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Abstract

Bioaerosols are biological aerosol particles in the atmosphere, such as pollen, fungi, algae,
and bacteria, with sizes ranging from a few nanometers to hundreds of micrometers. The
importance of bioaerosols has been growing due to climate change, however, their
chemistry and atmospheric fate are still largely unexplored. The contribution of bioaerosols
and their organic compounds to the atmospheric organic carbon load, and their role in cloud
physics and atmospheric processes should be studied further. To address this knowledge
gap, this dissertation investigates the chemical composition of water-soluble extracts of
various types of bioaerosols and the effects of laboratory aging, such as exposure to
simulated solar radiation and OH radicals. The bioaerosols chosen for chemical
characterization were lodgepole pine pollen, rabbitbrush pollen, western gall rust fungi,
hay Bacillus bacteria, Pedobacter bacteria, and Spirulina alga. Using various analytical
techniques, such as gas chromatography — mass spectrometry (GC-MS), ultra-high
performance liquid chromatography — mass spectrometry (UPLC-MS), ultraviolet-visible-
near-infrared spectrophotometry (UV-Vis-NIR), proton nuclear magnetic resonance
spectroscopy ('"H-NMR), and Fourier-transform infrared spectroscopy (FTIR), organic
species (saccharides, amino acids, and fatty acids) and functional groups of these
bioaerosols were determined. Chemical analysis showed that the saccharide glucose was
common between all analyzed bioaerosol extracts, and the major contribution of organic
species in pollen was from saccharides. Laboratory aging was performed on lodgepole pine
pollen and Spirulina alga using the Suntest CPS solar simulator. These bioaerosols were
exposed to (1) simulated solar radiation, ranging from 300 to 800 nanometers, and (2) OH

radicals formed by hydrogen peroxide through photolysis. Functional groups were



il
compared before and after aging using "H-NMR and FTIR spectroscopy to uncover the
chemical transformation and changes in polarity of the bioaerosols. FTIR results showed
an overall increase of polar functional groups in the two bioaerosols after aging with
simulated solar radiation. Though 'H-NMR showed no significant changes after simulated
solar aging, the functional group distribution transformed dramatically after exposure to
OH radicals. In summary, this research was instrumental in understanding the contribution
of various organic compounds to bioaerosol chemistry and the transformation of

bioaerosols after exposure to atmospheric aging.
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Chapter 1

Introduction

Bioaerosols (commonly referred to as primary biological aerosol particles, or
PBAPs) are atmospheric particles of biological origin (Frohlich-Nowoisky et al., 2016).
Some examples of bioaerosols include pollen grains, fungal spores, bacteria, viruses, algae,
and their dispersal units and fragments (Després et al., 2012; Mainelis, 2020; Mdhler et al.,
2007). These particles are emitted by various sources, such as vegetation (Faske et al.,
2021), soil (Bjerketorp et al., 2021), water (Vo et al., 2015), and humans and animals (Xie
et al., 2021). In size, bioaerosols range from ~0.5 to ~100 um, but some (i.e., pollen) can
be larger (e.g., ~200 um (Pope, 2010)) than most anthropogenic aerosols (Frohlich-
Nowoisky et al., 2016). Global emissions of bioaerosols are estimated to be near 1000 Tg
per year (including cellular fragments), with pollen emissions at 84 Tg/year, fungi at 186
Tg/year, and bacteria at 28.1 Tg/year (Després et al., 2012). Bioaerosol emissions represent
a large fraction (up to 25% (Jaenicke, 2005)) of total global atmospheric aerosol mass, and
they may also contribute to atmospheric organic carbon (Bauer et al., 2002). Thorough
research of bioaerosols is crucial due to their severe impacts to human health, i.e., seasonal
allergies due to pollen (Sénéchal et al., 2015), which affects around 24.4 million people in
the U.S. (Center for Health Statistics, 2018). Fungi (Magnussen and Parsi, 2013) and algae
(Gartner et al., 2021; May et al., 2018a) species can emit various toxins, some of which

can be cancerous or deadly. For example, Aspergillus fungi species produce aflatoxin (a



carcinogen), which targets the liver (Magnussen and Parsi, 2013), and can become airborne
through handling contaminated foods (Burg et al., 1981). Moreover, Sargassum algae
blooms that wash ashore release gasses as they decompose, which can cause respiratory
issues and even fatality in humans (Fidai et al., 2020). Recently, it has been found that a
warming climate is enhancing the concentration (+21%) and duration (+20 days) of pollen
seasons (Anderegg et al., 2021; D’Amato et al., 2020; Zhang and Steiner, 2022) and
amplifying neurotoxin-emitting harmful algal blooms (May et al., 2018a). Although
bioaerosols are estimated to be quite abundant in the atmosphere and affect human health,
little is known about their chemistry, contribution to the total atmospheric carbon, and

atmospheric transformation during transport.

