a significant decrease in Channel A (98% to 90%) and Channel B (63% to 53%) 

was observed with a concomitant increase in the percentage of non-fluorescing spores (1% to 

6%).  Under the lowest RH conditions (RH < 30%), airborne A. versicolor spores that had been 

aged in the absence of ozone as well as exposed to ozone for up to 3 hours, had higher 

percentages of the spores detected by Channel B (~60%) than at high RH (~50%). The RH level 

also had an impact on the percentage of A. fumigatus spores detected in each channel, as well as 

the fraction of airborne spores that saturated the Channel A detector, as shown in Figure 3-6. 
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Figure 3-5. Percentage of total airborne Aspergillus versicolor spores exhibiting fluorescence 
above background in Channel A ('FL1', red outline ( □ )), Channel B (‘FL2’, blue outline ( □ )), 
Channel C (‘FL3’, green outline ( □ )), and non-fluorescent (below FT background threshold, 
black outline ( □ )) observations prior ozone exposure are represented by pattern filled bars ( ▒ ). 
The extent of ozone exposure response is represented by the darkness of solid green shading: 
following 1 hour of exposure/aging (light green ( █ ); and following 3 hours exposure/aging 
(dark green ( █ )). All A. versicolor cultures were between 35 and 39 days old immediately prior 
to their aerosolization. The following conditions are described for individual experiments: 
200ppb ozone @ 85% RH (A); No ozone @ 85% RH (B); 200ppb ozone @ 30% RH (C); and, 
No ozone @ 30% RH (D). 
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Figure 3-6. Percentage of total airborne Aspergillus fumigatus spores exhibiting fluorescence 
above background in Channel A ('FL1', red outline ( □ )), Channel B (‘FL2’, blue outline ( □ )), 
Channel C (‘FL3’, green outline ( □ )), and non-fluorescent (below FT background threshold, 
black outline ( □ )) observations prior ozone exposure are represented by pattern filled bars ( ▒ ). 
The extent of ozone exposure response is represented by the darkness of solid green shading: 
following 1 hour of exposure/aging (light blue ( █ ); and following 3 hours exposure/aging (dark 
blue ( █ )). All A. fumigatus cultures were between 11 and 24 days old immediately prior to their 
aerosolization. The following conditions are described: 200ppb ozone @ 85% RH (A):  No 
ozone @ 85% RH (B), 200ppb ozone @ 20% RH (C), and No ozone @ 20% RH (D).  Where the 
channel A detector was saturated, the fraction of particles at or above this fluorescence intensity 
is presented at a percentage of that channel’s total spore count, presented above each plot. 
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The influence of ozone exposure on the distribution of A. fumigatus spores (11 days < 

spore culture age < 24 days) across the different fluorescent channels in the pWIBS, was most 

apparent after 600ppb-hr ozone exposure (Figure 3-6-A), where the following changes were 

detected: a decrease in the saturated fraction detected in Channel A (27% to 17%) with 600ppb-

hr exposure ozone under low RH conditions (20% < RH) concomitant with a decrease in 

Channel C (24% to 18%).  Unlike A. versicolor, the non-fluorescent fraction was consistently 

below 1% of these airborne spores observed in all cases. Further, low RH conditions appeared to 

influence the magnitude of the increased fraction of A. fumigatus spores detected in Channel C in 

response to ozone exposure at high RH (~10% and ~20%, respectively), opposite the behavior in 

Channel C of A. versicolor spores at low and high RH. Additionally, almost all of the A. 

fumigatus spores consistently were detected in both Channels A and B, where all A. versicolor 

spores are detected in Channel A, but only approximately half were also detected by Channel B.  

The effects of fungal spore maturity on fluorescence response to ozone exposure within a species 

(A. fumigates) and addressed later in this chapter. 
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Figure 3-7. Percentage of total airborne Aspergillus fumigatus spores exhibiting fluorescence 
above background in Channel A ('FL1', red outline ( □ )), Channel B (‘FL2’, blue outline ( □ )), 
Channel C (‘FL3’, green outline ( □ )), and non-fluorescent (below FT background threshold, 
black outline ( □ )).  Observations prior ozone exposure are represented by pattern filled bars ( ▒ 
). The extent of ozone exposure response is represented by the darkness of solid green shading: 
following 1 hour of exposure/aging (light blue ( █ ); and following 3 hours exposure/aging (dark 
blue ( █ )). All A. fumigatus cultures were between 11 and 24 days old immediately prior to their 
aerosolization. The following conditions are described, all of which were executed at RH = 85%: 
200 ppb ozone w/ spore age = 78 d (A); 1200 ppb ozone w/ spore age 15d (B); 1000 ppb ozone 
w/ spore age 18d (C); and, 7500 ppb ozone w/ spore age 16 (D).  Where the channel A detector 
was saturated, the fraction of particles at or above this fluorescence intensity threshold is 
presented as a percentage of that channel’s total spore count, presented above the plot. 
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The oldest (most mature) cultures tested were A. fumigatus spores that had been aged 78 

days prior to their aerosolization; this mature culture displayed a higher fraction of spores 

initially in Channel C, than any other A. fumigatus condition/spore age tested.  In the case of 

these mature spores, the fraction of the airborne population reporting above the detection limit in 

Channel C, decreased from 27% to less than 1% of the total spores after a 600 ppb-hr ozone 

exposure at 85% RH.  Increases in ozone levels resulted in small decreases in the percentage of 

spores reported in Channel B, where 1000 ppb-hr ozone exposure decreased the channel B count 

from 99% to 97% of the total spores; 1200ppb-hr ozone exposure decreased 99% to 96%, and 

7500ppb-hr ozone decreased from 99% to 93%; there were no changes in the percentage of 

particles detected by Channel B at 85% RH at or below ozone exposures 600 ppb-hr. The profile 

of bacterial spores from Bacillus subtilis show a markedly different pattern in percent of particles 

detected in all channels, as shown in Figure 3-8. 
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Figure 3-8. Percentage of total airborne Bacillus subtilis spores exhibiting fluorescence above 
background in Channel A ('FL1', red outline ( □ )), Channel B (‘FL2’, blue outline ( □ )), 
Channel C (‘FL3’, green outline ( □ )), and non-fluorescent (below FT background threshold, 
black outline ( □ )).  Observations prior to ozone exposure are represented by pattern filled bars ( 
▒ ). The extent of ozone exposure response is represented by the darkness of solid gold shading: 
following 1 hour of exposure/aging (light gold ( █ ); and following 3 hours exposure/aging (dark 
gold ( █ )). All B. subtilis cultures were between 35 and 39 days old immediately prior to their 
aerosolization. The following conditions are described for individual experiments: 200ppb ozone 
@ 85% RH (A); No ozone @ 85% RH (B).  

 

The percentage of B. subtilis spores detected in any channel was significantly lower than 

for Aspergillus spp. spores, with a much larger contribution of non-fluorescent particles. Because 

of the EOD size range investigated, the larger contribution of non-fluorescent particles may be 

due to the phosphate buffered saline (PBS) solution the spores were washed with to remove their 

growth and sporulation media.  Unlike their fungal counterparts, these bioaerosols were 

generated from liquid suspension via nebulization, where all fungal spores were dry aerosolized 

directly from their cultures thereby eliminating this issue. In general, ozone exposure does not 

impact the percentage of total bioaerosols detected in each fluorescent channel. A summary of 
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the percentages of particles detected across the fluorescence channels A, B, and C each pure 

culture bioaerosol and set of atmospheric exposure conditions is outlined in Table 3-4. 

Table 3-4. Percentage of bioaerosols detected in fluorescent Channels A, B, C, and the non-
fluorescent fraction 

Bioaerosol Spore 
Type 

Channel A (FL1) 
Ex: 280 nm 

Em: 310-420 nm 

Channel B (FL2) 
Ex: 280 nm 

Em: 420-650 nm 

Channel C (FL3) 
Ex: 370 nm 

Em: 420-650 nm Non-Fluorescing 

Aspergillus 
versicolor 

High RH: 95-99% 

Low RH: 90-99% 

High RH: 48-50% 

Low RH: 53-60% 

High RH: 11-22% 

Low RH: 6-9% 

High RH: 0.6-2.5% 

Low RH: 0.3-6% 

Aspergillus 
fumigatus 

High RH: 99% 

Low RH: 98-99% 

High RH: 99% 

Low RH: 98-99% 

High RH: 9-13% 

Low RH: 19-24% 

High RH: <1% 

Low RH: <1% 

Bacillus subtilis High RH: 3-9% High RH: 9-14% High RH: 2-4% High RH: 62-71% 

 

These results report the spores counted above background and the fractions thereof which 

saturated Channel A, or were otherwise below the detection limit in any channel. Though ozone 

exposures induced some changes in distributions reported by each fluorescence channel, this 

does not include the extent to which the fluorescence intensity in each channel is influenced by 

ozone exposure. Characterization of fluorescence intensity, with and without respect to their 

corresponding EOD is discussed in the following section. 

 

3.4.3. Characterization of Bioaerosol Fluorescence Intensity with Exposure Conditions 

The fluorescence present in the FL1 channel (referred to as Channel A in the previous 

section for comparison to literature) has been typically associated with the protein content of 

bioaerosols - specifically tryptophan and tyrosine residues.  When these amino acids are pure in 
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aqueous solution, they fluoresce when excited at 280 nm and the resulting emission can be 

detected by the pWIBS between 310 nm and 420 nm (measured as a cumulative intensity across 

this region).  Fluorescence intensity at a given excitation has been used in a limited context to 

discriminate between bioaerosol types and gauge changes in biopolymer properties in other 

oxidative aging studies. In this work, fluorescence intensity distributions measured by the FL1 

channel where characterized by a gated EOD range using bulk intensity histograms and CFD 

distributions (with KS test for significant differences). Two dimensional histograms were then 

constructed which report fluorescence intensity with respect to EOD; these were log-normal 

transformed and fit with multivariate Gaussian distributions. The bioaerosol fluorescence 

intensity distributions in the FL2 and FL3 channels were also evaluated for differences before 

and after atmospheric aging, in the presences and absence of ozone, and at different relative 

humidity conditions. These differences were judged for statistical significance the KS and 

multivariate Gaussian metrics previously introduced, for which a comprehensive compilation of 

these values can be found in the Appendix. Figure 3-1 shows examples of bulk FL1 intensity 

histogram data for fungal and bacterial spores before and after ozone exposures.  
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Figure 3-9. Normalized frequency histograms of fluorescence intensity associated with pure 
cultures of aerosolized spores before and after 600ppb-hr ozone exposure.  Fluorescence was 
measured in the FL channel between 310nm – 420nm (excitation at 280nm).  Spore diameters 
were gated to ranges between 0.85 um < EOD < 4 um for Aspergillus spp.; and, 0.5 um < EOD < 
1.5 um for Bacillus subtilis.  Frequency distributions are shown by blue lines prior to ozone 
exposure ( — ), and red lines following 600 ppb-hr ozone exposure (— ).  Panels describe the 
culture maturity and ozone exposure condition: A. fumigatus 11days old @ 85% RH (A); A. 
fumigatus 18 days old @ 20 % RH (B); A. versicolor, 39 days old @ 85% RH (C); A. versicolor, 
36 days old @ 30 % RH (D); B. subtilis 14 days old @ 85% RH (E); and, A. fumigatus 78 days 
old @ 85% RH (F). 
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As judged by fluorescence, single channel intensity histograms (gated, but not 

normalized by size) can give some indication of the influence culture age can have on the 

potential for ozone modification during exposure experiments; however, this type of analysis 

cannot elucidate shifts in fluorescence intensity due to changes in spore volume (as indicated by 

EOD) or modifications to biogenic fluorophores. In Figure 3-9, the most extreme shifts in FL1 

fluorescence intensity (at high gain) was typically found at high RH conditions, increasing spore 

age, and increased ozone levels (not shown, see Appendix for all FL1 histogram data).  

Determinate differences between FL1 distributions are illustrated in the CFDs shown in Figure 

3-10 below, using non-parametric methods previously described.  Median FL1 values are 

denoted by the green line, and the KS statistic values show by the red vertical lines. 

Differences between fluorescence intensity distributions for each fluorescence channel 

are summarized in Table 3-5, where the largest differences in response to ozone exposure 

expressed in the format of  CFD distribution manifest in significant reductions in specific FL1 

and FL3 intensities, which are most extreme in cases with the older fungal spore cultures tested, 

(A. fumigatus, 78 days old, 600 ppb O3 - hr), or at elevated exposure levels (A. fumigatus, 15 

days old, 7500 ppb O3 – hr). 
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Figure 3-10. Cumulative frequency distributions of fluorescence intensity associated with pure 
cultures of aerosolized spores before and after 600ppb-hr ozone exposure.  Fluorescence was 
measured between 310nm – 420nm (excitation at 280nm, FL1 channel).  Spore diameters were 
gated to ranges between 0.85 um < EOD < 4 um for Aspergillus spp.; and, 0.5 um < EOD < 1.5 
um for Bacillus subtilis.  Cumulative distributions prior to ozone exposure are shown by blue 
lines ( — ), and following 600 ppb-hr ozone exposure, shown by red lines (— ). Median values 
are indicated by green horizontal line (—), and KS statistic value indicated by red vertical line ( | 
). Panels describe the culture maturity and ozone exposure condition: A. fumigatus 11days old @ 
85% RH (A); A. fumigatus 18 days old @ 20 % RH (B); A. versicolor, 39 days old @ 85% RH 
(C); A. versicolor, 36 days old @ 30 % RH (D); B. subtilis 14 days old @ 85% RH (E); and, A. 
fumigatus 78 days old @ 85% RH (F).  
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Table 3-5. Overview of KS statistics for CFDs of fluorescence intensity for FL1, FL2, and FL3 
channels 

Culture 

Culture 
Age  

(Days) 
RH 
(%) 

Ozone 
(ppb-hr) 

KS FL1 
Statistic 

(%) 

KS FL2 
Statistic 

(%) 

KS FL3 
Statistic 

(%) 
A. versicolor 39 85 0 2.3 3.5 3.1 
A. versicolor 39 85 600       
A. versicolor 38 85 0 6.1 3.3 1.8 
A. versicolor 38 85 0       
A. versicolor 36 30 0 6.4 7.1 5.7 
A. versicolor 36 30 600       
A. versicolor 35 30 0 6.3 4.5 9.2 
A. versicolor 35 30 0       
A. fumigatus 78 85 0 39.5 3.7 48.8 
A. fumigatus 78 85 600       
A. fumigatus 15 85 0 5.8 4.7 3.1 
A. fumigatus 15 85 0       
A. fumigatus 11 85 0 21.5 4.9 4.1 
A. fumigatus 11 85 600       
A. fumigatus 18 20 0 12.2 26.6 7.8 
A. fumigatus 18 20 600       
A. fumigatus 24 20 0 10.9 15.7 4.3 
A. fumigatus 24 20 0       
A. fumigatus 18 85 0 18.8 10.1 11.9 
A. fumigatus 18 85 1000       
A. fumigatus 15 85 0 16.9 9.4 24.3 
A. fumigatus 15 85 1200       
A. fumigatus 15 20 0 44.9 13.3 51.0 
A. fumigatus 15 20 7500       
A. fumigatus 28 85 0 13.5 2.2 5.6 
A. fumigatus 28 85 600       

B. subtilis 14 85 0 25.5 7.8 13.0 
B. subtilis 14 85 600       
B. subtilis 14 85 0 4.3 6.4 10.3 
B. subtilis 14 85 0       
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The KS statistic and CFD plots give a good indication of bulk fluorescence behavior of a 

population of particles in a certain size range; however, they cannot indicate specific particle 

fluorescence with respect to bioaerosol size.  Thus, heat maps were constructed with these 

histogram data to illustrate fluorescence intensity across the EOD ranges observed in all 

fluorescence channels. The lightest colors in the plots that follow, Figure 3-11, indicate the 

highest frequencies of fluorescence intensities for a given EOD. As judged by a composite 

metric of size-normalized fluorescence intensity in any channel or combinations of channels, the 

effect of ozone exposure was most pronounced on the decrease in FL1 intensity emitted from 

older A. fumigatus spores following their exposure to 600 ppb-hr;  this was accompanied by a 

significant decrease in particles with FL3 fluorescence above the detection limit.  

To qualify significant differences in fluoresce intensity responses, the EOD and 

magnitude of peak frequency (the location of lightest region on the respective histograms) were 

adjusted to remove the influence of fluorescence from cellular fragments or cellular clusters.  

The density of the resulting adjusted volumes, compiled from intensity maxima in each channel, 

and the intensity distribution across the EOD range, could be assigned a mean and two 

dimensional variance with a multivariate Gaussian fit of lognormal transformed data.  An 

example of this approach, as applied to all ozone exposure experiments, is shown in Figure 3-12 

where A. fumigatus exposed to 7500 ppb-hr ozone at 85% RH. 
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Figure 3-11. Heat maps of fluorescence intensity from an individual experiment is shown across 
the EOD range observed for aerosolized Aspergillus fumigatus spores (78 days old) prior to 
ozone exposure (left panels); and, following 600 ppb O3- hr exposure (right panels).  FL1 
response is represented by the red-based heat map (top panels), FL2 by the blue-based heat map 
(central panels); and, FL3 response represented by green-based heat map (bottom panels).  The 
color scales on the respective heat maps are apportioned to their maximum intensity frequency 
where darker shades correspond to lesser frequency, and lighter shades correspond to increasing 
frequency. 
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Figure 3-12. Frequency heat maps (top) and Gaussian contour maps of log-normal data (bottom) 
of fluorescence intensity and EOD prior to ozone exposure (left), and following the 7500 ppb– hr 
ozone exposure of airborne Aspergillus fumigatus spores (15 days old) (right). The vector 
components used to calculate the the DiF Measure are indicated in the lower left plot. 

 

Changes in fluorescence intensity considering both EOD decrease with time and ozone 

exposure are accounted for by a normalizing Euclidian distance expressed the DiF Measure by 

the change in EOD with time.  Figure 3-13 illustrates different ozone exposure scenarios of A. 

fumigatus presenting changes in mean FL1 fluorescence intensity (at 85%RH, measured at low 

gain) and EOD for ozone exposures of 0 ppb-hr, 1000ppb-hr, 1200ppb-hr, and 7500ppb-hr.  The 

effect of decreasing EOD on FL1 intensity is accounted for by the DiF Measure, where 
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increasing DiF values indicate the increasing influence of ozone on FL1. The values of the DiF 

Measure are relative, and can serve useful only where comparison of similar bioaerosol 

physiology are the goal. Decreases in mean FL1 intensity were associated with increases in 

ozone exposure, as expressed by larger DiF values relative to baseline conditions. 

 

 

Figure 3-13. Means of peak fluorescence intensity across the EOD ranges tested, prior to and 
following ozone exposure of A. fumigatus spores at 85%RH.  Expressed as normalized vectors (-
-- >), the magnitude of the DiF Measure indicates significant shifts in size-normalized mean 
fluorescence intensity considering the variance of each exposure scenario: (A) control, no ozone 
exposure; (B)1000 ppb-hr; (C) 1200 ppb-hr, and (D) 7500ppb-hr.   
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FL1 fluorescence intensity is specific to species and pWIBS detector gain. However, this 

DiF measure provides a systematic basis for intra-experimental comparisons to isolate the 

potential for ozone (or any other physical or chemical challenge) to modify fluorescence 

properties. With increasing ozone exposures (0, 1000, 1200, 7500 ppb-hr) to otherwise identical 

airborne A. fumigatus spores (Figure 3-13) the DiF values were 1.4, 5.8, 14.9 and 53.8, 

respectively. A more complete overview of other case comparisons of Mean FL1 and DiF 

Measures are outlined in Table 3-6. This analytical approach was applied to each pure culture A. 

fumigatus, A. versicolor, and B. subtilis, and noting the culture age for each ozone exposure 

scenario at each RH condition tested.  
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Table 3-6. Multivariate Gaussian mean size, FL1 location and DiF Measures for various 
bioaerosol and exposure conditions 

Culture 

Culture 
Age 

(Days) RH(%) 
Ozone 

(ppb-hr) Gain 
EOD 
Mean 

FL1 
Mean 

Dif 
Measure  

A. versicolor 39 85 0 High 2.34 429 
1.1 

A. versicolor 39 85 600 High 2.30 426 
A. versicolor 38 85 0 High 2.43 429 

1.3 
A. versicolor 38 85 0 High 2.21 397 
A. versicolor 36 30 0 High 2.41 499 

1.2 
A. versicolor 36 30 600 High 2.15 460 
A. versicolor 35 30 0 High 2.31 451 

1.3 
A. versicolor 35 30 0 High 2.15 482 
A. fumigatus 78 85 0 High 2.40 1322 

5.0 
A. fumigatus 78 85 600 High 2.26 981 
A. fumigatus 28 85 0 High 2.10 1297 

4.1 
A. fumigatus 28 85 600 High 2.04 1156 
A. fumigatus 11 85 0 High 2.10 1364 

3.2 
A. fumigatus 11 85 600 High 2.00 1179 
A. fumigatus 15 85 0 Low 2.10 377 

1.4 
A. fumigatus 15 85 0 Low 2.03 366 
A. fumigatus 18 85 0 Low 2.00 350 

5.8 
A. fumigatus 18 85 1000 Low 1.97 317 
A. fumigatus 15 85 0 Low 2.06 342 

14.9 
A. fumigatus 15 85 1200 Low 2.05 313 
A. fumigatus 15 85 0 Low 2.07 362 

53.6 
A. fumigatus 15 85 7500 Low 2.06 265 

B. subtilis 14 85 0 High 1.00 162 
1.0 

B. subtilis 14 85 600 High 0.87 160 
B. subtilis 14 85 0 High 0.96 176 

1.0 
B. subtilis 14 85 0 High 0.78 175 
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3.5. Discussion 

 
A limited, but increasing number of studies are attempting to characterize the impact 

environmental conditions on bioaerosol fluorescence including, but not limited to, ozone. 