Atmospheric transport is made possible by their aerodynamic size and structure
(Romano, 2023), and some can even be transported intercontinentally (Tesson et al., 2016;
Warren and St. Clair, 2021). They can be dispersed by wind and other mechanisms and
thus play a role in atmospheric chemical and physical processes. Bioaerosols are typically
found in the troposphere, however, microorganisms (bacteria, fungi, and algae species)
have been found at the stratospheric level, where they are exposed to harsh atmospheric
conditions such as ultra-violet (UV) radiation, very low temperatures, and desiccation
(DasSarma and DasSarma, 2018; Smith et al., 2011). Bioaerosols can directly affect cloud
physics and climate by acting as cloud condensation nuclei (CCN) (Sun and Ariya, 2006)
and ice nuclei (IN) (Huffman et al., 2013). Pollen (Pope, 2010), bacteria, and fungi (Bauer
et al., 2002) are known to be efficient IN and CCN. Recently, sub-pollen particles have
gained a lot of attention for their role in cloud formation (Burkart et al., 2021). Bioaerosols

may undergo physical and chemical transformations during their transport in the



atmosphere, especially from their interaction with atmospheric oxidants (i.e., OH radicals,
ozone) and UV radiation (Xie et al., 2021). As they change their properties, they can affect
various atmospheric processes (Pan et al.,, 2021a). For example, a bioaerosol’s
hygroscopicity may change upon exposure to high-concentration ozone or another oxidant,
which could improve its chances for IN. A deeper understanding of how bioaerosols
transform in the atmosphere is needed to better identify their effect on atmospheric physical

and chemical processes.

Bioaerosols are composed of common organic compounds, such as saccharides
(Axelrod et al., 2021; Pacini et al., 2006), starch (Bahdanovich et al., 2022; Mampage et
al., 2022), amino acids (Chalbot et al., 2013; Kuznetsova et al., 2005), fatty acids, lipids
(Kumar et al., 2014), and proteins (Estillore et al., 2016). Various analytical techniques can
be applied for the determination of their chemical composition, such as gas
chromatography — mass spectrometry (GC-MS), ultra-high performance liquid
chromatography — mass spectrometry (UPLC-MS), ultraviolet-visible-near-infrared
spectrophotometry (UV-Vis), proton nuclear magnetic resonance spectroscopy (‘H-NMR),
and Fourier-transform infrared spectroscopy (FTIR). Individual organic compounds
(saccharides, starch, amino acids, and fatty acids) and various functional groups are
analyzed using these techniques in this dissertation. The physical and chemical
transformations of bioaerosols after exposure to oxidants and photolysis (natural sunlight

and OH radicals) are determined as well, using FTIR and '"H-NMR techniques.



1.1. Current State of Knowledge

The chemical composition of bioaerosols has not been thoroughly studied (Chalbot
et al., 2013; Frohlich-Nowoisky et al., 2016), and thus remains of important scientific
interest. As far as we are aware, no comprehensive chemical study of bioaerosols has
been conducted or published. Comprehensive analyses of various bioaerosol properties
have only been compiled in reviews (Després et al., 2012; Pan et al., 2021a; Xie et al.,
2021). A highly-cited, thorough review of bioaerosols (Frohlich-Nowoisky et al., 2016)

states:

(13

. to gain a better understanding of the abundance, sources, transport, and
transformation of bioaerosols, it is crucial to determine their chemical, genetic, and
taxonomic composition as well as their concentration, seasonal variation, vitality,
regional diversity, and evolution. Sophisticated techniques in the field of
instrumental trace analysis (e.g., mass spectrometry) and microbiology,
especially DNA sequencing technologies, need to be further developed and

applied.”

An area of interest that concern bioaerosols is the study of bioaerosol roles in cloud
formation. Bacteria bioaerosols have been studied for their IN properties (Delort et al.,
2010; Sun and Ariya, 2006), as well as pollen and sub-pollen particles (Gute et al., 2020;
Pope, 2010), and some fungi species (Kunert et al., 2019). The oxidation and polarity
changes of certain bioaerosols, such as sub-pollen particles, have been found to affect IN
activity after exposure to atmospheric aging (sunlight and OH radicals) (Gute et al., 2020).

Although minimal research has been published on the comprehensive chemical



composition of bioaerosols using 'H-NMR, individual compounds of a few specific species
have been thoroughly studied using NMR and other techniques, for various purposes. For
example, certain algae species (such as Spirulina platensis) have been meticulously studied
for their biofuel, nutritional, and pharmaceutical potentials (Hannon et al., 2010;
Samburova et al., 2013b; Sarpal et al., 2016; Vo et al., 2015). However, generally only a
few compounds (i.e., starch, fatty acids, lipids) are of interest for these purposes. Amino
acid profiles continue to be studied in various species of algae, but these studies fail to

provide a comprehensive analysis of the chemical composition of algae (Andreeva et al.,

2021; Siahbalaei et al., 2021).

Another example is western gall rust, which is a tree fungus native to North
America (Old et al., 1986). It has only been studied for forest management purposes
(Hoffman and Hagle, 2011; Old et al., 1986; Ramsfield et al., 2007), and as far as we know,
there are virtually no studies of its’ chemical composition. This is surprising, because the
spores exist in a powder-like form and are easily dispersible by wind (Old, 1981). Bee
pollen has been rigorously studied for its pharmacological and nutritional properties,
although it slightly varies from tree pollen in composition (De-Melo and de Almeida-
Muradian, 2017; Komosinska-Vassev et al., 2015; Margaoan and Bobis, 2010). Studies of
anthropogenic aerosol chemical compounds (Chalbot and Kavouras, 2019; Duarte and
Duarte, 2015; Suzuki et al., 2001) using 'H-NMR spectroscopy have been conducted, as
well as NMR analysis of various specific compounds of pollen (Chalbot et al., 2013; Hlersa
et al., 1999; Otify et al., 2019), algae (Sarpal et al., 2016), and bacteria (Saleh Al-Rubaye
et al., 2018). However, there is poor characterization of these individual "H-NMR

spectra for the purpose of bioaerosol chemistry research. In addition, virtually none of



the mentioned studies use the deuterated solvent DMSO-ds for bioaerosol analysis with
"H-NMR. Using a different solvent such as DMSO-ds may allow us to see more diverse

functional groups.

Although bioaerosols are gaining attention in the scientific community and
increasing in concentration with the rapidly changing climate (Anderegg et al., 2021;
Ariano et al., 2010; D’ Amato et al., 2020, 2013; May et al., 2018a), the Intergovernmental
Panel on Climate Change’s (IPCC) most recent report (“IPCC Sixth Assessment Report,”
2023) fails to mention bioaerosols. The most recent mention of bioaerosols from the [IPCC
is found in the “Climate Change and Land” special report (published August 2019), where
they are stated to be an “important component of carbonaceous aerosols” (Jia et al., 2019).
Furthermore, bioaerosols are only briefly mentioned in IPCC’s 5" assessment report,
where they are reported as being good IN, and one of the main constituents of overall
atmospheric aerosols (Boucher et al., 2013). Therefore, this dissertation is dedicated to
expanding the knowledge of the chemical composition (individual compounds and
functional groups) and the chemical transformation of bioaerosols in the atmosphere

upon exposure to sunlight and oxidants.

1.2. Goals and Objectives of the Present Research

As was mentioned above, very little is known about the chemical composition and
aging of atmospheric bioaerosols. Thus, the purpose of this study is to fill this gap and
provide a comprehensive analytical study on their chemical composition, as well as their

transformation upon exposure to simulated atmospheric conditions (i.e., oxidants,



photolysis). This research will assist in creating bioaerosol markers that can be used in

analysis of ambient filters.
The following research questions will be answered:

1. What is the organic chemical composition of bioaerosols?

2. What are the major chemical functional groups of the most common bioaerosols
(e.g., algae, pollen, fungi, bacteria)?

3. How do bioaerosols change chemically upon exposure to atmospheric oxidants and
photolysis (i.e., exposure to OH radicals, ultra-violet radiation, and simulated solar
radiation)?

4. How do the polarity and functional groups of bioaerosols change after aging, which

can be important for IN and CCN?

To answer these research questions, we selected several bioaerosols (pollen (lodgepole
pine and rabbitbrush), fungi (western gall rust), bacteria (Pedobacter and hay Bacillus),
and algae (Spirulina)) and characterized their individual organic species and chemical
functional groups with different analytical techniques: GC-MS, UPLC-MS, UV-Vis-NIR

spectrophotometry, "H-NMR spectroscopy, and FTIR spectroscopy.

The tasks conducted in the present research are described in the following Chapters.
In Chapter 2, the starch content of four bioaerosol species (pollen, fungi, algae, and
bacteria) was determined using UV-Vis-NIR spectrophotometry. To do so, an existing
colorimetry method was optimized for quantitative analysis of starch content in low-
concentration samples. This task is imperative for differentiating between mono/di-

saccharides (simple sugars) and polysaccharides (starch) in 'H-NMR spectra. Chapter 3 is



dedicated to the characterization of the chemical composition and functional groups of
organic compounds within bioaerosols using 'H-NMR spectroscopy. The obtained results
are compared with quantitative analyses of individual bioaerosol organic species
(saccharides, amino acids, and fatty acids). These quantitative analyses are performed
using GC-MS and UPLC-MS. Starch content (Chapter 2) is also compared with 'H-NMR
spectra of bioaerosol extracts. Chapter 4 focuses on the changes in polarity and functional
groups of bioaerosols (lodgepole pine pollen and Spirulina algae) after exposure to (1)
simulated solar radiation and (2) OH radicals formed from hydrogen peroxide through
photolysis. The results of the present study will provide a comprehensive characterization
of bioaerosol chemical organic components and their transformation upon atmospheric
aging. The results of this research will help to assess, predict, and model the chemical

behavior of bioaerosols and their organic species in the atmosphere.
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2.1. Abstract