Bioaerosols can travel vast distances and encounter a broad range of oxidative atmospheric 

environments during their atmospheric transport. Therefore, characterizing the potential these 

environments have on real-time bioaerosol fluorescence may aid in efforts utilizing fluorescence 

measurement techniques for bioaerosol characterization and discrimination, and further improve 

the current understanding on the impact of air pollutants on bioaerosols in our environment. The 

ozone levels selected for these studies were based on the USA EPA National Ambient Air 

Quality Standards for ozone of 70 ppb given an 8 hour exposure horizon, recognizing this is an 

average threshold and that ozone levels vary widely.  This research employed the Ct concept 

which is widely used in disinfection studies, to control and quantify ozone exposure. Here ozone 

exposure is defined as the integrated ozone concentration (ppb) over the bioaerosol contact time 

with ozone (hours), resulting in ozone exposure expressed in ppb-hrs. An ozone exposure of 600 

ppb-hr is reflective of the EPA standard outlined above. Higher ozone exposures were also 

evaluated in these experiments (1000 ppb-hr, 1200 ppb-hr and 7500ppb-hr) and reflect exposure 

conditions during multi-day transport conditions experienced by bioaerosols in the lower 

atmosphere during summer months. 

In order to determine the impact of the ozone exposure on bioaerosol fluorescence, an 

average optical diameter (EOD) of the bioaerosol population during these measurements was 

systematically accounted for, as measured fluorescence intensity has been noted to be 
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proportional to particle diameter [37, 47, 53]. Methods for assessing the relationships between 

fluorescence intensity and bioaerosol size in this work will be discussed. In general, changes in 

size (EOD) distributions over time frames these experiments were not substantial, and in most 

cases not significant, as illustrated in Figure 3-3and Figure 3-4, and evaluated with the KS 

statistic.  

The largest changes in bioaerosol EOD distributions over the duration of 3 to 4 hours of 

suspension time were encountered at lower RH conditions (20% < RH < 30%). This decrease in 

EOD under the lower RH conditions observed was likely due to desiccation, where this would be 

less likely to occur at high RH. Though spores walls are considered rigid, like many dense 

structural proteins they are susceptible to changes in water sorption potential that dictate the 

hydration of these biopolymers. Not all bioaerosol (spore) response to changing RH conditions 

are the same, and have been suggested to be species and age dependent. In some cases humidity 

has been to shown to have a negligible effect on cell size on the time frame of hours (e.g. 

Mycobacteria spp.) [23], while others report a notable effect on bioaerosol size under similar 

time frames [16, 54]. 

Though particle fluorescence has been reported to be proportional to particle size, this 

relationship seems to be inconsistent with some bioaerosol including those observed here. A 

number of attempts have been made to model particle fluorescence intensity as a function of 

particle size with varying levels of success where compared to polystyrene latex spheres (PSLs) 

[47]; some report linear dependence of fluorescence intensity on the size of vegetative bacterial 

cells [53], while others report an exponential dependence of fluorescence intensity of various 

PSLs and bioaerosols [37].  What is clear from this and other studies is that modeling 
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fluorescence intensity using only one characteristic dimension of fungal spores, bacterial spores 

or vegetative cells cannot be applied across the diversity of whole cell bioaerosols, and certainly 

not to their fragments or clusters. Indeed no microbe is perfectly spherical and was confirmed by 

inspection with SEM in this and other studies.  Indeed bioaerosol intrinsic fluorescence is 

dependent not only on geometry, but also the type and composition of their biochemical 

fluorophores. 

In attempting to normalize fluorescence intensity measured in this work by the optical 

diameter, it became clear that this characteristic dimension may not be appropriate for every 

exposure condition tested (ultimately relating to environmental conditions). A select number of 

cases were fit with liner and exponential relationships, resulting in variable results between 

chamber runs (comparing initial results), and between exposure conditions for the same 

bioaerosol type. Understandably, attempts have been made to normalize bioaerosol fluorescence 

by some relationship with diameter; however, these types of normalization approaches 

incorporate a constant derived from an ideal case or condition, which is extrapolated to 

conditions which render these relationships poorly predictive [14, 16, 51].  Normalizing the 

bioaerosol fluorescence by any constant that has the potential to vary unpredictably with 

environmental conditions and species, may not be appropriate for most bioaerosol cases given 

the morphological diversity of the microbial world.  In response to these limitations, bulk 

(population) fluorescence characterization, required size gating based on the location of a log-

normal maxima; this gating was applied between 3σ of the mean particle size (EOD) 

distributions.  
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A small, but growing number of studies are demonstrating the utility of individual 

particle interrogation and bioaerosol fluorescent as a method for characterizing and identifying 

types of bioaerosols based on their fluorescence profiles [31, 40, 41]. The three fluorescence 

detection channels used in this work, overlap with the fluorescence of tryptophan (FL1/Channel 

A), sporopollenin or chitin (FL2/Channel B), and selected metabolites, vitamins, and electron 

carriers (e.g. flavins) (FL3/Channel C). Changes in bioaerosol detection sensitivity by 

combinations of responses from these respective fluorescence channels had yet to be investigated 

until now, particularly in respect to oxidation potential. This work presented evidence for the 

discrimination between bioaerosol types, challenged with zone, from the differences in the 

percentage of total particles found in each fluorescence channel. At both high and low RH, the 

majority of Aspergillus spores from both species were detected in FL1, suggesting a fairly 

uniform presence of protein-like compounds on the spore walls. However, further investigation 

of the fluorescence intensity distributions between the species yielded a lower mean intensity for 

A.versicolor than for A. fumigatus, either an indicator of the presentation or concentration of this 

or other similarly behaving fluorophore on the spore surface. Half the number of A.versicolor 

spores were detected in the FL2 channel when compared to it close microbial relative, A. 

fumigatus, probably due to more variability in the presence or presentation of their common 

fluorophore (if in fact it is common).  

Humidity had an inverse effect on the number of spores detected in FL3 for both 

Aspergillus species observed, where high RH decreased the percentage of spores detected in FL3 

for A. versicolor and increased the percentage in FL3 for A. fumigatus. Ozone exposure effects 

were minimal on these distributions, but seem to play a role in slightly decreasing the percentage 
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of total particles detected in FL1. Bacillus subtilis spores did not respond with significant shifts 

in fluorescence channel distributions when exposed to ozone under these conditions, but this 

observation was complicated by the fact that there were relatively large fractions of non-

fluorescent particles present during these ozone challenge studies (probably from nebulized PBS 

in which B. subtilis was aerosolized).  In relative order, the larger factors in influencing changes 

in fluorescence contribution from any individual channel, or combination thereof was bioaerosol 

type; this followed by relative humidity; followed by ozone exposure. 

The literature in this arena is new and tenuous.  The difficulty in comparing fluorescence 

responses to ozone exposure of the bioaerosols tested here, to those reported in the literature, is 

that many (if not all) of those reports include data which are normalized by some function of 

cellular or spore diameter. Bioaerosol size and fluorescence data in this work was also modeled 

with exponential functions under these conditions to compare responses prior to, and following 

ozone exposure.  In most cases any constants used to describe this relationship decreased with 

ozone exposure, and resulted in very different results where any characteristic length (diameter) 

was used for normalization—in some cases dramatically increasing the normalized fluorescence 

intensity with ozone exposure. To avoid the limitations of the approach, two dimensional 

histograms (heat plots) were constructed to track the changes in fluorescence at different 

bioaerosol sizes, as judged by EOD. Data was analyzed to track the maximum occurrence of 

fluorescence intensity and its corresponding sizes; data from these plots were analyzed both to 

isolate the spread from the bottom quartile of the max intensity frequency (i.e. corresponding to 

the peak or hot region), and data was log normally transformed and analyzed with multivariate 

Gaussian distributions to incorporate the maximum density of the data adjusted to minimize the 
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influence of kurtosis. By analyzing data both ways, the changes in the most frequent intensity 

occurrences was tracked, as well as how the rest of the bioaerosol population behaves with 

response to ozone exposure.  A normalized Euclidian distance was developed as a size sensitive 

metric (DiF) to track changes in the densest regions (mean) of the sample population 

fluorescence in response to ozone exposure, but specifically to indicate whether the components 

of  fluorescence changes were more or less influenced by bioaerosol diameter or by the impacts 

of ozone. When comparing similar experiments (i.e. bioaerosol type and detector gain) with the 

Dif Measure, higher values indicate changes in mean fluorescence intensity are more influenced 

by environmental conditions than by diameter.  With A. fumigatus spores, accounts of 

progressively increasing DiF values corresponded with increasing ozone exposures, indicating a 

primary effect of ozone interacting with spores to decreasing fluorescence intensity independent 

of their size. 

Greater decreases in fluorescence intensity have been noted with ozone exposures at 

higher RH conditions [14, 16], as well as changes in allergenic content and gross protein content 

(water soluble or solvent extractable).  The influence of RH on biochemical activities (enzymatic 

activity, as well as allergen and protein content) was also suggested by the data resulting from 

this work and is discussed in detail in Chapter 6 

Humidity had no consistent effect on fluorescence properties.  At higher RH, more water 

can and sorbed or otherwise associates with the biopolymers present on and in bioaerosols—in 

some cases introducing elasticity in the biopolymers present (i.e decreasing viscosity noted with 

protein), and increasing the potential for oxidant diffusivity.  Shiraiwa et al. [55] demonstrated 

diffusion –limited ozone uptake by a model of amorphous, semisolid protein, where a steep 
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ozone concentration gradient occurred near the surface, assuming reactions with select amino 

acids occurred.  They noted with increasing RH, an extended ozone uptake into the bulk protein 

matrix, where it was assumed additional amino acid oxidation could occur.  Whether this type of 

selective heterogeneous diffusive can be extended to the behavior of bioaerosols used in this 

work, could not be determined, but this theory is not consistent with the RH responses observed 

here.  Changes in surface composition most like explain the variable responses of RH on the 

extent of fluorescence (and biochemical changes) seen in different types of bioaerosols. 
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BIOAEROSOL EXCITATION EMISSION MATRICES CHAPTER 4. 

4.1. Introduction  

This chapter will detail the results from experiments that challenge Hypothesis Ib, as it 

pertains to Hypothesis I, previously presented in Chapter 1: 

Hypothesis I. Oxidative aging processes, associated with ozone exposure at different RH 

levels, can significantly change the intrinsic fluorescence spectra of pure cultures of whole-cell 

bioaerosol models. 

Hypothesis Ib.  Compared to their fresh counterparts, changes in intrinsic fluorescence 

properties of water soluble organic carbon liberated from aged bioaerosols, or those 

exposed to ozone, can be determined from analyses of excitation-emission matrices. 

For context, a brief overview of relevant literature pertaining to fluorescence 

characterization of water soluble bioaerosol components is outlined below, and details of the 

experimental methods, results and discussion are presented in subsequent sections. For 

bioaerosol culture, aerosolization, and enumeration techniques, refer to Chapter 2. 

4.1.1. Microbial Characterization by Excitation-Emission Matrices (EEMs) 

Characterization of the water soluble organic carbon (WSOC) fraction of airborne PM 

has been receiving increased attention in broad atmospheric contexts due to its the potential 

impact on climate (cloud nucleation and radiative balance) [56], visibility [57], and public health 
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[58].  Recent reports suggest that the WSOC portion atmospheric PM can range between 20-70% 

of the total carbon content [1]; however, the literature suggests that much of the organic 

compounds present in this water soluble fraction have yet to be resolved [59].  A limited, but 

growing body of work has focused on the fluorescence properties of aerosol WSOC as a means 

to characterize sources of, and contributions to, the total aerosol load [17, 18, 59, 60]. Many 

primary and secondary organic aerosols from biological, terrestrial, and anthropogenic sources 

contain a number of fluorophores in the water soluble fraction that can be characterized by three 

dimensional fluorescence excitation-emission matrices (EEMs). Each peak appearing on the 

EEMs defines a fluorescence intensity volume that corresponds to a given region of excitation 

and emission wavelengths characteristic a known fluorophore or combination of fluorophores. 

EEMs have been widely utilized for characterizing dissolved organic matter in the context of 

drinking water treatment and pollution control, but are now also emerging as a characterization 

tool for aerosol studies [17, 18, 61, 62]. The sensitivity of EEMs allow compounds present in 

WSOC to be characterized in a way that could otherwise be missed by classical methods for 

analyzing the bulk total organic carbon (OC) and WSOC content, refer to Chapter 6 for an 

environmental application of this approach as it applies wildfire aerosol characterization. 

A number of spectroscopic indices have been developed to characterize the sources and 

nature of fluorophores present in the complex heterogeneous mixtures of aquatic dissolved 

organic matter (DOM) as captured and described by EEMs [63]. Previously developed indices 

implemented through this work as it relates to bioaerosol fluorescence include the following: (i) 

specific UV absorbance at 254nm (SUVA 254 - indication of aromaticity [64]); (ii) the 

fluorescence index (FI), indication of aromaticity [19]); (iii) the humification index (HIX – 
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contribution of humic-like compounds [65]); (iv) the freshness index (FRI – indication of freshly 

produced microbial products [66]), and (v) comparisons of whole protein fluorescence, with 

respect to the region corresponding to tryptophan (P/Po) [67]; and (vi) Tyr/P – indicates changes 

in the nature of protein fluorescence with oxidation. An example EEM adapted from Gabor et al. 

2014 [63], Figure 4-1, indicates and summarizes the fluorescence regions used to calculate the 

indices described above. The boundaries of the excitation and emission regions described above, 

will be numerically defined in the Methods section. 

 

Figure 4-1. Boundaries of regions within EEMs, used to define analytical indices or otherwise 
identified with known fluorophores, as adapted from Gabor et al. 2014. Protein fluorescence 
regions and associated blue shifted region often associated with oxidized protein are indicated by 
‘P’ and ‘Tyr’ respectively. The humification index ‘HIX’, the freshness index ‘FrI’, and the 
fluorescence index ‘FI’ are identified on the EEM. 
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Previous work leveraging EEM analysis for aerosol studies have highlighted a number of 

fluorophores, postulated to be similar to those found in water and soil research, including 

terrestrial and marine humic-like substances and protein-like fluorophores [17, 18, 59-61]. Along 

with terrestrial and biogenic-sourced organic fluorophores, the atmospheric environment also 

contains anthropogenic fluorescent compounds that can appear in the same EEM regions 

associated with terrestrial and microbially produced organic matter [18, 48, 62].  Mladenov et al. 

[18] demonstrated that EEMs from diesel exhaust exhibit potential interference in regions of 

EEMs associated with protein-like peaks.  Pohlker et al. [48] cited fluorescent properties of 

naphthalene, a petroleum derived polyaromatic hydrocarbon used in fumigation, can overlap 

with the marine derived humic-like region in EEMs. To account for these potential 

anthropogenic interferences, a study utilizing EEMs analysis to characterize aerosols collected in 

the Canadian Arctic compared protein-like fluorescence with concurrent measurements of 

elevated pollen and fungal tracers (mannitol and sucrose, respectively) and decreased PAH levels 

to demonstrate the presence of long-range transported bioaerosols during late spring [59].  More 

recently, bioaerosols have been show to transport vast distances, while encountering a number of 

oxidating environments in the atmosphere [1].  In an effort to resolve oxidative effects on 

biogenic aerosols, Lee et al. [62] conducted controlled laboratory studies of O3 and OH aged 

biogenic secondary organic aerosols (SOA), and demonstrated significant overlap in terrestrial 

and marine humic-like regions in EEM profiles; further pointing out potential interference in 

excitation-emission channels used in real-time fluorescence detection of bioaerosols.  
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Table 4-1, adapted from Pohlker et al. [48], outlines the fluorescent properties of a 

number of common fluorophores present in bioaerosols. 

 

Table 4-1. Summary of relevant fungal spore fluorophores reported for bioaerosol detection 

Bioaerosol 
Fluorophore 

Function/Remarks                                                    
(level of fluorescence detection)                        

Excitation 
Wavelength (nm) 

Emission 
Wavelength (nm) 

Tryptophan (Trp) 
Amino acid, responsible for ~90% of signal from 
native proteins (high) 

280 – 295 340 - 353 

Tyrosine (Tyr) 
Amino acid, responsible for ~10% of signal from 
native proteins (medium) 

280 300 - 304 

Flavins 

(riboflavin and FMN) 

Coenzymatic redox carrier and photoreceptor, 
indicator for cell metabolism (high) 280, 373, 450-488 520-560 

Vitamin D compounds 
(ergosterol) 

UV-protective fungal cell wall component    
(medium) 

290 -360 360 - 460 

Lignin Fungal cell wall component (medium) 240-320, 331-345 470-510, 419-458 

Chitin Fungal cell wall component (high) 254, 335, 373 413, 452 - 458 

Sporopollenin Pollen and fungal cell wall component (high) 300-550 400-650 

Carotenoids 
Accessory pigment in photosynthesis and UV 
protection (high) 

400-500 520-560 

Phenolics Defense agent in fungi (medium-high) 300-380 400-500 

Terpenoids Pigment, toxins (medium) 250 - 395 400-725 

 

EEMs have been extensively used for characterizing fluorescence properties of natural 

organic matter in aqueous systems [19, 20], and have demonstrated that oxidation processes can 

influence the fluorescence characteristics of dissolved natural organic matter (DOM) [21, 67].  

Ozone disinfection processes for water treatment have initiated numerous studies on the impact 

oxidation processes on different microorganisms in water systems [22]. Zhang et al. [21] 

demonstrated an enhancement of fluorescence intensity in the EEM regions associated with 

proteinaceous materials and a decrease in a number of humic-like fluorescent regions after 

ozonation of dissolved organic matter.  Increases in protein-like fluorophores were reportedly 
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associated with the breakdown of large proteinaceous material during ozonation, thus increasing 

the amount of smaller protein molecules with exposed fluorescent amino acid residues. The 

reduction of fluorescence intensity in the humic-like regions were cited to result from significant 

decreases in the aromaticity and molecular weight of humic-like structures that occurr from the 

destruction of highly polycyclic aromatic structures by ozone.   

After ozonating water containing Escherichia coli with a 30 minute exposure of 600ppm 

ozone, Komanapalli et al. [68] reported an increase in total protein liberation, with a 

corresponding 75% reduction of bacterially associated protein fluorescence. The increase in 

aqueous protein content was attributed to the release of intracellular material, while the decrease 

in the total protein-like fluorescence intensity was posited as tryptophan oxidation. Korak et al. 

2015 [67] oxidized intracellular organic material from cyanobacteria isolates with 80ppm ozone 

in water for 30 minutes and found decreases in protein fluorescence with oxidation and increases 

in fluorescence index (suggesting a decrease in aromaticity) [67]. It should be noted that the later 

cited oxidation study was conducted directly on intracellular material present as dissolved 

organic matter and not the whole microbial cells themselves, probably explaining the differences 

reported between studies examining protein-like fluorescence with ozone exposure.  

These studies provide valuable insight on how ozone oxidation can influence the 

fluorescence properties of biogenic secondary organic aerosols, as well as natural organic matter 

and microorganisms in aqueous systems. Optical methods for characterizing changes in primary 

bioaerosol WSOC fluorescence as a result of atmospheric processing will be extended from the 

aqueous environment to the bioaerosol environment using traditionally defined spectroscopic 

measures, as well as some novel approaches. Though a few aerosol studies have successfully 
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demonstrated how EEMs analysis can be used for describing primary biological materials, 

biopolymer modification during controlled atmospheric oxidation studies have yet to be 

characterized using EEMs.  Fluorescence profiles of bioaerosol derived WSOC will be presented 

here to describe the response of aerosolized Aspergillus spores at different RH levels to the 

presence and absence of ozone. 

 

4.2. Chapter Specific Methods and Materials 

4.2.1. Overview of Aerosol Sample Collection and Processing 

To control the potential for culture age dependent variations on spore fluorescence [45], 

ozone exposure studies were conducted with fungal cultures of similar maturity (<5 days apart). 

Specific Aspergillus fumigatus and Aspergillus versicolor culture techniques are outlined in 

Chapter 2.  Fungal cultures were grown in sterile glass jars fit with stainless steel lids specifically 

designed for HEPA filtered air to pass over the culture in one port, and carry air-entrained spores 

out the other port and into the well mixed chamber.   Sterile borosilicate glass impingers (SKC 

Biosamplers) were filled with 20 ml cold sterile filtered DI water for sample collection at 12.5 

lpm for 15 minutes. Sequential replicate samples were taken for each exposure condition per 

chamber experiment.  
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4.2.2. Quantification and Characterization of WSOC and Characterization 

Characterization of WSOC and its fluorescence properties was conducted both on whole 

spore extract and lysed spore extracts for aerosolized spore samples and spores harvested directly 

from their source fungal cultures. Aliquots of each sample were also retained for spore 

enumeration using a widely accepted hemocytometer method for counting cells with phase-

contrast microscopy at 40X magnification. Aqueous extracts of collected impinger samples were 

produced using an established glass bead beating cell lysis method [69].  Briefly, 1.7 ml of well 

mixed impinger samples were added to 2ml sterile polypropylene screw cap tubes containing 

0.3g of 100 m (diameter) and 0.1g 500m borosilicate glass beads (previously baked at 550◦C) 

[70] and lysed by bead beating (BioSpec Mini-Beadbeater) for 30 seconds at 2500rpm. Whole 

spore samples (WSOC eluted from the spore wall) were also taken from the impingers and 

centrifuged at 4◦C for 2 minutes at 10,000g to ensure cellular material was removed from the 

bulk liquid sample. All lysed and whole spore samples were centrifuged for 2 minutes at 4C at 

10,000g to remove spore debris. Spore lysate and whole spore extracts were stored at -20◦C (for 

consistency) until thawed in preparation for WSOC and fluorescence measurements.  

Water soluble organic carbon (WSOC) content was determined from the aqueous extracts 

using a Sievers Laboratory TOC Analyzer (Model 5310 GE), with accuracy of +/- 0.5 ppb TOC. 

The relatively low WSOC (TOC) levels in the samples (<1ppm) required instrument settings to 

include 2.0 ml/min acid and 0.7 ml/min of oxidizer. All samples were diluted with sterile DI 

water to a final volume of 20 ml and measured in sterile glass vials. Water blanks were measured 

every fourth sample to flush the instrument and ensure accuracy of the readings. Bead-beated 

water blanks were read in triplicate to establish background WSOC content for each sample. 
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Fluorescence spectra of the aqueous extracts were measured using a Fluoromax-4 

spectrofluorometer (Horiba), where the emission intensity was measured in 2 nm wavelength 

increments between 300nm and 550nm, in response to excitation in 10nm increments in the 

range between 240nm and 500nm.  The excitation and emission ranges were selected based on 

the F4 instrument specific limitations of the upper and lower ranges of light emitted from the 

xenon lamp and capabilities of the detecting photomultiplier tubes. The bandpass was 5 nm for 

both excitation and emission monochromators, with a 0.25 second integration time. Prior to 

fluorescence measurements, UV-Vis absorption spectra were measured between 200nm and 

800nm for all samples, where the optical density (OD) at 254nm was less than 0.1, ensuring a 

dilute enough sample for accurate fluorescence readings. The EEMs were constructed and 

adjusted with MATLAB software (MathWorks).  Instrument and inner-filter corrections, as well 

as Raman normalization and bead beated blank subtractions, were applied to all EEMs [18]. It 

should be noted that the sample bead beating process liberated some background WSOC, which 

was accounted for, and blank subtracted where appropriate. Normalization of fluorescence signal 

by the Raman area of sterile filtered MiliQ water excited at 350nm allowed for comparison of 

specific fluorescence between samples, reported as Raman Units (RU) [71]. All EEM spectra 

were smoothed with standard splines, and had their primary and secondary scattering removed, 

where the spectra in those regions were interpolated for presentation (i.e. interpolated areas were 

not included in the index calculations).  Corrected and normalized EEMs are presented in Raman 

Units per microgram WSOC (RU/g WSOC).   

Fluorescence characterization of dissolved organic matter present in aquatic systems has 

been widely conducted with EEMs in the context of source apportionment and water quality 
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[20]. It has become clear that oxidation processes can influence fluorescence properties of 

dissolved organic matter [21, 67].  To assess changes in fluorescence profiles between samples 

of freshly aerosolized spores and aerosolized spores in the presence or absence of ozone 

(suspended for 3 hours), regions affiliated with protein fluorescence were integrated to determine 

peak volumes, and a number of previously adopted indices were utilized to compare the ratios of 

protein peak regions, as well as other noted fluorophores associated with fungi [48].  The 

following table outlines the indices and regions that were examined for changes with respect to 

ozone oxidation. Some fluorescence indices (i.e. HIX, FRI (BIX), FI and SUVA 254) have 

traditionally been applied to water samples from aqueous environments influenced by both 

terrestrial and microbial sources. Here, these indices have been shown to be a useful tool in 

characterizing airborne microbial oxidation and their water soluble fluorescence components. 

Additionally, these results show the extent that airborne microbial oxidation can influence 

regions associated with these indices.  

Table 4-2. Overview of EEM indices and their fluorescence regions 

Index 
Indication/ 

Use in This Work Excitation-Emission Ranges 
Reference 

Studies 

SUVA 254 
Aromaticity, greater 
SUVA,  greater degree of 
aromaticity 

Absorbance at 254nm  
Westerhoff 
1999 [72] 

Fluorescence 
Index         
(FI) 

Aromaticity/organic 
matter source –                
FI closer to 1.2 - higher 
aromaticity/terrestrial 
source; FI close to 1.8 
lower – lower aromaticity 
/microbial source 

(Em:470 nm @ Ex:370 nm) /          
(Em: 520 nm @ Ex: 370 nm) 

Cory 2010 
[73] 

Humification 
Index       
(HIX) 

Here, an indication of 
extent fungal cell 
components contribute to 
humic-like region with 
respect to smaller 
microbial products 

(Em:435-480 nm @ Ex:254 nm) / 
(Em: 330-345 nm @ Ex: 370 nm) 

Zsolnay 
1999[65] 
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Tyr/P 

Fraction of tyrosine-like 
fluorescent volume of 
total protein region 
fluorescence 

(Em:300-320nm @ Ex:260-290nm) 
/ (Em: 300-350nm @ Ex:260-
290nm) 

Adapted from 
reported 
protein 

regions [67] 

P:Po 
Percent volume change in 
protein-like peak region 
after exposure 

(Em:300-350nm @ Ex:260-290nm) 
/ (Em: 300-350nm @ Ex:260-
290nm) 

Korak et al. 
2015[67] 

 

The ‘Tyr/P’ index was developed here to track the blue shift in the protein-like 

fluorescence region encountered after aerosolization and gas phase ozone oxidation. This 

protein-like peak blue-shifting was encountered in aerosolized spores from both Aspergillus 

species used in these studies, but not in their freshly cultured counterparts (where tryptophan-like 

fluorescence dominated). The humification index (HIX) assesses the degree of humification of 

natural organic matter by comparing the fluorescence region of higher weight humic-like 

compounds (typically associated with terrestrial sources) to those of a lower weight compounds 

(originally associated with intracellular material) [65].  The greater the HIX value, the greater 

contribution to the longer wavelength region, thus the degree of humification (i.e. increased 

polycondensation/lower H:C ratios). The freshness index (more commonly known as BIX, but 

referred to here as ‘FrI’) traditionally indicates a measure of freshly produced microbial 

dissolved organic matter compared with aged or marine humic-like substances found in aqueous 

environments [66].  

The fluorescence index (FI) was developed as an indication of organic matter origin in 

certain water systems and an indication of aromaticity [19, 73].  Fulvic acids derived from 

microbially dominated aqueous environments display a narrow fluorescence peak between 

450nm and 520nm, when excited at 370nm, yielding higher FI values (1.7 - 2.0) than the broader 
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peak displayed by terrestrially derived fulvic acids (FI values 1.3 – 1.4). In this context, FI also 

has been reported as an indication of aromaticity, where microbially-derived fulvic acids contain 

less of an aromatic carbon (12%-17%) content than terrestrially-derived fulvic acids (25%-

30%)[19]. It follows that microbially-derived fulvic acid absorb less UV and visible light than its 

more aromatic terrestrial counterparts.  In addition to FI for a qualitative assessment of 

aromaticity, lower specific UV absorption at 254nm (SUVA 254) is also presented [64]. Results 

from changes in EEM peak fluorescence regions and indices will be outlined and discussed 

below.  

 

4.3. Results 

4.3.1. Bioaerosol EEMs 

All fluorescence intensities (reported as Raman Units, RU) in the EEMs presented here, 

and their associated absorbance data, were normalized by their respective sample WSOC (g/ml) 

content in order to compare fluorescence intensity characteristics across species and 

experimental conditions. The WSOC content increased per aerosolized spore in response to 

suspension time during ozone exposure as well as ozone free aerosol aging conditions.  It should 

be noted that visual inspection of collected spore samples via SEM images and phase contrast 

microscope enumeration indicated that the spores remained intact over the course of the chamber 

experiments, even in the presence of ozone, so increases in WSOC per spore are likely from 

changes to the spore coat. These results will be discussed in more detail in Chapter 5 as they 
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relate to water soluble protein and allergen content; however, Figure 4-2 is shown here to 

illustrate the increase in liberated WSOC content over the Aspergillus versicolor spore remain in 

an aerosol phase.  

 

Figure 4-2. Water soluble organic carbon content of aerosolized A. versicolor spore lysates 
measured in sequential replicate before and during ozone exposure, or aerosol aging under 
otherwise identical conditions in the absence of ozone.  Where exposed, ozone was introduced 
after 70 minutes of aerosol suspension time.  Low RH conditions are represented by light green 
circles (●); high RH conditions are represented by dark green (●) circles.  Exposure to 200 ppb 
ozone is denoted by an orange ring around the symbol (O). 

 

High RH (85%) and 600ppb-hr ozone exposure (200ppb ozone for 3 hours) conditions 

had the greatest impact on increasing the WSOC content of these spores during their suspension 

time. Even small increases in WSOC content were realized at low RH during relatively short 

suspension times with no ozone present. The absorbance spectra of each WSOC sample was 

measured to ensure the samples were dilute enough to measure fluorescence, and to determine 

the SUVA254 values. Figure 4-3 illustrates the difference (decrease) in WSOC normalized 
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absorbance before and after airborne  A. versicolor spore ozone exposure (600ppb-hr) at 

85%RH. 

 

Figure 4-3. Differences in absorption spectra for WSOC extracts of lysed aerosolized A. 
versicolor spores are displayed in the blue area region, where the top outline corresponds to the 
pre ozone WSOC absorption spectra, and the bottom outline is the post-ozone (600 ppb-hr) 
exposure WSOC absorption spectra. All absorption is reported here as optical density normalized 
to WSOC (ug/ml). 

 

EEMs were constructed from the fluorescence spectra collected from A. versicolor and A. 

fumigatus spores.  The fluorescence spectra presented for these bioaerosols may deviate from 

conventional EEMs for many environmental water and aerosol extract samples, so the dominant 

fluorescent peaks shown on EEMs constructed for A. versicolor and A. fumigatus spore lysates 

and from controlled fungal cultures (grown under standardized conditions), are overlaid with 

potential fungal fluorophore candidates cited from the literature [48]. Cited excitation and 
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emission wavelength ranges for the fungal fluorophore candidates listed for Regions A – I can be 

found on  

 

Table 4-1 in the introductory section.  Identified fluorescence regions affiliated with the 

fungal spore EEMs presented in this work will be referred to by their letter assignments shown in 

Figure 4-4. 

 

Figure 4-4. EEMs of fungal culture spore lysates from A. versicolor (top) and A. fumigatus 
(bottom), with WSOC normalized fluorescence intensity scale removed for clarity of 
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presentation. The regions defined by the respective ellipses, are adapted as published by Pohlker 
et al. 2012. 

 

 

The following consecutive EEMs panels include fluorescence profiles of WSOC from 

lysed A. versicolor spore immediately harvested from culture as compared with these same 

spores following their aerosolization.  This includes extracts of aerosolized spores (whole spore 

and lysed) collected immediately before and after 600ppb-hr ozone exposure at 85%RH, as well 

as spores in the absence of ozone (3hr suspension) at 85%RH, Figure 4-5. The same spore 

scenario for Figure 4-5 is shown for A. versicolor spores, in the chamber atmosphere of 30% RH, 

Figure 4-6.   

Finally, fluorescence EEM profiles of WSOC from lysed A. fumigatus spores, 

immediately following their harvest from culture, are compared with aerosolized spore samples 

(both whole and lysed, shown in Figure 4-7) from the same culture cohort, and collected 

immediately before and after 600ppb-hr ozone exposure at 85% RH, as well as aerosol aged 

spores in the absence of ozone (3hr suspension) at 85% RH.  This same sampling scenario was 

repeated at experimental conditions of 20% RH with the presence and absence of ozone. 
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Figure 4-5. EEMs of WSOC recovered from A. versicolor spores immediately harvested from 
controlled fungal culture (center, top).  Left panels, represent WSOC recovered from airborne 
A. versicolor spores following an hour of aerosol aging in the absence of ozone where (left, top) 
is from spore lysate; (left, center) is from whole spores; and (left, bottom) is from spore lysate.  
Right panels, with exception to bottom right (an aerosol aging control in the absence of ozone), 
represent WSOC recovered from airborne A. versicolor spores following ozone exposure of 
600ppb-hr.  (Right, top) is from whole spores; and (right, center) is from spore lysate.  Relative 
humidity was controlled at 85%. 
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Figure 4-6. EEMs of WSOC recovered from A. versicolor spores immediately harvested from 
controlled fungal culture (center, top).  Left panels, represent WSOC recovered from airborne 
A. versicolor spores following an hour of aerosol aging in the absence of ozone, where (left, top) 
is from spore lysate; (left, center) is from whole spores; and (left, bottom) is from spore lysate.  
Right panels, with exception to bottom right (an aerosol aging control in the absence of ozone), 
represent WSOC recovered from airborne A. versicolor spores following ozone exposure of 
600ppb-hr.  (Right, top) is from whole spores; and (right, center) is from spore lysate.  Relative 
humidity was controlled at 30%. 
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Figure 4-7. EEMs of WSOC recovered from A. fumigatus spores immediately harvested from 
controlled fungal culture (center, top).  Left panels, represent WSOC recovered from airborne 
A. versicolor spores following an hour of aerosol aging in the absence of ozone, where (left, top) 
is from spore lysate at 85% RH;  (left, center) is from whole spores at 20% RH; and (left, 
bottom) is from spore lysate at 20% RH.  Right panels, with exception to bottom right (an 
aerosol aging control in the absence of ozone at 20% RH), represent WSOC recovered from 
airborne A. fumigatus spores following ozone exposure of 600ppb-hr.  (Right, top) is from 
whole spores at 85% RH; and (right, center) is from spore lysate at 20% RH. 
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As demonstrated in the EEMs presented above, the fluorescence profiles between 

Aspergillus versicolor and Aspergillus fumigatus are distinctly different from each other, and this 

observation extends to their extracts following their recovery from an aerosolization. 

Additionally, in both Aspergillus species, significant changes in fluorescence profiles occur 

between WSOC immediately harvested from their respective cultures, and that collected after 

aerosolization in the presence or absence of ozone exposure.  The most significant change for 

both cases (between culture and aerosolization) is a blue shift of the maximum intensity from the 

tryptophan-like region (B) toward the tyrosine-like region (A).   

Dominant fluorescence peaks identified from WSOC harvested directly from A. 

versicolor cultures included fluorophore regions C-H, associated with metabolites, chitin, lignin, 

riboflavin, sporopollenin, and carotenoids.  After immediately aerosolizing harvested spores, 

fluorescence intensity decreased markedly in all regions, with the exception of a blue-shifted, 

intensity increase in the region corresponding to bulk protein fluorescence (peak A).  This blue-

shift in the protein-like region occurred with both lysed and whole spore extracts.  Spore lysates 

however, displayed additional fluorescence in regions C through E, which have been associated 

metabolites, terpenoids, and cell wall components released during the lysing process. 

Fluorescence from regions corresponding to riboflavin (H, F & E) was present in WSOC 

recovered from whole A. versicolor spores, as well as their lysed extracts, which were relatively 

more intense when recovered from the higher RH condition.  WSOC from spores corresponding 

to the riboflavin regions, significantly decreased with aerosol suspension with and without ozone 

exposure. Note that this fluorescence region contributes to the calculated fluorescence index (FI). 
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Table 4-3. Descriptive fluorescence indices of WSOC liberated by lysed and whole Aspergillus 
spores aerosolized under different ozone challenge conditions. 

Sample RH(%) 
Ozone 
(ppb) 

SUVA 
254 

FI HIX FRI Tyr/P 
P/Po 
(%) 

A. versicolor (lysed) 85 0 0.035 1.1 0.81 0.74 0.61 88.3 
A. versicolor (lysed) 85 0 0.018 1.4 0.40 0.87 0.69 
A. versicolor (lysed) 85 0 0.042 1.0 1.00 0.75 0.68 127.2
A. versicolor (lysed) 85 600 0.023 1.6 0.46 0.86 0.71 
A. versicolor (whole) 85 0 0.015 0.9 0.36 0.87 0.74 185.6
A. versicolor (whole) 85 600 0.005 65535.0 0.11 0.78 0.76 
A. versicolor (lysed) 30 0 0.067 0.9 0.43 0.86 0.70 116.2
A. versicolor (lysed) 30 0 0.054 1.1 0.33 0.90 0.72 
A. versicolor (lysed) 30 0 0.051 0.9 0.54 1.01 0.68 238.2
A. versicolor (lysed) 30 600 0.018 1.8 0.32 1.14 0.74 
A. versicolor (whole) 30 0 0.014 0.9 0.32 1.30 0.70 44.9 
A. versicolor (whole) 30 600 0.003 1.8 0.00 1.24 0.75 
A. versicolor (lysed) culture culture 0.048 0.9 4.15 0.60 0.39 - 
A. fumigatus (lysed) 85 0 0.023 1.7 0.32 0.71 0.77 77.8 
A. fumigatus (lysed) 85 600 0.018 1.9 0.34 0.58 0.84 
A. fumigatus (lysed) 20 0 0.015 1.5 0.90 0.63 0.80 63.6 
A. fumigatus (lysed) 20 0 0.014 1.5 1.18 0.59 0.83 
A. fumigatus (lysed) 20 0 0.013 1.5 0.44 0.57 0.82 222.7
A. fumigatus (lysed) 20 600 0.017 1.8 0.45 0.57 0.70 
A. fumigatus (lysed) culture culture 0.024 1.4 0.84 0.96 0.21 - 

 

Wavelength specific absorbance was determined from WSOC extracted from the spores 

prior to, and following, their aerosolization (and ozone exposure); this was normalized to the 

classic specific UV absorbance at 254nm (SUVA 254, reported in Table 4-3).  This metric is 

traditionally associated with the degree of aromaticity and ozone reactivity of dissolved organic 

matter [64]. Generally, initial SUVA 254 values were smaller for WSOC liberated from A. 

versicolor spore walls, than for the lysate of those same spore samples, suggesting the presence 

of more aromatic organic compounds either inside and/or attached to the spore coat than those 

simply liberated from the spore surface.  The largest decreases in SUVA254 occurred with lysates 
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recovered from A. versicolor exposed to ozone at low RH (30%), than otherwise identical 

conditions at high RH.  The SUVA254 values for A. fumigatus were generally lower than A. 

versicolor, and did not exhibit significant change during aerosol aging in the presence or absence 

of ozone.  

The fluorescence index (FI) is another accepted measure of WSOC aromaticity, as judged 

by optical properties [64].  Lower FI values indicate a higher degree of aromaticity (inverse trend 

of SUVA 254), and have been associated with lower weight microbially-sourced organic material 

(FI <1.5).  FI values reflected the same trend as the SUVA 254 in regard to the lysate of A. 

versicolor exposed to ozone. The FI also has been used to determine sources (microbial or 

terrestrial) of organic matter in aqueous systems [19]; however, in this work, compounds 

associated with this type of fluorescence have spectral overlap with fulvic-acids (as judged by FI 

values reported in water research), yet are more likely to include species-dependent constituents 

(including riboflavin, chitin, lignin, sporopollenin).  These results suggest that fungal spores 

might contribute to both microbial and terrestrial fractions of organic matter in aquatic 

environments. 

Several component peaks have been identified in EEMs in an apportionment context; 

these represent compounds derived from different sources, and ultimately used to identify 

fluorescence indices that aid in environmental sample characterization[74].  The humification 

index (HIX) has been developed to assess the degree of humification that organic matter 

experienced, and is based on a ratio of two fluorescence emission areas corresponding to young 

(fresh) organic matter, and generically weathered (humified) organic material[65].  Higher HIX 

values indicate polycondensation processes through a shift to longer wavelengths. The HIX 
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value can increase with organic aerosol aging and transformation [62], and can vary by season 

[60] and location[18]. In this work, the HIX values generally decreased in response to simple 

aerosol aging (no ozone), as well as in the presence of ozone; however, specific HIX reduction 

trends are difficult to quantify as the initial HIX values (pre ozone or aging) were variable 

between experiments. 

 

4.4. Discussion 

A more detailed discussion of WSOC liberation, will be given in Chapter 6, in relation to 

other water soluble proteins cited to have negative environmental health effects (e.g. allergens). 

Here it is important to note the WSOC liberation from both Aspergillus species increased in 

response to spore aging and ozone exposure. Changes in the specific fluorescence contribution 

per microgram of WSOC liberated can give an indication of the components contributing to 

these fluorescence regions associated with proteins, biopolymers and oxidation products. The 

composition of Aspergillus spore walls incorporate hydrophobic biopolymers and structural 

components[75], Figure 4-8. With time these components may age or oxidize such that their 

properties become more hydrophilic, subsequently lending the spore lysate process to facilitate 

their contribution to the total WSOC content.  
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Figure 4-8. Morphological features of A. fumigatus cell walls. Scanning electron micrograph 
(SEM image of spores post aerosolization at magnification of 18,000x [current study] (A).  
Transmission electron microgram (TEM) showing a cross section of A. fumigatus spores, with 
biopolymer layers including chitin and a dense melanin (B); and hydrophobic rodlet protein 
structures at high magnification (C) [Bernard et al. 2001]. 