Starch is a polysaccharide that is abundantly found in nature and is generally used as an
energy source and energy storage in many biological and environmental processes.
Naturally, starch tends to be in miniscule amounts, creating a necessity for quantitative
analysis of starch in low-concentration samples. Existing studies that are based on the
spectrophotometric detection of starch using the colorful amylose—iodine complex lack a
detailed description of the analytical procedure and important parameters. In the present
study, this spectrophotometry method was optimized, tested, and applied to studying starch
content of atmospheric bioaerosols such as pollen, fungi, bacteria, and algae, whose
chemical composition is not well known. Different experimental parameters, including pH,
iodine solution concentrations, and starch solution stability, were tested, and method
detection limit (MDL) and limit of quantification (LOQ) were determined at 590 nm. It
was found that the highest spectrophotometry signal for the same starch concentration
occurs at pH 6.0, with an iodine reagent concentration of 0.2%. The MDL was determined
to be 0.22 pg/mL, with an LOQ of 0.79 pg/mL. This optimized method was successfully
tested on bioaerosols and can be used to determine starch content in low-concentration

samples. Starch content in bioaerosols ranged from 0.45 £ 0.05 (in bacteria) to 4.3 + 0.06

pg/mg (in fungi).

Keywords: starch; polysaccharide; spectrophotometry; pH; amylose—iodine complex

2.2. Introduction
Starch is a polysaccharide that is used as an energy source for humans and can be

found in different amounts in plants, bacteria, algae, and other microorganisms (Buléon et



11

al., 1998; Lafont-Mendoza et al., 2018; Yong et al., 2019). It is an abundant source of
energy (Bashir and Aggarwal, 2019) and one of the most important and plentiful
polysaccharides commercially (Lafont-Mendoza et al., 2018). Its structure consists of
amylose and amylopectin, both of which are polymer glucose chains (McCready and
Hassid, 1943; Subroto et al., 2020), and their ratio varies depending on the type of starch
(Bates et al., 1943; Egharevba, 2019). Major sources of starch are grains (such as corn),
tubers (i.e., potatoes), roots, and fruit (Han and BeMiller, 2007; Takeda et al., 1989). It has
been studied in many disciplines and used in different applications, such as agriculture,
food science, biofuels, and medicine (Nakayoshi et al., 2015; Subroto et al., 2020;
Sulistyarti et al., 2015; Yong et al., 2019). There is also a large interest in using starch as a
biodegradable and renewable polymer (Pokhrel, 2015). Quantifying its content is essential
to chemical composition studies and assists in differentiating between mono-/di-

saccharides and polysaccharides in samples.

Available research studies on starch have been mainly focused on the food industry
and modification of starch components (Bashir and Aggarwal, 2019; Desai et al., 2018;
Han and BeMiller, 2007; Nakayoshi et al., 2015; Subroto et al., 2020). There are several
studies that describe starch quantification methods for commercial purposes (i.e., biofuel),
which mainly focus on cost and conversion of starch to ethanol (Krajang et al., 2021; Yong
etal., 2019). One known method on quantitative analysis of starch is based on the formation
of the colorful amylose-iodine complex which can be detected with ultraviolet-visible-
near-infrared (UV-Vis-NIR) spectrophotometry. Only a limited number of studies, which
are based on the method published in 1943, describe this analytical method of starch

quantification (Boonpo and Kungwankunakorn, 2017; Desai et al., 2018; McCready and
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Hassid, 1943). Starch and amylose-iodine complex optimization using a
spectrophotometry method has also been used in medical research (Sulistyarti et al., 2015).
However, some important analytical parameters have not been investigated, such as
optimized method detection limit (MDL) and limit of quantification (LOQ), and pH and
iodine concentration dependance, which are important, particularly when quantitative
analysis of low-level starch samples is required. One example of these samples are

bioaerosols such as pollen, bacteria, fungi, and microalgae.