 

Under identical exposure conditions, analyzing WSOC liberated from whole spores, as 

compared to that WSOC liberated from pulverized cell extracts, can isolate the effect of 

oxidation of the spore surface.  As a conglomerate, these data suggest that it is unlikely ozone is 

penetrating deep into the spore coat during the time frames of these experiments.  This 

observation is consistent with modeling of ozone uptake, which in amorphous proteins, has been 

recently been show oxidation is diffusion-limited, but reportedly increases with increasing RH 

[55].   

Ergosterols occupy a unique region of EEMs, illustrated as region (I) in the near the 

center of the example EEM plot in Figure 4-4.  Ergosterols are a primary component of fungal 

wall structure, making it a prime target for antifungal agents, and A. fumigatus has been cited as 

one of the most resistant species to antifungal agents that target ergosterol [76].  Ergosterol has 

been reported to be a fairly stable steroid, slow to degrade in the environment [77]; and may 
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explain why ozone did not demonstrate a significant impact on the fluorescence properties 

associated with this region. The ergosterol content in A. versicolor relative to A. fumigatus been 

not reported in the literature, but in a study comparing ergosterol content with other fungal types, 

A. versicolor ranked in the lower percentiles [78]; a potential reason why this component is not 

as apparent in the A. versicolor EEMs.   

Aspergillus spp. with darker pigments contain aspergillin, which can contribute to humic-

like substances found in soil [79]. Additionally, oxidative degradation of melanin, a cited 

component in Aspergillus spore walls [75, 80], can also produce similar products as those found 

in humic acids [81]. These components may explain the manifestation of fluorescence associated 

with marine and terrestrial humic-like compounds on the EEMs (ex: 254nm, Em: 435-480nm), 

and ultimately the HIX. These HIX values are on the lower end of the HIX ranges typically 

encountered in natural waters and collected aerosol samples (note that wildfire aerosol samples 

indicated HIX values between 0.5 and 3.5, Chapter 7).  

The EEM profiles reported here for culture-harvested spores are very similar to those 

reported for Apsergillus flavus by Wlodarski et al. 2006[82], where the dominant fluorescent 

region aligns with tryptophan-like fluorescence, and a smaller fluorescence contribution to the 

NADPH and flavin region. Note that the fluorescence enhancement and shift to the tyrosine-like 

regions here occurs after spore aerosolization.  It is still not clear whether fungal spores contain 

any appreciable amounts of NADPH at all, as spores are classified as dormant, thus should not 

participate in major energy-yielding reactions until germination. However, it has been suggested 

that Aspergillus spores can exhibit a basal level of metabolism in preparation for germination, as 

judged by changes in composition of internal lipid and sugars over time [83].  NADPH is 
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involved in mannitol production, a carbohydrate favored for germination and growth of 

Aspergillus, but it still remains unclear on the extent of the presence of NADPH in spores [84]. 

Other more likely fungal compounds that can fluoresce in the same region as NADPH include 

riboflavin, which inhabits an EEM region clearly present in the WSOC liberated from A. 

versicolor.  Riboflavin is a metabolite present at different levels in fungal spores (depending on 

species) that absorbs UV and aids in UV resistance of the spore wall [85]. The EEM produced 

for isolated riboflavin[48] is strikingly similar to regions shown for A. versicolor, but not seen in 

A. fumigatus. Fouillaud et al.[86] note clear visible absorption between 420nm and 500nm due to 

carotenoids from Aspergillus versicolor isolated from coastal waters around Reunion Island.  

Both SUVA 254 and FI have been reported as indicators of aromaticity in dissolved 

organic carbon samples [19, 64]. The FI also has been used to determine sources (microbial or 

terrestrial) of organic matter in aqueous systems. However in this work, suggested components 

that fluoresce in these traditionally fulvic-acid associate regions are more likely to include 

constituents dependent on fungal species (including riboflavin, chitin, lignin, sporopollenin) than 

conventionally described terrestrial sources. This also suggests that fungal material present in 

water (either deposited from air, picked up from runoff, or growing in water) might contribute 

measurements in both microbial and terrestrial fractions of organic matter in aquatic 

environments. In the context of this work, FI and SUVA254 indicated some level of modification 

to WSOC components, before and after ozone exposure, in both A. versicolor and A. fumigatus.  

The FI of A. versicolor WSOC extracts resembled values conventionally reported for terrestrially 

derived, more aromatic compounds (FI: 0.9 – 1.1) for both low and high RH exposures; 

however, after ozone exposures FI values increased to those conventionally reported from 
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microbial sources and with lower aromaticity (FI: 1.6 – 1.8). Decreases in FI values were slightly 

less in spores suspended for 3 hours without the presence of ozone, than those exposed to ozone, 

indicating the role ozone has on decreasing aromaticity of some WSOC components. Double 

carbon-carbon bonds and delocalized electrons present in many aromatic compounds also 

reflects the declining SUVA 254 trends observed here with decreasing absorption for both aerosol 

aging and ozone exposure. However, the specific influence of ozone on reducing this measure is 

unclear.  

Species dependent differences in liberated WSOC constituents, and the extent of ozone 

oxidation, become is apparent when comparing ‘pre’ (initial, no ozone) and ‘post’ (with or 

without ozone) FI values for A. versicolor and A. fumigatus.  For A. versicolor, the FI values are 

lower indicating the presence of components in the G region (stable spore wall components) and 

the F region (riboflavin and sporopollenin). With either exposure or aging, the F region decreases 

to a greater extent than the G region, indicating a potential greater loss of riboflavin with respect 

to spore wall components, like chitin and lignin, during oxidation. For A. fumigatus, the pre-

exposure FI values were larger than for A. versicolor, and the final FI values are similar, 

indicating a lesser fluorescence contribution of riboflavin relative to that of spore wall 

components for A. fumigatus than for A. versicolor.  
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CHAPTER 5. BIOPOLYMER AND BIOCHEMICAL ANALYSIS  

5.1. Introduction  

This chapter will discuss the changes in water soluble organic components, and specific 

allergenic and enzymatic activities that whole cell bioaerosols can experience during exposure to 

ozone at high and low relative humidity (RH). The following hypotheses will be addressed in 

this chapter: 

Hypothesis II: Exposure to environmentally relevant concentrations of gaseous ozone, a 

common oxidizing air pollutant, will modify biopolymers on the surface of common airborne 

microorganisms (bioaerosols).  

Hypothesis IIa: Environmentally-relevant levels of ozone will modify cell-bound 

biopolymers to such a degree that recognition by sensitive, highly-specific, biological 

analyses will be significantly reduced, with a focus on: water soluble organic carbon, 

total water soluble protein, antibody recognition of allergic epitopes and fungal spore 

wall enzymatic activity. 

Hypothesis IIb: Relative humidity will play a significant role in the extent of oxidative 

biopolymer modification during bioaerosol exposure to ozone. 
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5.2. Background and Context of Bioaerosol Biopolymer and Biochemical Analyses 

The characterization of potential modifications to bioaerosols by oxidative air pollutants 

has been gaining increased interest because of environmental health concerns and ecological 

implications [13, 87].  Bioaerosols have recently been reported to constitute a significant portion 

of airborne organic carbon, and can experience atmospheric residence time which span minutes 

to many days; where, bioaerosols have been documented to travel vast (intercontinental) 

distances [27].  Depending on their sources and the meteorological conditions encountered, 

bioaerosols can become entrained in air masses and have extended interactions with 

anthropogenic pollutants on local and regional scales [2, 88].  In the context of oxidation 

processes, much of the work associated with atmospheric processing of bioaerosols has been on 

the potential impacts of air pollution on pollen germination and associated allergenic properties 

[6, 89-92].  These investigations have been motivated by the increasing occurrence of allergic 

and hypersensitivity diseases associated with rising air pollution levels, particularly in urban 

environments [93], and concern for ecological implications [91, 92].  

More recently, the fluorescence properties of the water soluble organic carbon (WSOC) 

eluted from ambient aerosols has been investigated for its utility as a robust tracer for PM source 

apportionment (i.e. combustion, urban and rural aerosol sources) [94, 95].  For example, 

relatively toxic polyaromatic hydrocarbons (PAHs) can be found in the WSOC fraction of 

anthropogenically-sourced organic aerosols[96].  Additionally, the WSOC fraction can contain a 

cohort of allergenic constituents including microbial spores, vegetative cells, pollen grains and 

fractions thereof [70].  There is emerging evidence that when WSOC components associated 

with airborne microbes (β-glucan or lipopolysaccharies) and anthropogenically-sourced air 
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pollutants (PAHs) are encountered together, synergistic toxicological effects can result, and 

manifest in cytotoxic pathways associated with serious respiratory disease [97, 98].  However, as 

judged by fluorescence properties (EEMs), the contribution of bioaerosols to the overall pool of 

airborne WSOC remains largely unknown. Specific bioaerosol WSOC fractions have yet to be 

associated with airborne microbial ecology in the atmospheric environment; nor has bioaerosol-

derived WSOC been isolated and characterized for its reactivity with oxidative atmospheric 

pollutants in any systematic manner.   

Airborne microbes contain an abundance of water soluble biopolymers.  These 

biopolymers comprise a formidable portion of microbial cell mass, and include a large diversity 

of proteins and polysaccharides. Proteinaceous components have been noted to contribute to 

WSOC in ambient aerosols, and have been used as an estimate for the contribution of bioaerosols 

to the total measured aerosol load in a given environment[99-102]. However, the lack of sample 

processing standards and the relative variability in protein quantitation techniques have yielded 

conflicting results, thereby producing observations and associated uncertainties that can range 

orders of magnitude (1 ng protein/m3  – 10 ug protein/m3).  This poses an analytical and 

interpretive challenge to the aerobiology community in forming a consensus on the magnitude of 

aerobiological loads in the literature.  It is clear however, that certain fractions of the airborne 

water soluble proteins are potent environmental health threats. This fraction of airborne protein 

include the antigenic determinates of common allergens, which induce atopic asthma or can 

otherwise trigger other negative respiratory health responses.  Many observations of indoor 

allergen loads are determined from immunoassays of aqueous extracts from dust or aerosol 
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samples, as quantified with sensitive colorimetric, fluorescent or radioactive reporters [70, 103, 

104].  

The literature also contains perspectives that associate increased occurrence of allergenic 

diseases with climate change and air pollution [93, 105].  Climate change factors and 

anthropogenic pollution sources have been suggested to directly impact allergic responses in a 

number of ways, including the following mechanisms: 1) enhanced sensitization to airborne 

allergens by previous exposure to elevated levels of anthropogenic air pollutants [106]; 2) 

increasing levels of fine particulate matter that can serve as additional carriers, or adjuvants, for 

allergens [107]; 3) increased probability of exposure to combinations of anthropogenic pollutants 

and allergens, which have the potential to synergistically exacerbate inflammation beyond that of 

exposure to either alone [97, 98, 108]; 4) influence of changing ambient temperature (extended 

warm periods) and elevated concentrations of CO2 and O3 encountered during the growth phase 

of bioaerosol precursors can increase the allergenic activity and soluble protein content of fungal 

spores [70, 109] and pollens [90, 110]; and finally, 5) elevated levels of gaseous air pollutants 

(e.g. O3, NO2, and SO2) can either directly or indirectly influence the magnitude of allergenic 

response in mammalian receptors (IgE recognition) [89, 90, 92] by modifying allergens and 

compounds in pollens believed to initiate or enhance inflammatory responses [6, 7, 111].   

The literature emerging in this arena is tenuous and limited, much of which demonstrates 

the potential for specific allergen modification using experiments that immobilize allergen-

carrying microbes, or their extracts, on fixed surfaces in the presence of gaseous oxidant, as 

opposed to studying these effects on aerosolized microbes for extended periods[6, 89, 90, 92]. In 

response to the limitations of existing experimental designs in this area of work, observations of 



89 
 
 

total water soluble protein, enzymatic activity and allergen modification of well characterized 

bioaerosols are reported here under well defined and controlled environmental conditions (RH 

and O3), as well as sustained airborne residence times (hours). 

Inahling airborne fungal cells, and their fragments, remains a major health concern [112, 

113], particularly for immunocompromised and otherwise sensitive or aged populations.  

Elevated levels of airborne fungal material have been widely observed in water damaged 

buildings and associated with chronic and acute health effects ranging from respiratory and eye 

irritation to asthmatic inflammation and even major infections [112, 114].  The identification, 

distribution and abundance of airborne fungi in the built environment has been widely studied for 

decades, with numerous reviews reporting different perspectives on the association of microbes 

with building material characteristics and effects on occupants [115].  

Most inventories of bacterial and fungal occurrence in the built environment rely on 

culture-based techniques, which can at best recover between 1-10% of the microbes present in 

aerosols or on surfaces, and unfortunately introduce tremendous biases into both ecological and 

biomass estimates [116].   High throughput genetic amplification techniques have more recently 

been used to describe the ecology and abundance of microbes in the built environment.  

However, because of the relative abundance of genetic targets (ribosomal DNA), the variance in 

DNA extraction and amplification efficiency, and the statistical cluster analyses techniques 

employed, there are significant concerns in the variance and uncertainties of these techniques as 

they apply to environmental applications [117]. 

With respect to estimating airborne fungal biomass in the built environment, an assay that 

leverages correlations between measured activity of a unique fungal enzyme, -N-
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acetylhexosaminidase (NAHA) , utilized in the germination process and total fungal biomass has 

been developed for estimations of total airborne fungal spore loads [118, 119].  The NAHA 

enzyme is widely present across the fungal world, and its specific activity has been well 

correlated to total fungal biomass and adopted into a method validated for use air and surface 

samples [120].  Since its validation by the USEPA (2011), this approach has been 

commercialized and used to estimate fungal biomass in a number of water damaged indoor 

environments as a means to assess fungal exposure from indoor air [113, 120, 121]. 

Though the NAHA activity in aerosol samples collected from water damaged homes is 

typically higher than those with no apparent water damage [113, 120-122], the specific 

relationship between measured NAHA activity from environmental aerosol samples and biomass 

remains unclear. It has been reported that specific NAHA activity is species and maturity 

dependent across some laboratory fungal cultures [119]. Further, there is a scarcity of controlled 

studies relating to specific aminidase activity under different airborne environmental conditions.  

These factors (species and culture maturity), as well as environmental exposure effects (varying 

RH and pollutant levels), are addressed by hypotheses tested here.  

In addition to leveraging enzyme activity assays to better understand the abundance of 

fungal spores in the built environment, systematically defining aminidase activity under a broad 

range of environmental conditions is also important for ecological studies. Assessing NAHA 

activity during bioaerosol oxidation studies can shed light on the potential implications of 

modifying an important part in the enzyme cascade involved in spore germination.  Investigating 

the impact of environmental exposure of airborne fungal material, and their enzymatic activity 

(particularly those that facilitate germination), can provide some important insight on how 
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pollutants may impact downstream microbial viability. Given that atmospheric transport of 

bioaerosols, specifically with respect to fungal spores, can occur on time scales of minutes to 

days [2, 27, 88] and can include significant influences from local and regional pollution [88], 

understanding the behavior of enzymes that facilitate fungal germination under different 

environmental conditions has important ecological implications. 

The investigations presented here are designed to challenge the hypotheses outlined in 

Section 5.1.  These were compiled in response to gaps in the literature as they relate to the 

interactions of oxidizing air pollution and bioaerosols, specifically focusing on modification of: 

water soluble organic carbon (WSOC); total water soluble proteins; specific allergen content 

(Asp f 1), and specific fungal enzymatic activity (NAHA).  Aspergillus fumigatus and 

Aspergillus versicolor were chosen as microbial models for this study because they are 

recognized pathogens; their physiology is well-know; they are considered as indicator species of 

water damage in built environments; and, they are generally ubiquitous in temperate climate 

aerosols (as judged by conventional culture and microscopy). 

5.3. Chapter Specific Methods and Materials 

The following methods are specific to biopolymer and biochemical analysis, including 

details for determining total water soluble protein content, Asp f 1 allergen analysis, and -N-

acetylhexosaminidase (NAHA) activity. Characterization methods used in this chapter were 

selected based on their current implementation in bioaerosol research and their high sensitivity. 

Details on experimental chamber design and operation as well as Aspergillus spp. culturing 
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methods can be found in Chapter 2, and information on sample preparation and quantification of 

water soluble organic carbon (WSOC) can be found in Chapter 6. 

5.3.1. NanoOrange® Total Water-Soluble Protein Quantitation  

The total water-soluble protein eluted from spores was quantified using modifications to 

the commercially available NanoOrange protein quantitation assay (Invitrogen).  This highly-

sensitive protein assay relies on standardized fluorescence analysis where the NanoOrange 

reagent interacts with detergent-coated proteins creating a fluorescent complex measured at 

590nm when excited at 470nm [123]. The limit of detection, as modified for this assay was, 0.05 

µg/ml aqueous sample. After bioaerosol (fungal spore) capture with the Sequential Spot Sampler 

(Series 100, Aerosol Devices Inc.), collected spores were eluted directly from the wells of the 

Spot Sampler collection plate (refer to Chapter 2), using the proprietary NanoOrange surfactant 

provided - without the fluorophore (Component A) added - and transferred into 1.5 ml baked 

glass vials. The NanoOrange Working Solution was directly used for sample elution instead of 

water (as per the product protocol), to minimize losses of hydrophobic Aspergillus spores to the 

collection plate. Each well was washed 5 times with 50 µl of the NanoOrange® Working 

Solution (without Component A) for a final suspended sample volume of 250 µl. Samples were 

then vortexed vigorously for 30 seconds and left to incubate shaking at 120 rpm at room 

temperature for 1 hour. After a second vortex for 30 seconds (to resuspend spores), 150 µl of 

each sample was placed in clear sterile 2ml screw cap tubes for protein quantitation, while the 

remainder of the samples were stored at 4◦C until enumerated by microscopy counts with a 

hemocytometer. 



93 
 
 

All protein samples were centrifuged at 4◦C for 2 minutes at 10,000g to pelletize the 

spores, then 125 µl of each sample supernatant was carefully transferred into sterile 2ml amber 

tubes (screw cap) and combined with 125 µl Working Solution prepared with 2X Component A - 

the fluorophore was added at a 2X concentration to make the final concentration commensurate 

with the assay’s recommended concentration (the fluorophore was added in this step to avoid 

photo bleaching during the initial spore elution process). The bovine serum albumin (BSA) 

standards were prepared per manufacturer’s protocol, using BSA concentrations of 0 µg/m, 0.05 

µg/ml, 0.1 µg/ml, 0.5 µg/ml, 1 µg/ml, and 10 µg/ml to construct the standard curve as a 

reference to determine the spore protein concentrations. All samples and standards were 

incubated at 95◦C for 10 minutes and cooled to room temperature (20 minutes), vortexed and 

transferred in 200 µl aliquots to clear 0.5ml PCR tubes before measuring the sample fluorescence 

emission at 590 nm (excitation of 470 nm) with the Quantus™ Fluorometer (Promega 

Corporation). 

5.3.2. Multiplex Array for Indoor Allergens (MARIA®) for Detection of Asp f 1 

The quantitation of Aspergillus fumigatus allergen protein (Asp f 1) was conducted by 

Indoor Biotechnologies using the multiplex array for indoor allergens (MARIA), which has a 

greater range of sensitivity and degree of reproducibility for allergen detection than the 

conventional enzyme-linked immunosorbent assay (ELISA) for many common indoor allergens 

[124, 125]. The quantitation of Asp f 1 allergen from Aspergillus fumigatus bioaerosol samples 

was determined using a monoclonal antibody 4A6, an Asp f 1 analog derived from the 

Aspergillus restrictus mitogillin cytotoxin Asp r 1.  Proteomic analyses of Asp r 1 and Asp f 1 
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show these proteins are 95% sequentially homologous, and antigenically and functionally 

indistinguishable from each other [126].  

Aerosolized Aspergillus fumigatus spores were collected in 30 minute increments with 

the Sequential Spot Sampler (Series 100, Aerosol Devices, Inc.). The Spot Sampler, a high-

efficiency condensation particle capture sampler, uses aerodynamic lenses to focus airborne 

particulate matter into a water condensation regime which deposits and concentrates aerosols in 

at the bottom of 75ul wells in a collection plate [127].  An instrument schematic, specific 

sampling details and experiment-specific limitations of the Sequential Spot Sampler are covered 

in Chapter 2. The aerosol sampling time required for Asp f 1 allergen analysis was dependent on 

the spore concentration in the chamber (established with the pWIBS), and based on the lower 

limit of detection established by a cohort of preliminary range-finding studies.  Prior to this 

study, this immunoassay has been mainly used to determine the allergen content of settled dust 

samples (much higher concentrations) and required experimental range finding for these 

collected aerosol samples. See the Appendix for calculations of the following experiment-

specific detection limits: MARIA analyses based on ATCC biomass standards; estimated 

chamber sampling time calculations; and “look up” tables constructed for side-by-side use of the 

pWIBS and the Sequential Spot Sampler.  At spore concentrations above 5.4 x 104 spores/L 

(>750 particle counts per second by pWIBS), the Spot Sampler sampling durations were 

typically 30 minute at 1.5 lpm to ensure enough spore biomass was collected to be above the 

detection limit for Asp f 1 allergen quantitation. Because the detection limits required for 

MARIA (Asp f1) analyses were almost 10 folder higher than other biochemical experiments 

conducted on airborne Aspergillus spores, they only exposed to the following for 1hr at 85% RH 
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to maintain required bioaerosol concentrations; tested ozone concentrations (and exposures) 

included: baseline (no ozone) (0ppb-hr), 600 ppb (600 ppb-hr), 1200 ppb (1200 ppb-hr), and 

7500 ppb (7500 ppb-hr). The Ct exposure time frame equivalents here, as they relate to 2015 

EPA NAAQ O3 standards of 70ppb for 8 hours, are:  8.5, 17, 34 and 107 environmental exposure 

hours at 70 ppb ozone, respectively. 

All MARIA analyses for these experimental samples focused on the Asp f 1 allergen 

liberated from the Aspergillus fumigatus spore wall into 0.05%Tween 20:DI water (typical 

procedure for allergen analysis) after centrifugation at 10,000g for 2 minutes. All samples 

collected for Asp f 1 analysis had an additional sequential sample collected for total water-

soluble protein content and assays were normalized by their respective spore microscopy counts. 

Each Spot Sampler collection well was eluted with 300l of 0.05% Tween 20: DI water in 6 well 

wash volumes of 50l to elute the spores for both Asp f 1 analysis (200l volume) and 

microscope enumeration (100l). All samples were stored in glass ½ drams (baked at 550C) to 

reduce hydrophobic spore losses to plastic tube walls. 

The MARIA assay incorporates polystyrene microspheres covalently conjugated to 

monoclonal antibodies, here mAB 4A6, that are then exposed to the sample eluent, washed and 

exposed to biotinylated detection antibodies that selectively bind to Asp f 1 and contain a 

reporting fluorophore quantified with a Bio-Plex fluorescent suspension array reader (Bio-Rad 

Laboratories). The reported fluorescent quantities are then compared to a standard curve 

constructed with a varying concentrations of purified allergen Asp r 1 (reported as 95% 

homologous with Asp f 1). The typical lower limit of Asp f 1 detection, depending on the 

specific experimental standard curve, ranges from 0.02 ng/ml to 0.04 ng/ml.  
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5.3.3. Fungal Spore Enzyme -N-acetylhexosaminidase (NAHA) Activity Assay  

The Mycometer-Air® assay was selected for specific fungal enzyme activity (-N-

acetylhexosaminidase (NAHA)) studies because of its sensitivity and reproducibility; it has been 

previously evaluated and approved by the EPA for use in these settings [128].  Aerosolized spore 

samples were collected onto filters in sequential triplicates at the beginning (before exposure) of 

each chamber experiment and after a suspension time of 3 hours, either in the presence of 

200ppb ozone or baseline (no ozone) conditions. All filter sampling was conducted for 15 

minutes at flow rate of 20 L/min, for a total collected air volume of 300 L. All filter samples 

were stored at 4C, and analyzed for NAHA enzyme activity within 96 hrs of sample capture. 

The NAHA enzyme activity for each sample was determined by the hydrolysis of an 

enzyme substrate coupled with a fluorophore by an active NAHA enzyme, producing free 

fluorophore in solution that is fluorimetrically quantified at an excitation of 365nm, as illustrated 

in the figure below: 

 

Figure 0-1. Principle of quantifying NAHA activity by detection of resulting cleaved fluorophore 
product using the Mycometer-Air assay. 
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All samples were analyzed following the Mycometer-Air protocol, where 1 ml 

fluorogenic substrate, 4-methylumbelliferyl N-acetyl--D-glucosaminide, is added directly to the 

sample filter cassette. After reacting for approximately 30 minutes (determined based on the 

room temperature), 2 ml of developer was added to stop the reaction. The resulting product 

solution was placed in a sterile polyacrylic cuvette and the fluorescence intensity at an excitation 

wavelength of 365nm was reported as referenced fluorescence units. A filter blank was analyzed 

with each sample set and subtracted from each measured sample. The resulting enzymatic 

activity is reported as NAHA enzyme activity (EU/m3). 

Statistical methods for assessing significant differences between means of serial triplicate 

measurements for each condition (before and after 3 hour suspension with or without ozone 

exposure within a given chamber experiment) included the F-Test for determining equal 

variances followed by the two-tailed, two-sample t-Test (alpha=0.05) for data sets with equal 

variance or unequal variance. All p-values (alpha=0.05) are reported. 
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5.4. Results 

The following results, that challenge Hypotheses 2a and 2b, are presented in the 

following order: how ozone exposures affect water soluble organic carbon (WSOC) liberation 

from airborne Aspergillus versicolor and Aspergillus fumigatus; the total water soluble protein 

content and specific water soluble allergen, Asp f 1, specifically for Aspergillus fumigatus, and 

finally, total NAHA enzyme activity for both Aspergillus versicolor and Aspergillus fumigatus. 

 

5.4.1. Estimation of WSOC Content of Aerosolized Fungal Spores 

The WSOC content of airborne Aspergillus versicolor and Aspergillus fumigatus spores 

(presented in Figure 0-2 and Figure 0-3) was determined from samples taken before and after 3 

hour suspension in the presence or absence of ozone, where RH was maintained at a high level 

(85% (± 5%)), or a low level (20% or 30% (± 5%)).   The lower RH condition was determined 

by the ambient RH levels on the days of these experiments.  As a function of aerosol suspension 

time, the mass of WSOC liberated per 10,000 spores is presented in Figure 0-2.  Here, the first 

three data points for each experiment were collected in sequential triplicates every 15 minutes, 

up to 70 minutes (shown to the left of the blue line).  After 3 hours of suspension with or without 

ozone present, subsequent sets of sequential triplicate aerosol samples were collected in 15 

minute intervals, under the following experimental conditions: (i) with 200 ppb ozone; or (ii) no 

ozone (< 10 ppb (detection limit)). 
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Figure 0-2. Sequential measurements of WSOC liberated from aerosolized Aspergillus versicolor 
spores near the beginning and end of 4 continuous hours of suspension in an environmentally 
controlled chamber—in the presence and absence of ozone. Where exposed, ozone was 
introduced around 60 minutes of aerosol suspension time.  Low RH conditions are represented 
by light green circles (●); high RH conditions are represented by dark green (●) circles.  
Exposure to 200 ppb ozone is denoted by an orange ring around the symbol (O). 

 

When normalized on a spore number basis (by direct microscopic count), the amount of 

WSOC liberated from these aerosolized spore cultures remains consistent during the first hour, 

and steadily increases with aerosol suspension time, regardless of  RH condition.  Whether they 

are aged as an aerosol in the presence or absence of ozone, the amount of WSOC liberated by 

airborne Aspergillus spores markedly increases after 3 hours; however, the combination of a high 

RH condition in the presence of ozone had the most influence on WSOC liberation potential with 

increasing residence time. This was phenomenon of increased WSOC liberation with elevated 

RH was demonstrated with A. versicolor spores, where the amount of WSOC liberated per spore 
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was substantially higher in the absence of ozone at high RH levels (85%) than even low RH 

(30%) ozone exposure conditions for the same time period and spore type.   

The WSOC liberated from airborne A. versicolor and A. fumigatus spores are reported in 

Figure 0-3; these data are presented as averages with standard deviations estimated from 

triplicate observations taken the beginning and end of independent ozone exposure experiments.  

The data is reduced into cohorts of airborne Aspergillus spp. prior to (pre-), and during (post-), 

ozone exposure.  As judged by WSOC liberated on a spore-normalized basis, both species of 

airborne Aspergillus spores observed here, had a significant response to ozone when airborne, 

particularly at higher RH levels as is indicated by t-test results (p-value less than 0.05). At 85% 

RH, airborne A. versicolor spores liberated more WSOC than did A. fumigatus. Unlike A. 

versicolor, WSOC liberation from A. fumigatus was not substantially different between the high 

and low RH levels tested; however, ozone exposure enhanced WSOC liberation in all cases. For 

all experiments, WSOC was measured from airborne spore samples collected in sterile water 

with liquid impingers. 
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Figure 0-3. Average WSOC liberated from airborne Aspergillus spp. spores (n=3, error bars are 
SD).  Patterned bars indicate averaged responses in the absence of ozone (▒) and solid-filled bars 
correspond to ozone exposed samples (█). Aspergillus versicolor are dark green (█) for 85% 
RH, and light green (█) for 30% RH. Aspergillus fumigatus are displayed in dark blue (█) for 
85% RH, and light blue (█) for 20% RH. P-values are reported for significant differences 
between initial WSOC measurements (no ozone) and after an additional 3 hour suspension (with 
or without 200 ppb ozone exposure). 

   

WSOC liberation was determined for both whole spores (simply liberated from the spore 

surface into water by gentle agitation), and for lysed spore. It should be noted that collected 
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spores encountered physical shear stress, but not rupture, during the collection process (high 

impinger flow rates); and if lysed by bead-beating, an additional shear stress from small 

borosilicate beads during the lysate process. This bead-beating method was adopted from a 

widely-accepted protocol used to lyse cells in laboratory and environmental samples and kept 

consistent over all sample processing. The effect of WSOC liberated from the just the fungal 

spore wall, as opposed to the spore lysate, was investigated with A. versicolor spores in this 

work. This is an important comparison to demonstrate the potential contribution intact whole 

spores may have on WSOC measured from environmental samples. The results from this work 

indicate that a baseline (no ozone) spore residence time of 1 hour at low RH (< 30%), reporting 

spore WSOC mass per 104 spores, from whole and lysed A. versicolor spores was 0.11 g and 

0.16 g WSOC, respectively.  After a subsequent 3 hour 200ppb ozone exposure (600 ppb-hr), 

whole and lysed A. versicolor spores respectively liberated 0.44 g and 0.88 g of WSOC.  

When this same exposure scenario was repeated at 85% RH, the WSOC liberated from 

whole and lysed airborne A. versicolor spores was respectively 0.06 g and 0.12 g per 104 

spores, after an hour of aerosol residence time in the absence of ozone.  However, an additional 

three hours of ozone (200ppb) exposure substantially increased the WSOC liberation per 104 A. 

versicolor spores to 1.71 g and 2.14 g, for whole and lysed spores respectively. These results 

suggest that in both the presence and absence of ozone, the fraction of WSOC readily liberated 

from the surface of an airborne spore can be a significant contributor to the overall WSOC mass, 

and sensitive to humidity levels on relatively short time scales (1 hour).  Without the presence of 

ozone at low RH (30%), the WSOC liberated from the spore surface makes up approximately 2/3 

of the total WSOC mass that could be recovered from lysed spores; and at high RH (85%) 
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conditions with no ozone, the liberated WSOC fraction contributes approximately half of the 

total WSOC mass recovered from lysed spores. However, when ozone is present, the overall 

WSOC measured from both whole and lysed spores is substantially higher, but the contribution 

of WSOC liberated from the spore surface to the total WSOC from the entire lysed spore is 

substantially less, suggesting that ozone modifies biopolymer properties below the spore surface.  

Table 0-1 lists the magnitude of change between means of the total WSOC mass liberated 

from aerosolized spores during suspension, either in the presence or absence of ozone. The 

smallest fold change reported below is defined here as the difference encountered with one 

standard deviation removed from the mean WSOC measured prior to exposure/aging and one 

standard deviation added to the mean WSOC measured after a 3 hour suspension in either the 

presence or absence of ozone (i.e. fold change encountered between the error bars, to account for 

variances). 

Table 0-1. Fold change in WSOC liberated by fungal spores after 4 hours of aerosol suspension, 
with or without the presence of ozone (in the final three hours) 

Type of aerosolized 
fungal spore RH [%] 

Ozone 
[ppb] 

Mean fold 
change 

Smallest fold change  
[(PostAvg-SD) – 
(Preavg+SD)] 

A. versicolor 85 200 19 13 

A. versicolor 85 0 5 3 

A. versicolor 30 200 5 4 

A. versicolor 30 0 5 3 

A. fumigatus 20 200 6 4 

A. fumigatus 20 0 4 2 

A. fumigatus 85 200 8 5 
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The largest differences seen between measurements taken at the beginning and end of an 

ozone exposure experiment was a 19-fold increase in WSOC liberated with A. versicolor at 

85%RH, after a 3 hour exposure to 200ppb.  At low RH, the differences were significantly less.  

Culture maturity (spores between two weeks and three months old) had little effect on the 

magnitude of WSOC liberation in response to humidity conditions when ozone was absent. As 

judged by WSOC liberation, A. fumigatus was less sensitive to ozone than A. versicolor, but the 

difference in sensitivity diminished at low RH.  

 

5.4.2. Asp f 1 and Total Water Soluble Protein for Aspergillus fumigatus 

Quantitative MARIA analysis of the widely recognized Aspergillus spp. allergen,         

Asp f 1, was conducted to isolate the potential effects of ozone associated weathering at higher 

relatively humidity levels.  As judged by this standardized immunoassay, the Asp f 1 allergen 

protein content was normalized by Aspergillus fumigatus spore count, and the corresponding 

total water soluble protein content of these spores (referred from here on as simply “protein”).  

All allergen and protein values reported here are for those liberated directly from the whole spore 

surface into solution (not lysed).  To maintain high enough spore concentrations to exceed the 

lower limit of detection for Asp f 1 and protein measurements, all experiments were conducted at 

85% RH with a 1 hour suspension time, where initial sampling was conducted before exposure 

or aging and final sampling occurred after an hour of suspension. Tested ozone concentrations 

during 1 hour exposures included: 0 ppb, 600 ppb (equivalent to 3 hours at 200 ppb), 1,000 ppb, 

1200 ppb, and 7,500 ppb.  Additional culture control samples for allergen and protein content 
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were reported (from the mother culture, not aerosolized).   Figure 0-4 presents the Asp f 1 

content (nanograms) per A. fumigatus spore on left axis reported on a log scale, while the 

liberated protein content for the same exposure condition, in nanograms per spore, is reported on 

the right axis, reported on normal scale. Experimental triplicate measurements are reported as 

means, with error bars as standard deviations; duplicate measurements for a given exposure 

condition are shown as separate points. 

 

 

Figure 0-4. The Asp f 1 (triangles, left axis) and total water soluble protein (circles, right axis) 
reported for Aspergillus fumigatus spores. Triplicate measurements are reported as means, with 
error bars as SD. 
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The spore normalized allergen content (Asp f1) significantly decreases by more than two 

orders of magnitude when comparing spores harvested directly from the A. fumigatus culture and 

that immediately following spore aerosolization.  The opposite trend was true for protein content, 

where freshly aerosolized spores released more than double the amount of protein (per spore) 

than those immediately following culture harvest.  There was no significant difference in the Asp 

f 1 content of spores immediately following aerosolization and those suspended for 1 hour 

(aged); however, there is a decreasing trend in the measureable Asp f 1 levels after exposure to 

increasing levels of ozone. There was no significant difference in protein levels liberated from 

spores until the most extreme ozone exposure at 7,500 ppb (demonstrating extreme oxidation 

potential). Figure 0-5 highlights how Asp f 1 varies with respect to protein with different 

exposure conditions, and note that Asp f 1 is included in the protein measurement. 
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Figure 0-5. Ratios of Asp f 1 to total water soluble protein content per Aspergillus fumigatus 
spore, reported for harvested and aerosolized spores. Aerosolized spores were suspended in 85% 
RH conditions for 1 hour at the specified conditions. Triplicate data points are reported as means 
with error bars as SD. 

 

 

 

A clear decrease in the Asp f 1 fraction of total protein occurs when freshly harvested A. 

fumigatus spores were aerosolized.  The contribution of Asp f 1 to the total spore protein content 

continued to decrease in response to increasing levels of ozone.  Although the amount of Asp f 1 

content per spore did not change significantly after an hour without ozone present (baseline), a 
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noted decrease in Asp f1 contribution to the total protein content per spore occurred due to the 

increase in protein liberated with suspension time.  

 Figure 0-6 displays the Asp f 1 mean values on a log scale (n=3, SD error bars) for cases 

where spores were freshly harvested, freshly aerosolized in the absence of ozone, and then 

exposed to 1,200 ppb ozone for 1 hour at 85% RH.  

 

 

Figure 0-6. Replicates (n=3) of Asp f 1 measurements for fresh cultured Aspergillus fumigatus 
spores (dark blue), aerosolized spores with no ozone exposure (light blue), and aerosolized 
spores with ozone exposure (orange). Significance (P-values) between sample sets was 
determined from two-sample Student's t-tests (α=0.05). 

 

There is a significant decrease in Asp f 1 per spore, as judged by the Student’s t-test, 

between those directly harvested from cultures (M = 6.55x10-7 ng/spore, SD= 1.16x10-7 

ng/spore) and those immeditaley aerosolized without ozone present (M= 1.75x10-8 ng/spore, 
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SD= 2.87x10-9 ng/spore), p-value = 0.011. Additionally, there was also a significant decrease in 

Asp f 1 content between aerosolized spores not exposed to ozone and those exposed to 1,200 ppb 

ozone for 1 hour (M= 4.02x10-9 ng/spore, SD= 3.25x10-9 ng/spore), p-value = 0.006.   

 

5.4.3. Fungal Spore Enzyme -N-acetylhexosaminidase (NAHA) Activity 

Aerosolized spores from two fungal culture types, A. fumigatus and A. versicolor, were 

tested for specific aminidase enzymatic activity under different humidity and ozone exposure 

conditions.  Fungal culture maturity was also considered with respect to NAHA activity, Figure 

0-7.  Sequential triplicate aerosol samples were collected at the beginning and the end of each 

chamber experiment; including after 3 hours of aerosol aging in the absence of ozone, or 3 hours 

in the presence of ozone at 200 ppb (600 ppb-hr ozone exposure).  
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Figure 0-7. Change in NAHA activity for aerosolized Aspergillus fumigatus and Aspergillus 
versicolor spores in the presence and absence of ozone. Spore type, RH levels, and ozone 
concentrations are indicated on the top section of the graph, while culture maturity (days old) and 
the percent difference in NAHA activity between exposure conditions are shown in the lower 
portion of the graph. Patterned bars indicate averaged responses in the absence of ozone (▒) and 
solid-filled bars correspond to ozone exposed samples (█). Aspergillus versicolor are dark green 
(█) for 85% RH, and light green (█) for 30% RH. Aspergillus fumigatus are displayed in dark 
blue (█) for 85% RH, and light blue (█) for 20% RH P-values, for significance between freshly 
aerosolized spores and aged/exposed spores are reported below the graph for each case. 
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All experimental conditions influenced changes in NAHA activity; however, not all were 

statistically significant (p-values comparing significance between initial and final measurements 

for each experimental scenario are reported at the bottom of each condition).  The following 

factors affecting NAHA activity were investigated: between species (A. fumigatus and A. 

versicolor), with fungal culture maturity (reported as ‘Days’ old), between high and low RH 

conditions, and after a 3 hour suspension in absence or presence of ozone at 200ppb (600 ppb-hr 

ozone exposure). Changes in NAHA activity occurred to a greater extent in A. versicolor than A. 

fumigatus with variable ozone and humidity levels.  At low RH, there was no significant change 

in NAHA activity for either species in the absence of ozone over the 3 hour suspension times. 

However at high RH, A. versicolor responded with significant decreases in NAHA activity 

(27%) after 3 hours of suspension time without ozone present. Additionally, A. versicolor spores 

exposed to 200ppb ozone for 3 hours demonstrated a significant NAHA activity decrease of 64% 

at low RH and a decrease in activity by 77% a high RH.  

As with WSOC, RH did not have as big of an impact on NAHA activity in A. fumigatus 

as with A. versicolor. However, A. fumigatus experienced significant decreases in NAHA 

activity with the presence of ozone for fungal cultures 11 days old and 28 days old, but 78 day 

old A. fumigatus did not present a significant NAHA activity reduction.  These results suggest  

that along with relevant environmental exposure conditions (RH and ozone levels), an intrinsic 

loss of NAHA activity can occur with increasing fungal culture maturity. 
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5.5. Discussion 

Using airborne spores from ubiquitous of fungi species as bioaerosol models, this chapter 

presented a cohort of evidence demonstrating relevant environmental exposure conditions can 

significantly modify biopolymers in and on the surface of airborne microbes. This conclusion 

was drawn from independent observations of the response important catalytic and allergenic 

proteins, present in two common species of Aspergillus spores, after exposure to 

environmentally-relevant oxidative conditions. These results demonstrate potential influences 

anthropogenic ozone have on specific fungal spore biopolymer integrity, as well as bulk WSOC 

properties present in bioaerosols. Specific ozone influence on the aminidase enzyme system 

(NAHA) that is integral to the germination process, was demonstrated on both young and aged 

Aspergillus spp. spores.  This work further demonstrated the potential impact ozone on widely 

cited specific Aspergillus allergens of particular concern to the public health arena. While the 

literature contains sound immunological methods to identify and quantify Aspergillus antigens 

from the indoor environment, there is a paucity of studies that are able to reliably recover and 

measure these allergens from aerosol samples; thus, this work was designed to fill this 

knowledge gap by adapting the most modern immunological tools for actual bioaerosol 

characterization.  These observations presented here form the biochemical basis that challenge 

the main hypotheses presented in this dissertation. Previous chapters presented complementary, 

but independent optical approaches to challenge these same hypotheses.  