Bioaerosols are small (~0.5 — ~100 um (Frohlich-Nowoisky et al., 2016)) airborne
biological particles and can be very abundant in the atmosphere (Frohlich-Nowoisky et al.,
2016; Zhang and Steiner, 2022). For example, global emissions of fungal spores can be as
high as 190 teragrams (Tg) annually (Tg/a), while pollen emissions can range from 47 to
84 Tg/a (Després et al., 2012). Bioaerosols can become airborne by different mechanisms
and can affect biological and atmospheric processes (Frohlich-Nowoisky et al., 2016).
They have become an important research topic in recent years, as anthropogenic climate
change is causing an increase in pollen season duration and pollen concentrations in air
(Anderegg et al., 2021; Ariano et al., 2010; D’ Amato et al., 2020). In addition, an increase
in harmful algal blooms is causing an amplification of biological toxins being introduced
into the atmosphere (May et al., 2018a). Major components of bioaerosols are proteins,
carbohydrates, amino acids, fatty acids, and lipids (Axelrod et al., 2021; Estillore et al.,
2016; Kumar et al., 2014). A recent study reported significant chemical constituents of
pollen species to be amino acids and saccharides (Axelrod et al., 2021). Some functional

groups have also been studied in pollen (Chalbot et al., 2013) and microalgae (Kumar et
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al., 2014). In addition, sub-pollen particles (~0.60 - ~2.5 um (Hughes et al., 2020)) have
been found to be mainly composed of starch (Burkart et al., 2021; Mampage et al., 2022).
However, the chemical composition (including starch reserves), transformation and
atmospheric behavior of these bioaerosol particles are still largely unknown (Frohlich-
Nowoisky et al, 2016), which creates a necessity to quantify low level starch

concentrations.

The goal of this study is to optimize the absorption spectrophotometry method for
quantitative analysis of low concentration starch samples, including bioaerosols. For this
purpose, we adopted the McCready et al. (1943) and Boonpo et al. (2017) method,
examined it, and optimized the method further for analysis of samples with low starch
content. We used the Perkin Elmer Lambda 1050 UV-Vis-NIR spectrophotometer. pH
dependance and iodine reagent concentration for amylose determination were optimized in
this study. In addition, we determined the MDL, LOQ, and linearity of the calibration for

low concentration ranges of starch for this colorimetry method.

2.3. Experimental Section
2.3.1. Chemicals and Reagents

Powdered soluble potato starch (= 95% purity) was purchased from Sigma-Aldrich
Inc. (St. Louis, MO, USA). Ethyl alcohol (class 1b) and sodium hydroxide (NaOH)
solutions (1 N) were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Hydrochloric
acid solution (1 N), d-(+)-glucose (99%), and sucrose (99.5%) were purchased from Sigma-
Aldrich, Inc. pH test strips were acquired from JNW Direct (Amazon, Inc.). Reagents

(potassium iodide and iodine) and NaOH pellets were purchased from Ward’s Science
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(Rochester, NY, USA). Ultra-high purity water (>18 MQ cm™") was dispensed by the Elga
Veolia PURELAB Chorus 1 (Woodridge, IL, USA) water purification system. Bioaerosols
were acquired in different ways. Microalgae (Spirulina) was purchased from Amazon, Inc.
in freeze-dried powder form, and bacteria (hay Bacillus) was cultured (Desert Research
Institute, NV, USA), then freeze-dried prior to extraction. Fungi (western gall rust) and
pollen (lodgepole pine) were collected locally (see Table 1) through surface deposition.

Bioaerosol specifications are listed in Table 1.

2.3.2. Instrumentation

The Perkin Elmer Lambda 1050 UV-Vis-NIR Spectrophotometer (Waltham, MA,
USA) was used for this study, with the wavelength range set to 250-800 nm.
Photomultiplier tube (PMT) slits were fixed at 2.00 nm, with a PMT detector response of
0.20 seconds. The ordinate mode was set at absorbance (A), and the data interval at 1.00
nm. For bioaerosol sample preparation, Foxx Life Sciences EZFlow Syringe Filters with
hydrophilic polytetrafluoroethylene (PTFE) membrane (Salem, NH, USA) were used, with
a pore size of 0.45 um and diameter of 0.25 mm. 3.5 mL UV quartz spectrophotometer
cuvettes (with PTFE covers and a light path of 10 mm) were purchased from FireflySci,
Inc. (Northport, NY, USA). Reagents and samples were weighed using a Cahn C-33
microbalance (Cerritos, CA, USA). Bioaerosol bacteria samples were freeze-dried at -40
°C for 24 hours prior to extraction using a Thermo Micro Modulyo 115 freeze dryer system

(Asheville, NC, USA).

2.3.3. Amylose lodine Reagent Preparation
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The 0.2% iodine reagent (I2/KI) was prepared by adding 20 mg iodine (I2) and 200
mg potassium iodide (KI), then adjusted to 10 mL with water. Similarly, the 0.1% iodine
reagent was prepared by adding 10 mg of I> and 100 mg KI, and the 0.02% iodine reagent
was prepared by adding 2 mg I> and 20 mg KI, then adjusted to 10 mL with ultra-high

purity water. The iodine reagent solution was red-brown in color.