Characterization of aerosol WSOC has recently been leveraged for source apportionment 

driven by environmental health concerns.  Determining the contribution bioaerosols can have to 

the overall ambient aerosol pool is an important link in understanding their role in the overall 
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aerosol mass balance and reactive potential of biogenic organic carbon in indoor and outdoor 

environments.  Here, WSOC measurement and characterization was utilized as a tool for 

observing changes in airborne Aspergillus spores during ozone exposure.  In this context, this 

work demonstrated the potential impacts a range of atmospheric conditions can have on the 

WSOC liberation of common bioaerosols.  The WSOC liberated from airborne spores was 

shown to significantly increase with suspension time in almost every scenario tested. Ozone 

clearly induced enhanced WSOC liberation by airborne fungal spores; the magnitude of which 

was influenced by varying RH levels. 

The total carbon content of a number of different fungal strains was has been previously 

estimated by Bauer and coworkers [129].  When normalized by spore count, the total carbon 

content of Aspergillus niger and Aspergillus versicolor previously reported (0.14 ug spores and 

0.07ug, respectively) agrees with the magnitude of the WSOC recovered from the Aspergillus 

spores cultured in this work (prior to aerosol aging or ozone exposure). As judged by WSOC 

liberation, the effects of RH were greater on A. versicolor with and without ozone exposure than 

with A. fumigatus, most likely due to differences in fungal spore wall composition. The 

phenomenon of increasing liberation of WSOC from microorganisms exposed to ozone has been 

previously reported in drinking water treatment research for a number of microorganisms [130, 

131]. However, its analogy in the atmospheric environment had yet to be investigated, providing 

the motivation for this work. In the potable water treatment engineering sector, the ozone-

induced liberation of organic carbon from microbes is common, and simply quantified as 

dissolved organic carbon (DOC).   
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In aqueous environments, for example, common algae species (e.g. Scenedesmus spp.) 

exposed to ozone had a 4 fold increase in DOC released (WSOC) with a dose of 1 mg/L ozone 

after 30 minutes of exposure (30 mg-min/L), and a 5 fold increase with a 30 minute exposure of 

3 mg/L ozone (90 mg-min/L) [130].  For context, 200 ppb gaseous ozone in the air for 180 

minutes would be the equivalent of an aqueous exposure 0.085 mg-min/L in the absence of any 

other ozone demand. This is an ozone exposure robust enough for a 2-log inactivation of E. coli 

and Rotavirus under common potable water conditions [132].  

How the atmosphere hosts physical and chemical disinfectants is dictated in part by its 

ability to hold variable amounts of water vapor through a relatively large range (RH).  Relative 

humidity has a tremendous effect on bioaerosol inactivation concerning UV exposure [133].  The 

degree to which microbial biopolymers are hydrated changes their steric and electrochemical 

configurations (i.e. DNA and protein structure), and can in turn influence their specific UV 

absorbance and photoreactivity. The data from these studies suggest a responsive analogy exists 

concerning airborne ozone-microbe interactions under the range of RH and culture conditions 

tested here.  

Equilibrium occurs between atmospheric water vapor and whole cell microbial bioaerosol 

on the order of 10 minutes under high humidity conditions—significantly less time is required 

for equilibrium at low RH levels [133].  Because of their residence time, the spores aerosolized 

in these chamber studies were in equilibrium with chamber humidity throughout these ozone 

exposures.  With the Aspergillus spp. tested here, RH levels had a significant influence on the 

amount of WSOC these spores liberated with suspension time depending on the presence or 

absence of ozone.  When challenged with ozone, the contribution of the spore wall protein to the 
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liberated pool of WSOC increased markedly in response to RH for the same ozone exposure, 

from 50% (low RH) to 80% (high RH) of the total WSOC pool.  These results imply biopolymer 

hydration can enhance the impact of ozone on airborne microbes under these conditions.  

  In the context of allergen and protein response to ozone exposure, humidity levels have 

also been noted to influence protein modification. Humidity can serve to hydrate proteins, or 

facilitating the production of additional reaction intermediates, and can increasing protein 

nitration in the presence of O3 and NO2 [6, 111].  Ozone has been reported to have significant 

effects on the water soluble protein content of aerosolized pollen grains, depending on the 

species and ozone concentration [90].  In this work, the soluble protein content of fungal spores 

increased over an order of magnitude upon aerosolization, but did not decrease until ozone 

exposure were sustained at 7500 ppb for at least an hour.  However, the spore normalized 

allergen (Asp f1) content did significantly decrease during aerosolization, a critical observation 

which is in agreement with Arruda et al. 1992 (noting disrupted fungal cultures presented a 103 

fold lower Asp f 1)[134]. Further, this work found that after aerosolization, decreases in specific 

Asp f 1 allergen content were observed in response increasing ozone exposure, both per spore 

and in relation to the total soluble protein content.   

Related research in this arena has reported the recovery Asp f 1 allergen mainly from 

settled dust samples, and the quantitative work in the aeroallergen arena has been limited in part 

due to the particulate biomass required to reach allergen detection limits. Those that have 

quantitative reports of Asp f 1 allergen levels recovered from indoor samples usually do so from 

relatively large masses of settled dust; but, in general there is low level of success in detecting 

Asp f 1 in collected aerosol [103].  This is the first work to document changes in the specific 
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allergen Asp f 1 in response to environmentally relevant oxidizing conditions, and incorporated 

the modified immunoassay, MARIA [125], for the analytical sensitivity to demonstrate 

significance.  Further, an emerging condensation particle capture technique (the Spot Sampler) 

was used to collect, concentrate and preserve allergen-containing spores from the air during 

experiments. This was the first adaptation of this technology for quantitative biopolymer 

characterization. 

 At high RH levels, increasing ozone exposures was associated with corresponding 

decreases in the Asp f 1 content of A. fumigatus spores. In other allergen related exposure 

studies, specific protein modifications including acidification, nitration, or basic inflammatory 

responses have been observed where immobilized pollen grains, or their extracts, were exposed 

to high RH levels and oxidizing pollutant conditions; however, none of these have convincingly 

demonstrated allergen modification in the aerosol phase [6, 90, 111]. Using allergen reporting 

protocols other than MARIA, related studies suggesting oxidative modifications to pollen-

associated allergens are summarized in the table below [6, 89, 90, 107]. 
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Table 0-2. Overview of pollen oxidations studies from the literature 

Allergen Oxidizing Conditions Major Outcomes References 

Timothy grass 
pollen  

O3 (100ppb, 4hrs),  

NO2 (2000ppb, 4hrs),  

SO2 (2000ppb, 4hrs), 

Dry air (low RH) 

No change in soluble protein (judged by 
Bradford assay); Decrease in allergen 
recognition by IgE; Acidification of 
allergens 

Rogerieux et 
al. 2007 

Acer negundo 
pollen 

NO2 (~100-300ppb, 6hrs),  

SO2 (~100-300ppb, 6hrs), 

RH not specified 

A higher IgE recognition of exposed 
pollens; Pollen protein content lower in 
SO2 exposed and higher in NO2 exposed 
(Bradford assay); Decrease in germination 

Sousa et al.    
2011 

Zinnia pollen 
Urban air exposure,          

10-20 days 

Protein content decreased (Lowry 
method); IgE response increased with 
exposed pollen; Allergic sensitivity 
doubled with exposed pollen (skin prick 
test) 

Chehregani et 
al. 2004 

Ragweed 
pollen 

O3 (100nl/L, 5 hrs x 7days) 

60-75% RH 

Increase in ROS-generating enzyme 
NAD(P)H oxidase; detection of allergen 
Amb a 1 not affected (no decrease, judged 
by mRNA); No change in protein content 
(Bradford assay) 

Pasqualini et 
al. 2011 

A. negundo;    
P. x 

acerifolia; Q. 
robur pollens 

O3 (30ppb, 60ppb & 
230ppb, 6 hrs) 

RH not specified 

IgE binding increase for A. negundo and 
Q. robur, IgE decrease for P. x acerifolia 
(signaling species dependent 
modification); Protein content decreased or 
no change depending on species (Bradford 
assay) 

Ribeiro et al.  
2013 

Birch pollen 
extract  

O3 (50, 100, 200 ppb, 4hr), 

NO2 (50, 100, 200 ppb, 4hr), 

Dry air & 40%RH 

Largest increase in protein nitration, as 
judged by enzyme immunoassays, 
occurred with 40%RH and combined O3 
and NO2 

Franze et al.  

2005 

 

Decreases in Asp f 1 allergen detection may occur after ozone exposure because of the 

oxidation of specific aromatic amino acids defining the allergen protein sequence. Because of 

their structure, different amino acids are more susceptible to react with ozone than others. 

Sharma and coworkers [135] have cited that tryptophan residues, depending on their location, are 

more likely to react with ozone than most other amino acids. Peccia et al. (2001) demonstrated 

that bioaerosol cellular uptake of atmospheric water (humidity) may change the nature of the cell 
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wall, or cell-bound biopolymers, such that the impact of UV and reactive gases on bioaerosols, 

may vary significantly under different RH conditions [133].  In this work, the relationship 

between RH and NAHA activity, as well as WSOC content, clearly demonstrate the influence 

humidity can have on the character of the bioaerosol in the presence and absence of ozone. 

Because the composition biopolymers present in the fungal spore wall varies between species 

[136], it follows that the extent of RH influence on biopolymer modification by ozone will also 

vary by species. In the case of both NAHA activity and WSOC content, higher RH seemed to 

play a larger role in the extent of biopolymer modification for A. versicolor than for A. fumigatus 

– and though these species are closely related as judged by genetic sequences, their protein 

composition varies. 

The NAHA enzyme present in fungal spore walls, has been quantified in air samples in a 

number of water damaged indoor environments as a means to assess fungal exposure from 

indoor air [113, 120-122].  The NAHA enzyme is responsible for the second step of a two-

component chitinolytic enzyme system that degrades chitin, a structural biopolymer, to aid in the 

reorganization of the cell wall for germination [137]. Specifically, NAHA converts 

chitooligosaccharides, formed from the degredation of chitin polymers by a chitinases, into 

monomers. Both NAHA enzymes and chitin polymers can be found widely in animal tissues, 

insects, plants, bacteria, and fungi [137]. The specific NAHA enzyme associated with fungi is 

unique in that it is present as a dimer (intracellular bacterial NAHA is monomeric) and contains 

an extra loop structure for stability and protection of the active binding site on the enzyme [138]. 

At high humidity, atmospheric water can sorb to biopolymers, including enzymatic proteins, 

potentially changing their steric and electrochemical configuration.  
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In the context of pharmaceutical applications, the stability of many aerosolized 

(nebulized) proteins and enzymes have been noted to quickly degrade due to shear stress and 

forces between microdroplets at the water-air interface [139, 140]. Sorbed water can enhance 

structural changes to the protein (unfolding) and possibly decrease the stability of the structural 

protein environment [140] around the NAHA enzyme active site, potentially affecting the ability 

for the NAHA enzyme to bind to a substrate [138]. If ozone is introduced at high RH, the active 

site of this enzyme may be more vulnerable to oxidative attack due to hydration induced changes 

in the protein structural conformation.  Consistent with this report is the loss of lysozyme 

activity, another ubiquitous lytic enzyme, which can be significantly decreased with ozone 

exposure [141, 142].  Activity loss in lysozyme during ozone challenges has been attributed to 

the oxidation of tryptophan residues present in this enzymes active site, which then resulted in a 

decrease in the ability to form an enzyme-substrate complex [141]. The active site present in 

NAHA has at least two tryptophan residues important for substrate binding [138], and may have 

a similar mechanism of liability to ozone. 

Ozone exposure in the range between 5 and 60 ppm has been reported to have an impact 

on the ability of spores to germinate [91]; however, the duration of exposure and mechanism 

behind this inhibition has not been described.  Reductions in NAHA activity (a necessary 

component in cell wall reorganization during germination) may contribute to this phenomenon.  

Indeed, aminidases are an important family of proteins, many of which are conserved across the 

fungal world, and thus these results have greater ecological implications for fungal propagation 

in air sheds that carry spores through polluted air on time scales of hours to days.  Converging 

independent lines of evidence reported in this work have successfully demonstrated the potential 
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of environmentally-relevant levels of ozone and RH to modify biopolymers present in and on 

whole cell bioaerosols; and may inform potential ecological, environmental and human health 

implications from anthropogenic air pollutants. 
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 CHAPTER 6. WILDFIRE AEROSOL CHEMICAL AND FLUORESCENCE 
SIGNATURES: INDICATION OF ENVIRONMENTAL AEROSOL PROCESSING AND 
BUILDING INFILTRATION POTENTIAL 

6.1. Introduction 

The work in this chapter touches on both Hypothesis I and Hypothesis II by exploring 

potential biochemical and fluorescence modification of environmental aerosols during extreme 

oxidation processes encountered during wildfire combustion and subsequent atmospheric 

transport of wildfire emissions. Types of size segregated particulate matter (PM) collected during 

a local wildfire including size segregated mixtures of organic particulate material, secondary 

organic aerosols condensed from biomass combustion VOCs (biogenic aerosols) and microbial 

and plant debris (bioaerosols) either combusted, partially combusted, or simply lifted into the air 

via convective action.  

The increasing frequency and magnitude of wildfires has raised concern over their 

potential impacts on nearby indoor environments.  Here, a high-occupancy university structure 

served as a model to demonstrate the performance of a modern building envelope against 

pollution challenges presented by sub-alpine wildfire.  Size segregated particulate matter (PM10 

and PM2.5) was simultaneously collected indoors and outdoors before, during and after a 

proximal wildfire.  As judged by time-resolved profiles of elemental carbon, organic carbon, and 

the fluorescent fraction of water soluble organic carbon, wildfire emissions penetrated the 

building envelope regardless of high-efficiency filter operations.  Organic carbon levels in 

PM2.5 were comparable to those recovered from PM10 fractions suggesting that the majority of 

the organic content was in the finer aerosol fractions.  Analysis of fluorescence profiles of 
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excitation-emission matrices (EEMs) of the size-segregated water soluble organic carbon 

(WSOC) fraction, and levels of liberated PM WSOC were conducted in a similar fashion as for 

the controlled bioaerosol studies in Chapter 3 and Chapter 4. As the wildfire progressed, the 

formation of distinct humic-like signatures in fluorescence spectra dominated the profile and 

became more apparent in all aerosol size modes from both outdoor and indoor samples.  

 

6.1.1. Biomass Burning Impact on Outdoor and Indoor Environments  

Over the past few decades, wildfire occurrence and burn area has been significantly 

increasing in the western United States [143],[144].  The frequency of large wildfire events have 

been predicted to increase due to increases in spring and summer temperatures, and has been 

noted that 72% of burn area has occurred in early snow melt years [Westerling 2006]. In fact, the 

annual mean burn area has been predicted in increase by 175% by 2050 [Spracklen 2009]. 

During wildfire events, concentrations of coarse and fine fractions of particulate matter (PM), as 

well as gaseous pollutants, can be significantly increased.  Increases in burn area are also 

estimated to double wildfire carbonaceous aerosol emissions by 2050, and dominate the 

summertime estimated increases in aerosol organic carbon (20% overall increase from climate 

change, 75% of that from wildfire contribution) and aerosol elemental carbon (overall 

summertime increases by 40%, where 95% contributed by wildfire) [Sprecklen 2009].  

Wildfire emissions, including aerosols and other hazardous constituents [145, 146], can 

penetrate indoor environments and present an increased environmental health risk [147-149]. 

Wildfire emissions can include CO2, CO, ozone, VOCs, SO2, NOX, PAHs, secondary organic 
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aerosols (SOA), particulate matter (PM), metals, and water-soluble components, the extent of 

formation and contribution to overall emissions are based on combustion characteristics (flaming 

vs. smoldering), the nature of the fuel, proximity and meteorological conditions [56, 150-153]. 

During wildfire events, reported elevated indoor levels of PM2.5 were between 58% and 100% of 

outdoor levels [148], and indoor penetration of PM between 100 nm and 300 nm has been 

measured [147], a size fraction of particular concern for respiratory health [146, 154]. 

Respiratory health studies indicate exposure to wildfire PM can lead to cellular membrane and 

DNA damage [Leonard 2007], induce strong pro-inflammatory response and increased oxidative 

stress [wegesser 2009;Wong 2011], and increased frequency of emergency room visits for 

cardiovascular and respiratory syptoms, including asthma, COPD, acute bronchitis, and 

pneumonia [Kochi 2010; Delfine 2008]. However, in light of public health recommendations to 

remain indoors during fire events, limited work has been conducted on the effectiveness of the 

built environment to protect occupants from wildfire emissions.   

Depending on intensity and duration, wildfires impact the elemental carbon (EC) and 

total organic carbon (OC) loads of proximal aerosol in all size modes, as well as the water 

soluble (WSOC) fraction [58, 150, 155].  The WSOC fraction of PM, has been receiving 

increased attention in broad atmospheric contexts, due to the potential impact on climate (cloud 

nucleation and radiative balance) [56], visibility [57], and public health [58].  Carbon emissions 

from biomass burning have been reported to contain as much as 72% WSOC [155, 156], and 

increase by a factor of 2 on fire days over baseline days [58]. The increased ratio of aerosol 

WSOC to OC has been used as an indicator of the presence of biomass burning emissions. There 

has been a noted spectroscopic resemblance of lignin breakdown products present in biomass 
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burning emissions WSOC, to humic-like substances reported in aquatic research [61]. The 

HUmic-LIke Substances (HULIS) present in atmospheric aerosols have unique optical 

properties, and have been gaining interest due to their strong associations with biomass 

combustion and potential role in atmospheric processes [57, 157].   Up to 70% of the compounds 

present in WSOC derived from biomass burning aerosols have been noted to be associated 

HULIS [Mayol-Bracero 2002]. Many identified compounds associated with HULIS have 

included monocarboxylic acids, and polycarboxylic acids most likely sourced from combustion 

processes (thermal breakdown) involving polymeric carbohydrates and lignin, as well as 

convective lofting of humic matter from soil and decaying leaf debri into the air [Mayol-Bracero 

2002]. Recent work has utilized fluorescence excitation-emission matrices (EEMs) in 

characterizing airborne WSOC, including HULIS, from different environments [15, 17, 18, 60, 

62]; none however, have used EEMs to understand the fate and transport of wildfire aerosol. 

In this work, EEMs were constructed from longitudinal wildfire aerosol samples to 

compliment conventional carbon signatures in tracking the influence of wildfire aerosol in the 

built environment.  Size segregated aerosols (PM10 and PM2.5), collected during a local wildfire 

in the Rocky Mountain Front Range, were analyzed for their content of elemental carbon (EC), 

total organic carbon content (OC), and water soluble organic carbon (WSOC), along with 

fluorescence properties (EEMs).  A high-occupancy university building, vacant during the course 

of the wildfire, served as a model to determine the performance of a modern building envelope, 

fitted with a high efficiency filtration system, against the aerosol challenges presented by 

wildfire.  
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6.2. Chapter Specific Methods and Materials 

6.2.1. Overview of Aerosol Sample Collection 

Samples of indoor and outdoor particulate matter, ≤ 10 m (PM10) and ≤ 2.5 m (PM2.5), 

were continuously collected over 24 hour periods in June of 2012 (n=7), before and during a 

local wildfire. The wildfire started by lightning on 6/26/2012, lasting 8 days and burning over 

300 acres. The burn area was approximately 4 km southwest from the building site in Boulder, 

Colorado (left panel of Figure 0-1), and predominantly migrated East (ESE) in response to the 

prevailing winds (right panel of Figure 0-1), with calm conditions approximately 33% of the 

time.  Wind roses were generated with Lakes Environmental WRPLOT View (V.7.0.0) using 

meteorological data obtained from the University of Colorado ATOC Weather Network [158].  

 

 

Figure 0-1. Location of the 2012 Flagstaff Wildfire with respect to the sampling location (left). A 
compilation of the wind direction and speed encountered over the course of sampling (right). 
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Concurrent sampling occurred in a vacant, centrally located university classroom (246 

m3), and on the roof of the same building using two Medium Volume Particulate Samplers (URG 

3000) fitted with prebaked (at 550C for 3 hours) quartz fiber filters (Pallflex Tissuquartz, Pall 

Life Sciences) for a total flow rate of 66 lpm split through 8 channels, 4 channels for PM10 

collection and 4 channels for PM2.5 collection. The room air change rate was 6 hr-1 with filtered 

(MERV 8 and 14 bag filters in series) supply air sourced from outside. Figure 0-2a indicates the 

indoor and outdoor sampling sites, as well as the size and types of aerosols MERV filters of a 

similar rating as installed here can handle rated for the air handling system here. Figure 0-2b 

displays the outdoor sampling location, as well as how the filter holders are arranged in the URG 

sampler. 

 

Figure 0-2. The location of both indoor and outdoor sampling sites, the supply outdoor supply air 
location, and ranges of particle the associated MERV filters can handle (A). The outdoor filter 
sampling setup with filter holders and quartz filters on display (B). 

 



127 
 
 

Additional baseline air sampling occurred in the same locations over three separate 48-

hour periods during October of 2014 to verify baseline ambient and vacant indoor carbon 

concentrations on non-fire days when contamination from additional anthropogenic activity was 

reduced.  

6.2.2. Collected Aerosol Sample Processing and Analysis 

A 1.5 cm2 portion of selected quartz sample filters were analyzed for carbon content (OC 

and EC) using a thermal-optical method [159] with a Lab OC-EC Aerosol Analyzer (Sunset 

Laboratory, Inc.).  Aqueous extracts of the remainder of the filters were prepared in sterile water 

using a modified bead-beating extraction method [69]. Water soluble organic carbon (WSOC) 

content was determined from the aqueous extracts using a Model 700 TOC Analyzer (O.I. 