2.3.3. Starch Preparation

The optimized procedure on preparation of starch/iodine reagent solution is
presented in Figure 1. To prepare the starch stock solution, one gram of starch was heated
at 105 °C for 24 hours, following the temperature optimization of Noranizan et al. (2010).
Afterwards, the starch was kept in a desiccator with NaOH pellets until ready for use. 10
mg of desiccated starch was hydrated with 0.1 mL 95% ethanol and 1 mL NaOH solution
(1 N) in a 10 mL volumetric flask. It is well-described that in the presence of heat and
NaOH, starch molecules swell and are physically modified, which encourages amylose to
seep out due to its linear structure (Roberts and Cameron, 2022; Sun et al., 2014). This
reaction is what allows detection of starch by measuring the colorful amylose-iodine
complex in the visible range of the spectrum with the UV-Vis-NIR spectrophotometer
(Baldwin et al., 1944). Although amylopectin is a significant portion of starch (Egharevba,
2019), it has been long known and well described in previous studies (Baldwin et al., 1944;
McGrance et al., 1998) that the amylopectin-iodine absorbs at much shorter wave lengths
than amylose-iodine complex, which makes amylose a perfect compound for quantitative
analysis of starch. Moreover, amylopectin is not as easily extracted due to its highly
branched structure (Hermansson and Svegmark, 1996), and thus the

transmission/absorption of the iodine solution is affected more by amylose than
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amylopectin (Baldwin et al., 1944). The prepared starch mixture was refrigerated for 24

hours at 4°C. Next, the volume was then adjusted to 10 mL with ultra-pure water at the

same temperature and refrigerated again for 16-18 hours. The final concentration of the

starch stock was 1000 pg/mL. Also, a “blank™ sample with zero starch was prepared with

0.1 mL ethanol and 1 mL NaOH, then adjusted to 10 mL with water (following the same

time frame).

Figure

1.

Heat starch at 105° C for 24 hours

To 10 mg starch, add 0.1 mL of 95%
ethanol and 1 mL NaOH (1 N) solution

Keep at 4° C for 24 hours

Adjust volume to 10 mL with Milli-Q water
[concentration: 1000 pg/mL]

\. J

Keep at 4° C for 16-18 hours

Adjust acidity to pH 6 with HCI (1M)

rPrepare calibration solutions by adding 0.1 )
mL of 0.2% I,/KI reagent solution and
adjust to 10 mL with Milli-Q water

(six calibration levels: 1 — 100 ug/mL)

. J

Optimized procedure of starch preparation for amylose-iodine
spectrophotometry analysis, adapted from Boonpo and Kungwankunakorn, 2017.

complex
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5 mL of the prepared starch stock solution was brought to pH 6 by adding 500 pL
of HCI1 (1 M). This final solution was used for calibration using calibration levels of 1, 10,
25, 50, 75, and 100 pg/mL (see Table A2.1). To prepare the calibration standards
(concentration range: 1 — 100 (ug/mL)), 0.01, 0.1, 0.25, 0.5, 0.75, and 1.0 mL of stock
solution (1000 pg/mL) was added to six separate volumetric flasks. Then, 0.1 mL ofiodine
reagent solution was added to each calibration level. With the addition of the iodine
reagent, each level forms a different color. Boonpo et al., (2017) varied the iodine solution
amount added to each sample, however, we decided to keep the iodine solution amount
consistent and vary the starch stock quantity instead. The calibration for this study was run
in triplicates to determine the error of the sample preparation and/or the instrument, as well

as for statistical purposes.

Due to the lack of studies on amylose-iodine complex absorbance due to pH
dependance, starch solutions with varied pH levels (pH 2, 4, and 6) were prepared and
analyzed to determine the optimized pH level. In addition, iodine reagent concentrations
0f'0.02, 0.1, and 0.2% were studied to determine which optimizes the absorbance. Although
the iodine reagent concentrations were varied, the amount of the iodine solution added
remained the same for every sample (0.1 mL). For these experimental conditions,
calibration levels of 1 and 50 pg/mL were used and ran in duplicates. A monosaccharide
(glucose) and disaccharide (sucrose) were also analyzed for starch content at a
concentration of 50 pg/mL, to ensure that the amylose-iodine complex does not form in
simple saccharide solutions. These were prepared following the method described for

starch, excluding the heat applied in the first step. The stability of the reagents was
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determined by testing an aliquot of six-week-old and 16-week-old starch at 50 pg/mL (0.5
mL stock) and adding freshly prepared iodine reagent solution (0.1 mL). The liquid starch

stock solution was stored at 4°C.

The MDL and LOQ were determined following procedures adopted from the
Analytical Detection Limit Guidance manual (Ripp, 1996). Ten samples were prepared for
MDL analysis, following the blueprint presented in Figure 1. All ten samples were used in
calculation for the MDL, with 9 degrees of freedom and a t-value of 2.821 at the 99%
confidence level. The samples were prepared according to the optimized pH (pH=6) and
amylose iodine reagent concentration (0.2%). The MDL was calculated by taking the
standard deviation of the 10 trials and multiplying by the t-value of 2.821. To obtain an
accurate MDL, two of three major requirements should pass. The spike level should be less
than MDLx10, and greater than the MDL itself (Ripp, 1996). The last requirement states
that the signal-to-noise ratio (S/N) should be between 2.5 and 10. S/N is calculated by
dividing the mean by the standard deviation. LOQ was calculated by multiplying the

standard deviation of the MDL by 10 (Ripp, 1996).