Analytical). See Chapter 5 for expanded methods for WSOC extraction and quantitation. 

Fluorescence spectra of the aqueous extracts were measured using a Fluoromax-4 

spectrofluorometer (Horiba), where the emission intensity was measured in 2 nm wavelength 

increments between 300nm and 550nm in response to excitation in 10nm increments in the range 

between 240nm to 500nm.  The EEMs were constructed and corrected with MATLAB software 

(MathWorks).  Instrument and inner-filter corrections, as well as Raman normalization and blank 

subtractions, were applied to all EEMs [18]. All EEM spectrum were smoothed with standard 

splines, and had their primary and secondary scattering removed, where the spectra in those 

regions were interpolated for presentation.  Corrected and normalized EEMs are presented in 

Raman Units per microgram WSOC per cubic meter air (RU/[g/m3]).  Degree of aerosol 

humification, adapted from a humification index (HIX) of aquatic natural organic matter[65], is 
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defined here as the ratio of emission intensities in the range between 435-480 nm, to that 

between 330-345 nm, where excited at 254 nm. The Freshness Index (known as BIX, referred to 

here as ‘FRI’) traditionally indicates a measure of freshly produced dissolved organism matter in 

aqueous environments by comparing an EEM region associated with recently created organic 

matter (ex:310 nm /em:380 nm) with older, decomposed organic matter (ex: 310 nm /em: 420-

435 nm) [66]; however, in the context of this work a decreasing FRI value may be an interesting 

indicator of a more aged material present in the aerosol, or a certain stage of combustion during 

the wildfire (flaming vs. smoldering). Figure 0-3 illustrates an example EEM with the HIX and 

FRI regions highlighted with respect to other noted fluorescence regions.   

 

Figure 0-3. Fluorescence regions indicating the HIX and FRI indices on an example excitation-
emission matrix, adapted from Gabor et al. 2014. 
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6.3. Results 

6.3.1. Aerosol Carbon Concentration 

The total aerosol carbon content, including its organic and elemental fractions, has been 

reported to substantially increase in aerosols generated by biomass burning[155].  Generally, 

WSOC inventories of airborne PM in all size fractions have been reported to increase with 

aerosol aging and oxidation; this may be accelerated by conditions sustained in biomass burning 

and wildfire events.  The total outdoor and indoor carbon concentrations encountered in this 

study on wildfire days were more than double those experienced on baseline (no fire) days, 

including substantial increases in the OC and WSOC portion of the collected aerosols (Figure 

0-4).  Levels of EC only increased outdoors on the fire days, where OC and WSOC substantial 

increased in both locations for each size fraction on wildfire days. The slight elevated indoor PM 

concentrations over outdoor PM levels on baseline days was likely due to construction activity in 

other parts of the building - these were insignificant in light of the indoor PM2.5 increases that 

occurred as the fire progressed. 

 



130 
 
 

 

Figure 0-4. Bars represent average total carbon present in collected wildfire aerosol emissions, 
separated into average concentrations (error bar = +/- SD) of elemental carbon (black), organic 
carbon (grey), and water soluble organic carbon (patterned). Baseline (n=3, 48 hr samples) 
results are on the left half of each Indoor and Outdoor panel, while fire days results (n=7, 24 hr 
samples) are on the right half of the left plot. The right plot overlays the average percentage 
(error bar = +/- SD) of WSOC in OC contribution for each sample set on the data from the left 
plot. 

 

The maximum contribution of indoor WSOC to OC during the wildfire was 81% and 

82% for PM10 and PM2.5 respectively, while the corresponding outdoor WSOC to OC maximum 

contributions were 81% and 87%.  The WSOC contribution to OC was higher for PM2.5 than for 

PM10, indicating that WSOC dominated the fine fraction, with little additional contribution to the 

coarse aerosol fraction.  On baseline days, the maximum contribution of indoor WSOC to OC 

was 19% and 20% for PM10 and PM2.5 respectively; corresponding outdoor WSOC to OC 

maximum contributions were 30% and 35%.  The contribution of the fire-associated WSOC to 

OC observed here is consistent with other studies investigating biomass burning and atmospheric 

aerosols[61, 155, 160, 161]. During this wildfire event, there was a slight decrease in indoor EC 
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over its outdoor counterparts; however they were not significantly elevated over baseline 

observation days (Figure 0-4).  This is consistent with the fact that EC has not been reported as a 

major carbon constituent of biomass burning emissions[162]. 

 

6.3.2. Wildfire Aerosol Fluorescence Properties 

Fluorescence excitation-emission matrix (EEMs) spectra have been widely used to map 

natural organic matter in aqueous environments [163] and have recently been utilized as a tool 

for characterization of WSOC in aerosols [17, 18, 60, 62].  In order to compare fluorescence 

properties of collected PM as they occur in aerosol phase, results in this work are reported as a 

specific fluorescence intensity, where Raman Units (RU) are normalized by aerosol WSOC 

concentration in the air (RU/[g WSOC]/m3).  The EEMs constructed from the PM collected on 

baseline (non-fire) days exhibit normalized fluorescence, at least an order of magnitude lower 

than wildfire aerosol samples (Figure 0-5).  As the wildfire progressed, the indoor aerosol 

fluorescence signatures clearly reflect the character of WSOC found in outdoor aerosols.  

Additionally, the similarity of the PM2.5 EEMs fluorescence signatures to those including both 

PM2.5 and coarse PM10 indicate that the majority of the fluorescence unique to the wildfire 

WSOC contribution are found in the PM2.5  fraction.  In some cases the maximum fluorescence 

intensity is lower in the PM10 samples than in the PM2.5 samples (see Figure 0-5, Fire Day 1), 

indicating the presence of more non-fluorescent compounds in the coarse fraction of collected 

PM10 than in the PM2.5 fraction.  



132 
 
 

Further, a change in wind direction occurred during the first two sampling days, starting 

from the South-East and shifting to the North-West (the fire was located South-West of the 

sampling site).  This shift in wind direction and speed, along with the progression of the fire, is 

consistent with the shift in fluorescence patterns observed in the EEMs reported here, where the 

organic content of smoke aerosols increases with the transition from flaming to smoldering[162].  

The predominant wind directions during sampling were from W and NW with calm conditions 

33% of the time, with the exception of the first two days of sampling where the wind was 

blowing from the E and SE directions (opposite the wildfire location relative to the sampling 

site). This organic fraction includes a complex mixture of condensed high molecular weight 

polyacidic compounds resembling humic-like substances (HULIS) from terrestrial and aquatic 

sources [157, 162].  As the fire aged, fluorescent HULIS fractions increased, both outdoors and 

indoors. 
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Figure 0-5. Excitation-emission matrices (EEMs) were constructed for Indoor (left half) and 
outdoor (right half) samples for Fire Days 1, 3, 5, and 7. The color scale on right of each set of 
size segregated EEMs represents fluorescence intensity in Raman Units per microgram WSOC 
per cubic meter of air. Inset wind roses on the outdoor EEMs indicate direction the wind was 
blowing from, where the percentage of the time conditions were calm, and the percentage of time 
wind was blowing at a given speed presented in the following triangle colors: ‘teal’ = 0.5-2.1 
m/s, ‘green’ = 2.1-3.6 m/s and ‘blue’ = 3.6-5.7 m/s. 
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Several component peaks have been identified in EEMs in an apportionment context; 

these represent compounds derived from different sources, and ultimately used to identify 

fluorescence indices that aid in environmental sample characterization[74]. An index (HIX) has 

been developed to assess the degree of humification that organic matter experienced, and is 

based on a ratio of two fluorescence emission areas corresponding to young (fresh) organic 

matter, and generically weathered (humified) organic material[65].  Higher HIX values indicate 

condensation processes, through a shift to longer wavelengths. The HIX increase can with 

organic aerosol aging and transformation[62], and can vary by season[60] and location[18].  

Here, HIX values increased almost an order of magnitude in some cases for PM2.5 and PM10 in 

both indoors and outdoors over the course of wildfire event (Figure 0-6, left). This suggests an 

increase in humification of the organic matter in the aerosol as the wildfire progress from 

flaming to smoldering stages.  It is important to note that the HIX is a ratio of fluorescence 

intensities - even though outdoor maximum intensities are higher than those observed indoors, 

HIX values can be similar. Further, in some cases the HIX was higher in PM2.5 samples than in 

PM10, suggesting the largest contribution to aerosol humification was associated with wildfire 

progression in the fine PM fraction. 

The FRI for all collected samples show similar inverse trends as the HIX, however the 

impact is not as apparent (Figure 0-6, right). The FRI values do not seem to have the same 

dependence on PM size as with HIX, where for both PM size fractions trend together and 

slightly decrease over the course of the wildfire. The most apparent decrease is from Fire Day 1 

through Day 4 (FRI values above 1 to below 0.6), with fairly consistent FRI values around 0.6 

each day, location, and size fraction thereafter.  
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Figure 0-6. Calculated HIX (left plot) and FRI (right plot) for all collected samples from wildfire 
days and baseline days for both indoor and outdoor locations and PM10 and PM2.5 size fractions. 
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6.4. Discussion 

On wildfire days, the building was effective in removing the majority of coarse PM 

contribution to the indoor carbonaceous aerosol load; however, following the onset of the fire, 

indoor OC PM2.5 levels rose to those observed immediately outdoors, indicating significant 

wildfire impact on the indoor aerosol in respirable size ranges.  In this context, reported biomass 

burning emissions can range 0.26 – 0.35 m[147, 162], suggesting that a substantial fraction can 

be found in the fine PM fraction, consistent with the observations here.  In many environments, 

the organic carbon (OC) association with atmospheric aerosols can account for more than 90% of 

its total carbon (TC) content, where levels of water soluble organic carbon (WSOC) can greatly 

vary but contribute up to 85 % of OC [155, 161, 164].  Aerosol aging, accelerated here by 

wildfire conditions, has been reported to increase WSOC/OC ratios in atmospheric 

aerosols[164]. The character of particulate carbon, including WSOC, has received appreciable 

attention for its utility in source apportionment of atmospheric aerosols[61, 155, 157, 164] – this 

same approach was extended here by leveraging EEMs to describe wildfire aerosol signatures.  

With this forensic perspective, we demonstrated that fine WSOC generated by wildfire can 

penetrate indoors, even in the most modern of buildings.  Though the complex nature of WSOC 

can make it difficult to assess the relative contribution of each source, it is important to note that 

the OC and WSOC levels are substantially higher on wildfire days and conventional carbon 

analysis may not capture the penetration potential of wildfire aerosol.  

In the context of air quality, there has been an increasing focus on evaluating airborne 

WSOC and its properties. While some attempts have been made to evaluate individual 

compounds responsible for aerosol fluorescence, few studies have looked at fluorescence 
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excitation emission matrices (EEMs) of water soluble components associating with particulate 

matter.  In response, EEMs were utilized to characterize aerosols generated by wildfires and to 

compliment other chemical signatures used to track the influence of wildfire aerosols on the 

indoor environment.  

Several component peaks have been identified in EEMs in an apportionment context; 

these represent compounds derived from different sources, and ultimately used to identify 

fluorescence indices that aid in environmental sample characterization[74]. An index (HIX) has 

been developed to assess the degree of humification that organic matter experienced, and is 

based on a ratio of two fluorescence emission areas corresponding to young (fresh) organic 

matter, and generically weathered (humified) organic material[65].  Higher HIX values indicate 

condensation processes, through a shift to longer wavelengths. The HIX increase can with 

organic aerosol aging and transformation[62], and can vary by season[60] and location[18].  

Here, HIX values increased almost an order of magnitude in some cases for PM2.5 and PM10 in 

both indoors and outdoors over the course of wildfire event (Figure 0-3). This suggests an 

increase in humification of the organic matter in the aerosol as the wildfire progress from 

flaming to smoldering stages.  It is important to note that the HIX is a ratio of fluorescence 

intensities - even though outdoor maximum intensities are higher than those observed indoors, 

HIX values can be similar. Further, in some cases the HIX was higher in PM2.5 samples than in 

PM10, suggesting the largest contribution to aerosol humification was associated with wildfire 

progression in the fine PM fraction.  

The Freshness Index (FRI) has been investigated in a limited context in aerosol research. 

In this work, the FRI decreased over the course of the wildfire event, inversely proportional to 
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HIX and also consistent with shifts in wind direction and the changes in the wildfire progress 

(flaming to smoldering). Wildfire smoldering conditions have been noted to produce large 

amounts of VOCs [165] that can condense into secondary organic aerosols (SOA) and continue 

to age with transport. Large increases in SOA formation and ozone concentrations have been 

cited to from wildfire emissions, due to atmospheric processing of elevated concentrations of 

VOC from wildfires [166]. Lee et al. 2013 reported decreases in the measured FRI of relevant 

biogenic SOA after aging with ozone, a noted constituent in wildfire emissions [167].  

Size segregated particulate matter (PM10 and PM2.5) was simultaneously collected indoors 

and outdoors before, during and after a wildfire in the Rocky Mountain Front Range. The 

collected aerosols were analyzed for elemental carbon content (EC), total organic carbon content 

(OC), water soluble organic carbon (WSOC), and their fluorescent properties. As judged by 

time-resolved profiles of EC, OC, and the fluorescent fraction of WSOC, wildfire emissions 

penetrated this building envelope regardless of high-efficiency air filter operations.  Organic 

carbon levels in PM2.5 were comparable to those recovered from PM10 fractions suggesting that 

the majority of the organic content was in the finer aerosol fractions, consistent with other 

combustion processes.  As the wildfire progressed, the formation of distinct humic-like 

signatures in fluorescence spectra became more apparent in all size modes from both indoors and 

out.  It was demonstrated that wildfires have unique aerosol EEM signatures, that these 

signatures can be used to assess the penetration performance of buildings, and that modern 

HVAC systems may not be able isolate high-occupancy indoor environments from some of the 

unique air pollution challenges presented by wildfires. 
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This study demonstrated that fluorescence properties can provide a more detailed 

chemical characterization of wildfire impacted aerosol than conventional carbon analysis alone. 

Further, this work highlighted the impact environmental combustion processes and subsequent 

atmospheric aging can play on particle carbon content and fluorescence properties, relating to the 

proposed hypotheses tested in the previous chapters of this thesis. These results, taken 

individually and collectively, also indicate a significant influence on the indoor environment 

monitored during this wildfire and clearly demonstrated the influence of outdoor air on the 

indoor environment of a modern building fitted with relatively high efficiency filters.  In 

combination with the limited body of literature describing the potential impacts of wildfires on 

the indoor air quality of residential buildings, this study clearly elucidated the longitudinal 

progression of wildfire aerosol signatures penetrating indoors during an actual fire event; 

contributing to the evidence that buildings, both residential and commercial, may not be effective 

in protecting its occupants from exposure to wildfire emissions.  With concerns of increasing 

wildfire activity in the United States, preparing the indoor environment for these pollution 

challenges should to be a critical component defining future public health agenda. 
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 CHAPTER 7. CONCLUDING REMARKS 

7.1. Conclusions 

Due in part to increasing concerns of urbanization and climate change, research in the 

bioaerosol field is relatively young and experiencing rapid expansion. Further, research on 

atmospheric interactions with aerosols, both biological and otherwise, has now become an 

interdisciplinary arena and driven by concerns of negative impacts on the atmosphere, 

environment, public health, national security, and ecology. The airborne biosphere is an 

important research frontier, and how we understand and steward this component of our 

atmosphere has tremendous implications for our immediate future. The investigations reported 

here were designed to isolate selected physiological responses of sporulated airborne microbes to 

common oxidative atmospheric conditions.  The work was motivated by the negative impacts 

bioaerosols, particularly fungal spores, can present to human and environmental health at large; 

including, but  not limited to, atmospheric processes, non-infectious human respiratory diseases, 

sustainable botanical progression and regional ecological concerns. 

Any new research direction in environmental engineering has scaling challenges, and as 

such, models must be chosen to control and extrapolate findings from the bench scale to the 

environment, in the context of both indoor and outdoor settings.  In this work, models to 

demonstrate environmental processes were based on their relevance, ubiquitous nature, and 

general concern in the research arena. In order to challenge the hypotheses developed here to 

investigate modifications to biopolymers present in and on whole airborne microorganisms by 

ozone in environmentally relevant concentrations and time frames, a tightly controlled 
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environmental chamber was designed and operated to mimic relevant environmental conditions 

encountered by common bioaerosols. The work presented here was executed at a scale of 11 m3, 

which is large enough to achieve substantial bioaerosol residence times, but small enough to 

carefully control exposure conditions – thus presenting a platform to translate bench scale results 

to environmental relevancy.  Here, ozone was selected as the oxidizing air pollutant of interest 

because of its potency and ubiquitous occurrence. The bioaerosol models in this work were 

spores from pure cultures of Aspergillus and Bacillus spp. because they are well characterized 

microbes with pathogenic potential and widely present in the terrestrial and atmospheric 

environment.   

Three analytical approaches were leveraged to help understand how these types of 

microbes may respond to atmospheric ozone: 1) classical real-time bioaerosol optical properties 

and intrinsic fluorescence; 2) bioaerosol water soluble organic carbon optical properties; and 3) 

bioaerosol protein biochemistry and immunology. These independent lines of investigation 

converged to provide evidence that ozone, isolated as a sole oxidant, at levels and with RH 

ranges relevant to what bioaerosols can experience in the atmosphere and in urban environments, 

can modify the surface of airborne microbes. An overview of these major conclusions is outlined 

below as they pertain to their proposed hypotheses. 
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7.1.1. General Conclusions Challenging Hypothesis Ia 

The detailed results reported from testing Hypothesis Ia: “Real-time fluorescent 

measurements will detect a decrease in intrinsic fluorescence intensities of model bioaerosols 

during ozone exposure” are presented in Chapter 3. In general, conclusions drawn from these 

results are as follow: 

o Bioaerosol size and bulk cellular structures were not significantly influenced by ozone 

exposure at either high or low RH, as judged by normalized particle size distributions, 

Kolmogorov-Smirnov test statistics on cumulative frequency distributions of particle 

size, and SEM images of collected bioaerosols.  

o Ozone exposure had relatively little effect on the fluorescent distributions of bioaerosols, 

as measured by three fluorescent channels in pWIBS, with the exception of mature fungal 

spores (78 days old). 

o Mature fungal spores (78 days old) were the most susceptible to changes in fluorescence 

intensity with 600 ppb-hr ozone exposure. 

o Ozone exposures exceeding 1000 ppb-hr were required to observe appreciable 

fluorescence changes in younger fungal spores (less than 78 days old), as judged by the 

relative DiF Measure. 
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7.1.2. General Conclusions Challenging Hypothesis Ib 

The detailed results reported from testing Hypothesis Ib: “Changes in intrinsic 

fluorescence intensities of exposed bioaerosol aqueous extracts, over those of fresh bioaerosols, 

can be determined from excitation-emission matrices” are presented in Chapter 4. In general, 

conclusions drawn from these results are as follow: 

o As judged by the amount of water soluble organic carbon (WSOC) airborne spores 

liberate, aerosol aging, on the order of hours to a day, can increase the potential for 

bioaerosol WSOC liberation.  The WSOC liberation increased in response to elevated 

RH, residence time, and ozone exposure. 

o The specific ultraviolet absorbance of water soluble organic carbon that can be liberated 

by airborne microbes is different, depending on environmental conditions and ozone 

exposure.  In general, the classic SUVA254 decreased with increasing ozone exposure and 

was sensitive to lower RH conditions.  SUVA254 results suggest that ozone preferentially 

reduces the aromaticity of soluble proteins. 

o The water soluble organic carbon liberated by airborne spores could be characterized 

with excitation emission matrices (EEMs).  EEMs revealed that the optically active 

fraction of WSOC was different among closely related fungal species, and also between 

spores harvested directly from fungal cultures and those immediately aerosolized. 

Identified regions on EEMs associated fluorescently active biochemicals and metabolites 

responded to ozone exposure.  
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o Changes in established EEM fluorescent indices revealed microbial sensitivity to ozone 

and RH levels in the atmospheric environment, as well as suspension in the absence of 

ozone.  

o EEM results were consistent with SUVA254 suggesting airborne ozone attacks the 

aromatic biochemical constituents present in and on airborne fungal spores.   

 

7.1.3. General Conclusions Challenging Hypothesis II 

The detailed results reported from testing Hypothesis II: “Bioaerosol exposure to gas-

phase ozone, under environmentally relevant conditions, will modify biopolymers on the surface 

of common airborne pollens, fungi, and bacterial spores.” are presented in Chapter 5. In general, 

conclusions drawn from these results are as follow: 

o The total water soluble protein pool, as well as selected structural proteins, catalytic 

proteins and allergenic proteins were sensitive to aerosolization, RH levels and ozone 

exposure.  The total water soluble protein liberated by fungal spores increased in 

response to aerosolization, but decreased in response to suspension with increasing levels 

of ozone. 

o Detection of the widely cited allergenic protein associated with Aspergillus fumigatus 

spores, Asp f1, dramatically decreases with aerosolization, atmospheric aging and ozone 

exposure.  

o The activity of an important aminidase enzyme, NAHA, integral to the germination 

process of all fungal spores, rapidly degrades in response to spore maturity and ozone 
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exposure.  This degradation is also sensitive to the atmospheric elevated RH conditions. 

Loss of NAHA activity in fungal spores from atmospheric processing may have serious 

ecological implications. 

 

 These independent lines of investigation (both optical and biochemical) converge to 

provide evidence that ozone can modify airborne spores in environmentally-relevant scenarios. 