To estimate the uncertainty associated with the instrument (spectrophotometer)
performance, two calibration standards (level 1 and level 4) and one sample (lodgepole
pine pollen, see Table 1) were run as three replicate spectrophotometer measurements of
each solution and estimated by calculation mean and standard deviation values. It must be
noted that these values were not used in reporting starch concentrations in bioaerosol
samples below. The standard deviations used in presenting starch measurements and shown

in Figure 3 were calculated based on three replicates of bioaerosol samples prepared
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separately following the described procedure (Figure 1) from the same collected sample

(lodgepole pine pollen, Table 1).

2.3.4. Bioaerosol Preparation

Several bioaerosols such as pollen, fungi, bacteria, and microalgae were chosen for
starch content quantification (see Table 1). Microalgae and bacteria were both freeze-dried
prior to the extraction. Bioaerosols were prepared following the same blueprint as starch
(see Figure 1), along with centrifuging and syringe filtering (Foxx Life Sciences, 0.45 um
pore size) prior to pH adjustment. One set of bioaerosol samples was prepared without the
heating step (Figure 1). Another set of samples was prepared using the additional step in
which bioaerosol samples were preheated at 105 °C for 24 hours (Figure 1). This was done
to check if the pre-heating step helps release amylose in the starch from the tested

bioaerosols.

Table 1. Bioaerosols used for sample preparation of starch content quantification.

Bioaerosol type Common name Botanical name  Origin
Collected in North Lake
Pinus Tahoe, NV, USA
Poll Lodgepole pine contorta (39°18°03"" N
otien 119°55°22” W) on
7/05/2020

Endocronartium Collected in Mt. Shasta,
Western gall rust

Fungi harknessii CA, USA on 5/31/2021
Cultured in the
Molecular Microbial
Bacillus 5cglotgt);1 aI}()i Gelzomics
Bacteri Hav Bacill - ab at the Deser
actetia Ay Dactlus subtilis Research Institute, NV,
USA
Soirulina Arthrospira Purchased commercially
Microalgae p platensis from Amazon, Inc.
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2.4. Results and Discussion

2.4.1. Dependance of pH and Iodine Reagent Concentration

The purpose of this study is to optimize the spectrophotometry method (Boonpo and
Kungwankunakorn, 2017) for starch content quantification in low concentration samples.
For this task, first the experimental parameters such as pH and iodine reagent concentration
were tested. Figure 2 shows the dependance of pH and iodine reagent concentration on the
absorption values of 50 pug/mL starch solution. We found that the addition of 0.1 mL of
0.2% iodine solution concentration to the starch solution (final volume 10 mL) shows
maximum absorption peak in the visible range at 590 nm, which was observed and
confirmed in a previous study (McGrance et al., 1998). The UV-Vis-NIR spectrum of 50
pg/mL calibration level is presented in Figure 2. The maximum absorption was observed
at the wavelength of 590 nm, and it is marked by a dashed grey line (Figure 2). In the
previous studies, the absorption maximum of the amylose-iodine complex was reported at
slightly longer wavelengths: 610 nm [13] and 615 nm [10]. This could be caused by
differences in instrument calibrations, purity of the standards, or variation of pH levels.

This could also be due to differences in starch types (Brust et al., 2020).

The absorption spectra acquired for the amylose-iodine complex standard solution
prepared at different pH levels (pH 2, 4, and 6) is presented in Figure 2 Panel a, while Panel
b shows the absorption spectra for standard starch solutions prepared with different percent
of 1odine reagent (0.02%, 0.1%, 0.2%). 0.1 mL of iodine reagent was added to the standard
starch solutions, with a final volume of 10 mL. We found that the highest amylose-iodine