The magnitude of differences in sensitivity to aerosol aging, humidity and ozone exposure 

between closely related species was significant and also sensitive to culture maturity. Given the 

variance across the pure culture bioaerosols tested, the trends of environmental behaviors 

observed here cannot necessarily be generalized or extrapolated across the diversity of airborne 

spores, but do demonstrate the potential for ozone-mediated bioaerosol modification. 

 

7.1.4. General Conclusions: Air Quality Engineering Application to Practice 

The characterization of concurrently collected environmental wildfire aerosol samples 

from both indoor and outdoor locations was conducted by applying many of the bioaerosol 

characterization methods and principles used to challenge the bioaerosol oxidation hypotheses 

present in this thesis. Size segregated particulate matter (PM10 and PM2.5) was simultaneously 

collected indoors and outdoors before, during and after a local wildfire event in Boulder, 

Colorado.  As judged by the time-resolved profiles of elemental carbon, organic carbon, and the 

fluorescent fraction of water soluble organic carbon, wildfire emissions rapidly infiltrated the 
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building regardless of high-efficiency filter operations.  Organic carbon levels in PM2.5  were 

comparable to those recovered from PM10, fractions suggesting that the majority of the organic 

content was in the finer aerosol fractions.  Analysis of fluorescence profiles from excitation-

emission matrices (EEMs) of the size-segregated water soluble organic carbon (WSOC) liberated 

from wildfire-associated PM were conducted in a similar fashion as for the controlled bioaerosol 

studies in Chapter 3 and Chapter 4. As the wildfire progressed, the formation of distinct humic-

like signatures in fluorescence spectra dominated the profile and became more apparent in all 

aerosol size modes from both outdoor and indoor samples. In combination with the limited body 

of literature describing the potential impacts of wildfires on indoor air quality, this study clearly 

demonstrated the longitudinal progression of wildfire aerosol signatures present indoors during 

an actual fire event; contributing to the evidence that buildings, both residential and commercial, 

may not be effective in protecting its occupants from exposure to wildfire emissions.  

This thesis successfully utilized a number of accepted aerosol characterization tools, as 

well as developed new methods for characterizing the impacts of oxidizing atmospheric 

environments on both bioaerosols in a controlled laboratory setting, and aerosols recovered from 

actual wildfire emission samples. The results obtained from this thesis work contribute to the 

small, but growing body of work on the impact of atmospheric processes on aerosols (including 

biological) important to public health, environmental welfare, and ecology. Though this work 

focused on isolating only a few of the many environmental variables responsible for atmospheric 

oxidative processes encountered by bioaerosols, these results inform important directions for 

research on investigating the potential impacts of changing climate and urbanization on our 

health and environment.  
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APPENDIX MATERIALS 



APPENDIX: Real-Time Bioaerosol Fluorescence Data
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Aspergillus versicolor

RH (%) 85

Ozone (ppb)/ suspension time 
(hr)

200 / 3 hours

Chamber Date 10/05/2015

Culture age (days) 39

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) {points} 0005, 0017, 0026 (Igor points: 1, 13, 22)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit 
mean

2.29

SD +/‐
(width/sqrt(2))

0.426

Size Range 1.5 – 3.5

Gauss fit  mean 2.35

SD +/‐
(width/sqrt(2))

0.425

Size Range 1.5 – 3.5
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Aspergillus versicolor, 85%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 344.2

SD (*,/) 0.65

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 354.49

SD (*,/) .64

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus versicolor, 85%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Total Particles 100.00 100.00 100.00

Nonfluorescent 0.78 2.35 2.42

Saturated FL1 0.45 0.34 0.41

Channel FL1 98.52 95.60 95.67

Channel FL2 50.01 48.95 50.86

Channel FL3 17.70 10.41 13.19
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Aspergillus versicolor, 85%RH, 200ppb Ozone
KS (size, FL1, FL2, FL3)

P value KS Satistic
Median
Pre

Median 
Post

Size (um) 4.77E‐28 0.044716 2.35 2.29

FL1 
(intensity)

1.33E‐07 2.32E‐02 404 410

FL2 
(intensity)

4.67E‐09 0.035179 69 69

FL3 
(intensity)

0.0229712 0.030522 5 5
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Aspergillus versicolor, 85%RH, 200ppb Ozone
Peak Stats FL1

FL1 pre FL1 post

Size (um) 2.380855 2.333537

Size SD 0.265444 0.270898

FL (intensity)
367.962060 370.824799

FL SD 75.131672 79.052201

Linear Fit slope 11.453  2.4371 

Size_FL Corr ‐0.0163 ‐0.0450
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Aspergillus versicolor, 85%RH, 200ppb Ozone
Peak Stats FL1

Pre Ozone Ozone
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Aspergillus versicolor

RH (%) 85

Ozone (ppb)/ suspension time 
(hr)

0 / 3 hours

Chamber Date 10/04/2015

Culture age (days) 38

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) {points}
0006, 0015, 0029 (Igor points: 1, 10, 
24)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 2.411

SD +/‐
(width/sqrt(2))

0.66914

Size Range 1.5 – 3.5

Gauss fit  mean 2.2545

SD +/‐
(width/sqrt(2))

0.61741 

Size Range 1.5 – 3.5
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Aspergillus versicolor, 85%RH, 0ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL
1

356.1

SD (*,/) 0.683378

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 349.84

SD (*,/) 0.647422

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus versicolor, 85%RH, 0ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.54 0.76 1.56

Saturated FL1 0.47 0.53 0.32

Channel FL1 99.18 98.91 97.00

Channel FL2 48.51 49.03 50.86

Channel FL3 19.19 22.70 21.78
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Aspergillus versicolor, 85%RH, 0ppb Ozone
KS (size, FL1, FL2, FL3)

Size [microns]
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Aspergillus versicolor, 85%RH, 0ppb Ozone
Peak Stats FL1

Pre Post
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Aspergillus versicolor

RH (%) 30

Ozone (ppb)/ suspension time (hr) 200 / 3 hours

Chamber Date 10/02/2015

Culture age (days) 36

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) {points} 0002, 0019, 0028 (Igor points: 1, 18, 27)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 2.2701

SD +/‐
(width/sqrt(2))

0.49899 

Size Range 1.5 – 3.5

Gauss fit  mean 2.1047

SD +/‐
(width/sqrt(2))

0.45664

Size Range 1.5 – 3.5
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Aspergillus versicolor, 30%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 393.75

SD (*,/) 0.705

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 374.61

SD (*,/) .699

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus versicolor, 30%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 1.37 3.70 6.29

Saturated FL1 0.69 0.74 0.52

Channel FL1 97.77 93.78 90.06

Channel FL2 63.37 57.02 53.35

Channel FL3 8.53 6.20 5.93
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Aspergillus versicolor, 30%RH, 200ppb Ozone
KS (size, FL1, FL2, FL3)

FL3 Intensity
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Aspergillus versicolor, 30%RH, 200ppb Ozone
Peak Stats FL1

Pre Post
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Aspergillus versicolor

RH (%) 30

Ozone (ppb)/
suspension time (hr)

0 / 3 hours

Chamber Date 10/01/2015

Culture age (days) 35

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0002, 0019, 0028 (Igor points: 1, 18, 27)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit 
mean

2.30

SD +/‐
(width/sqrt(2))

0.554

Size Range 1.5 – 3.5

Gauss fit  
mean

2.16

SD +/‐
(width/sqrt(2))

0.536

Size Range 1.5 – 3.5
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Aspergillus versicolor, 30%RH, 0ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 333.85

SD (*,/) 0.761

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 339.82

SD (*,/) 0.693

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus versicolor, 30%RH, 0ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.26 0.44 0.72

Saturated FL1 0.43 0.49 0.37

Channel FL1 99.64 99.33 98.71

Channel FL2 60.63 58.42 59.25

Channel FL3 6.99 6.02 6.64
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Aspergillus versicolor, 30%RH, 0ppb Ozone
KS (size, FL1, FL2, FL3)

Size [microns]
0.5 1 1.5 2 2.5 3 3.5 4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

FL1 Intensity
200 400 600 800 1000 1200 1400 1600 1800 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

FL3 Intensity
0 10 20 30 40 50 60 70 80 90 100

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

FL2 Intensity
65 70 75 80 85 90 95 100

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

180



Aspergillus versicolor, 30%RH, 0ppb
Peak Stats FL1

Pre Post

Particle Diameter (microns)
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Scatter Plot and Fitted Gaussian Contours
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/ suspension 
time (hr)

200 / 3 hours

Chamber Date 04/21/2015

Culture age (days) 78

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0003, 0016, 0021 (Igor points: 0, 13, 18)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 2.284

SD +/‐
(width/sqrt(2))

0.69452

Size Range 1.5 – 3.5

Gauss fit  mean 2.1207

SD +/‐
(width/sqrt(2))

0.32538

Size Range 1.5 – 3.5
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Aspergillus fumigatus (78days), 85%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 1217.2

SD (*,/) 0.402247

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormal
FL1

959.51

SD (*,/) 0.45613

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (78 days) 
85%RH, 600 ppb-hr Ozone

Example of peak statistic analysis limits

75%
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Aspergillus fumigatus (78 days) 
85%RH, 600 ppb‐hr Ozone

Post OzonePre Ozone
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Aspergillus fumigatus (78days), 85%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.14 0.13 0.19

Saturated FL1 5.212 1.277 0.911

Channel FL1 99.79 99.72 99.61

Channel FL2 99.65 99.72 99.63

Channel FL3 27.16 0.23 0.23
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Aspergillus fumigatus (78days), 85%RH, 200ppb Ozone
KS (size, FL1, FL2, FL3)

Size [microns]
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/ suspension time 
(hr)

0 / 3 hours

Chamber Date 01/25/2016

Culture age (days) 15

InstaScope Gain Low

I.S. Files (t=0,1hr,3hr) {points} 0002, 0007, 0012 (Igor points: 0, 5, 10)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 2.0195

SD +/‐
(width/sqrt(2))

0.54268

Size Range 1.5 – 3.5

Gauss fit  mean 1.9656

SD +/‐
(width/sqrt(2))

0.51748

Size Range 1.5 – 3.5
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Aspergillus fumigatus (15days), 85%RH, 0ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 352.11

SD (*,/) 0.305221

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 351.57

SD (*,/) 0.286208

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (15days), 85%RH, 0ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.12 0.13 0.18

Saturated FL1 0 0 0

Channel FL1 99.79 99.80 99.56

Channel FL2 99.68 99.67 99.67

Channel FL3 11.25 11.75 12.57
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Aspergillus fumigatus, 85%RH, 0ppb Ozone(Low Gain)
KS (size, FL1, FL2, FL3)

Size [microns]
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/
suspension time (hr)

200 / 3 hours

Chamber Date 06/29/2015

Culture age (days) 11

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0002, 0024, 0038 (Igor points: 0, 22, 36)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.9111 

SD +/‐
(width/sqrt(2))

0.54211

Size Range 1.5 – 3.5

Gauss fit  
mean

1.957 

SD +/‐
(width/sqrt(2))

0.54469

Size Range 1.5 – 3.5
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Aspergillus fumigatus (11days), 85%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 1292.9

SD (*,/) 0.375877

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 1184

SD (*,/) 0.349113

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

193



Aspergillus fumigatus (11days), 85%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.14 0.17 0.07

Saturated FL1 6.74 1.75 2.64

Channel FL1 99.78 99.81 99.93

Channel FL2 99.38 98.81 99.46

Channel FL3 8.95 9.28 11.59
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Aspergillus fumigatus, 85%RH, 200ppb Ozone (High Gain)
KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus (11days), 85%RH, 200ppb Ozone
Peak Stats FL1

Pre Post
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Aspergillus fumigatus

RH (%) 20

Ozone (ppb)/ suspension 
time (hr)

200 / 3 hours

Chamber Date 09/15/2015

Culture age (days) 18

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0003, 0026, 0032 (Igor points: 1, 24, 32)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.7895

SD +/‐
(width/sqrt(2))

0.5298

Size Range 1.5 – 3.5

Gauss fit  mean 1.9051 

SD +/‐
(width/sqrt(2))

0.60293

Size Range 1.5 – 3.5
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Aspergillus fumigatus (18days), 20%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 1631

SD (*,/) 0.310593

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 1572.9

SD (*,/) 0.326874

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (18days), 20%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.34 0.27 0.61

Saturated FL1 26.7 18.2 17.4

Channel FL1 99.23 99.25 98.52

Channel FL2 99.36 99.32 98.84

Channel FL3 24.21 19.45 18.60
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Aspergillus fumigatus, 20%RH, 200ppb Ozone (High Gain)
KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus, 20%RH, 200ppb Ozone (High Gain)
KS (size, FL1, FL2, FL3)

Post OzoneOzone
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Aspergillus fumigatus

RH (%) 20

Ozone (ppb)/ suspension 
time (hr)

0 / 3 hours

Chamber Date 09/21/2015

Culture age (days) 24

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0003, 0016, 0030 (Igor points: 1, 14, 28)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.8383

SD +/‐
(width/sqrt(2))

0.46589

Size Range 1.5 – 3.5

Gauss fit  
mean

1.7376

SD +/‐
(width/sqrt(2

))
0.41022

Size Range 1.5 – 3.5
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Aspergillus fumigatus (24days), 20%RH, 0ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 1527

SD (*,/) 0.329942

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 1475.6

SD (*,/) 0.328021

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (24days), 20%RH, 0ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.43 0.42 0.47

Saturated FL1 13.74 12.72 10.87

Channel FL1 99.29 99.29 99.16

Channel FL2 99.12 99.11 98.50

Channel FL3 15.65 14.46 14.22
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Aspergillus fumigatus, 20%RH, 0ppb Ozone (High Gain)
KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/
suspension time (hr)

1000 / 1 hour

Chamber Date 11/18/2015

Culture age (days)

InstaScope Gain Low

I.S. Files (t=0,1hr,3hr) 
{points}

0031, 0047, 0059 (Igor points: 30, 46, 58)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.9964

SD +/‐
(width/sqrt(2))

0.60637

Size Range 1.5 – 3.5

Gauss fit  mean 1.9788

SD +/‐
(width/sqrt(2))

0.56284

Size Range 1.5 – 3.5
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Aspergillus fumigatus (days), 85%RH, 1000ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 318.12

SD (*,/) 0.2909

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 298.39

SD (*,/) 0.289813

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (days), 85%RH, 1000ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.03 0.23 0.04

Saturated FL1 0 0 0

Channel FL1 99.86 99.53 99.42

Channel FL2 98.86 97.10 97.80

Channel FL3 9.00 6.52 6.81
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Aspergillus fumigatus, 85%RH, 1000ppb Ozone(Low Gain)
KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus, 
85%RH, 1000ppb Ozone (Low Gain) FL1

Pre Ozone

Particle Diameter (microns)
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Aspergillus fumigatus, 
85%RH, 1000ppb Ozone (Low Gain) FL2

Pre Ozone Ozone
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/ suspension 
time (hr)

1200 / 2 hour

Chamber Date 01/25/2016

Culture age (days) 15

InstaScope Gain Low

I.S. Files (t=0,1hr,3hr) 
{points}

0016, 0021, 0026 (Igor points: 2, 7,
12)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.9298

SD +/‐
(width/sqrt(2))

0.5255

Size Range 1.5 – 3.5

Gauss fit  
mean

1.8398

SD +/‐
(width/sqrt(2))

0.43856

Size Range 1.5 – 3.5
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Aspergillus fumigatus (15days), 85%RH, 1200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL
1

321.09

SD (*,/) .3169

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 302.94

SD (*,/) 0.3102

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (15days), 85%RH, 1200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.05 0.11 0.07

Saturated FL1 0 0 0

Channel FL1 99.72 99.58 99.29

Channel FL2 98.48 96.21 97.42

Channel FL3 7.61 5.90 4.68
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Aspergillus fumigatus, 
85%RH, 1200ppb Ozone (Low Gain)

KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus, 
85%RH, 1200ppb Ozone (Low Gain)

(size, FL1, FL2, FL3)
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/ suspension 
time (hr)

7500 / 2 hour

Chamber Date 01/26/2016

Culture age (days) 16

InstaScope Gain Low

I.S. Files (t=0,1hr,3hr) 
{points}

0002, 0007, 0014 (Igor points: 2, 7, 14)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 1.9677

SD +/‐
(width/sqrt(2))

0.50882

Size Range 1.5 – 3.5

Gauss fit  mean 1.9248 

SD +/‐
(width/sqrt(2))

0.48255

Size Range 1.5 – 3.5
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Aspergillus fumigatus (16days), 85%RH, 7500ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNorma
lFL1

339.65

SD (*,/) .342

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNorma
lFL1

280.51

SD (*,/) .2695

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (16days), 85%RH, 7500ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.08 0.33 0.56

Saturated FL1 0 0 0

Channel FL1 99.84 98.60 96.18

Channel FL2 99.18 93.56 95.08

Channel FL3 7.00 7.75 8.15
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Aspergillus fumigatus, 
85%RH, 7500ppb Ozone (Low Gain)

KS (FL1 87 – 1000)

Ozone
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Aspergillus fumigatus, 
85%RH, 7500ppb Ozone (Low Gain)

KS (size, FL1, FL2, FL3)
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Aspergillus fumigatus

RH (%) 85

Ozone (ppb)/
suspension time (hr)

200 / 3 hour

Chamber Date 06/18/2015

Culture age (days) 28

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0011, 0024, 0037 (Igor points: 0, 13, 28)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 2.08

SD +/‐
(width/sqrt(2))

0.668

Size Range 1.5 – 3.5

Gauss fit  mean 1.993

SD +/‐
(width/sqrt(2))

0.539

Size Range 1.5 – 3.5
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Aspergillus fumigatus (28days), 85%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 1238

SD (*,/) 0.361

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100

LogNormalFL1 1179.7

SD (*,/) 0.365

Size range 1.5 – 3.5

FL1 Range 128 ‐ 2100
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Aspergillus fumigatus (28days), 85%RH, 200ppb Ozone

Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 0.14 0.26 0.18

Saturated FL1 3.83 2.01 1.15

Channel FL1 99.83 99.74 99.56

Channel FL2 99.11 98.03 99.29

Channel FL3 9.07 5.96 11.81
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Aspergillus fumigatus (28 days), 
85%RH, 200ppb Ozone (Low Gain)

KS (size, FL1, FL2, FL3)

FL3 Intensity
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Aspergillus fumigatus (28days), 85%RH, 200ppb Ozone
Peak Stats FL1

Pre Post
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Bacillus subtilis

RH (%) 85

Ozone (ppb)/
suspension time (hr)

200 / 3 hour

Chamber Date 02/04/2016

Culture age (days) 14

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) 
{points}

0002, 0008, 0014 (Igor points: 0, 6, 12)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 0.775

SD +/‐
(width/sqrt(2))

0.454

Size Range 0.5 – 2

Gauss fit  mean 0.576

SD +/‐
(width/sqrt(2))

.0815

Size Range 0.5 ‐ 2
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Bacillus subtilis (14days), 85%RH, 200ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 132.3

SD (*,/) 0.06

Size range 0.5 ‐ 2

FL1 Range 128 ‐ 2100

LogNormalFL1 137.28

SD (*,/) 0.103

Size range 0.5 ‐ 2

FL1 Range 128 ‐ 2100
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Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 71.32 66.18 66.96

Saturated FL1 0 0 0

Channel FL1 3.24 5.56 5.66

Channel FL2 9.84 10.62 10.17

Channel FL3 3.32 2.44 1.93
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Bacillus subtilis, 85%RH, 200ppb Ozone(High Gain)
KS (size, FL1, FL2, FL3)
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Bacillus subtilis (14days), 85%RH, 200ppb Ozone
Peak Stats FL1

Pre Post
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Bacillus subtilis

RH (%) 85

Ozone (ppb)/ suspension time 
(hr)

0 / 3 hour

Chamber Date 02/04/2016

Culture age (days) 14

InstaScope Gain High

I.S. Files (t=0,1hr,3hr) {points} 0002, 0004, 0008 (Igor points: 0, 2, 6)

Pre Particle Size Distribution Post Particle Size Distribution

Gauss fit mean 0.49

SD +/‐
(width/sqrt(2))

0.64

Size Range 0.5 – 2

Gauss fit  mean 0.58

SD +/‐
(width/sqrt(2))

0.11

Size Range 0.5 ‐ 2
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Bacillus subtilis (14days), 85%RH, 0ppb Ozone

Pre Particle FL1 Distribution Post Particle FL1 Distribution

LogNormalFL1 133.13

SD (*,/) 0.06

Size range 0.5 ‐ 2

FL1 Range 128 ‐ 2100

LogNormalFL
1

133.6

SD (*,/) 0.07

Size range 0.5 ‐ 2

FL1 Range 128 ‐ 2100
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Pre O3 (%) 1hr (%) 3hr (%)

Nonfluorescent 61.70 63.20 61.88

Saturated FL1 0 0 0

Channel FL1 5.78 8.43 8.03

Channel FL2 13.99 12.64 13.03

Channel FL3 4.36 2.81 2.83

Bacillus subtilis (14days), 85%RH, 0ppb Ozone
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Bacillus subtilis, 
85%RH, 0ppb Ozone (High Gain)

KS (size, FL1, FL2, FL3)
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Bacillus subtilis (14days), 85%RH, 0ppb Ozone
Peak Stats FL1

Pre Post

Particle Diameter (microns)
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APPENDIX: Bioaerosol EEM Data
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