complex absorption values were at pH 6.0, using an iodine reagent concentration of 0.2%
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(the final iodine concentration after addition to the starch solution is 0.002%). We did not
see the formation of amylose-iodine complex at neutral and basic pH; therefore, we did not
test solutions at pH 7 and higher (pH >7). It has been found that optimization of the
absorption at 590 nm depends more on iodine reagent concentration than pH, as the
absorption at the chosen pH values ranges from 0.52 to 0.56 A and at the tested iodine
concentration the absorption ranges from 0.13 to 0.56 A. Although pH 2, 4, and 6 all
provide linear calibrations, absorption values are 0.04 A higher in a solution of pH 6,
providing a better sensitivity of absorption. Sulistyarti et al. (Sulistyarti et al., 2015) study
found that pH 5 was optimal for iodine quantification with the spectrophotometry method
(Sulistyarti et al., 2015), while Boonpo et al. (2017) (Boonpo and Kungwankunakorn,
2017) did not specify what pH of starch solution was used. In addition, 0.2% iodine
solution was found to be optimal in Boonpo et al. study (Boonpo and Kungwankunakorn,
2017). However, in their study, they found that larger amounts of iodine solution/higher
concentration (4 mL) show maximum absorbance near 596-599 nm. In our study, we found
that a small amount (0.1 mL) of iodine with 0.002% in the final starch solution shows the
maximum absorption at 590 nm; both studies obtained the same final iodine concentration
of 0.002% in the starch solution. Our results are comparable with Boonpo et al. study
(Boonpo and Kungwankunakorn, 2017) since their method was adopted for this
experiment, and both studies used the same iodine solution concentration of 0.2% (and
therefore resulted in the same concentration of iodine in the final starch solution of
0.002%). Higher iodine reagent concentration values (>0.2%) were not tested in this study
since low starch content samples were analyzed. However, higher concentrations of iodine

reagent solution can be considered if testing for higher concentrations of starch. The 0.2%



22

iodine solution was selected to be added to starch standards and bioaerosol samples to make

the concentration of iodine 0.002% in the 10 mL final volume of starch sample.
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Figure 2. Absorption spectrum of calibration level 4 (50 ug/mL) at pH 6 and iodine reagent (12/K1I)
concentration of 0.2% (which was added to the starch sample (final volume 10 mL)) with a
wavelength range 250-800 nm. The peak absorption is noted at 590 nm. 2a) shows pH dependance
of starch, with 3 pH levels noted near the peak of 590 nm (50 pg/mL). Panel b shows the iodine
reagent concentration added to the starch solution, with 3 concentration levels near the peak of 590
nm (50 pg/mL). Full spectra figures at different pH and iodine reagent concentrations are provided
in the appendix (Figures A2.3 and A2.4).

2.4.1. Calibration and MDL

The calibration curve was plotted based on six calibration levels and it was linear
between 1-100 pg/mL (y = 0.0106x — 0.002), with an R? value average of 0.9989 +0.0015.
The R? value was calculated as an average of five separately prepared and run starch
calibrations. The highest calibration level for this experiment was at a concentration of 100
pg/mL, since the trendline begins to plateau for concentrations higher than 100 pg/mL.

The calibration curve and spectra can be found in the appendix (Figures A2.1 and A2.2).
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The MDL for this study was found to be 0.22 pug/mL, which is lower than the spike level
of 0.25 pg/mL. MDL x10 is greater than the spike of 0.25 pg/mL. The signal-to-noise ratio
18 9.9. According to the MDL Guide (Ripp, 1996), our MDL passes major required criteria.
The MDL standard deviation is 0.079, from which the LOQ was found to be 0.79 pg/mL.
To our knowledge, there have not been any MDL or LOQ reported for starch quantification
using the spectrophotometry technique. The analytical uncertainty was calculated based on
three consecutive spectrophotometry measurements of the lowest calibration level
(calibration level 1, concentration 1 pg/mL) for the instrument used in this study and is
1.1%. For calibration level 4 (concentration 50 pg/mL), the instrument analytical

uncertainty is 0.07%. Analytical uncertainty for bioaerosol sample preparation in this study

is 0.3%.

2.4.2. Bioaerosol and Saccharide Analysis

To prove this method can be used for starch quantification of low-concentration
samples, several bioaerosols were selected (Table 1) and analyzed for starch content at 590
nm. 50 mg of each bioaerosol was prepared for the quantitative analysis of starch following
the procedure described in Section 2.3.3. Figure 3 shows starch content in bioaerosols in
ng of starch per mg of dry weight of each individual bioaerosol. Microalgae, bacteria, and
pollen have <1 pg of starch per mg of dry weight (microalgae: 0.69 + 0.02 pg/mg, heated
microalgae: 0.64 = 0.05 pg/mg, bacteria: 0.45 £ 0.03 ug/mg, heated bacteria: 0.45 £ 0.05
pg/mg, pollen: 0.52 + 0.03 pg/mg, heated pollen: 0.94 £ 0.06 ng/mg), whereas both fresh
and heated fungi samples have >1 pg. Fresh fungi has 3.5 + 0.03 pg of starch per mg dry

weight, and heated fungi has 4.3 £ 0.06 pg/mg (see Table A2.2 in the appendix). Although
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the starch content is lower in microalgae, bacteria, and pollen; the concentration values are

33-127% higher the LOQ (0.79 pg/mL).

An unpaired (independent) t-test (Ross and Willson, 2017) was used for statistical
analysis of starch content in bioaerosols. Pre-heating of microalgae and bacteria bioaerosol
samples (Figure 3) does not show a statistically significant difference in starch content,
being 6.4% for microalgae (P=0.23) and 0.3% for bacteria (P=0.97)), as it clearly does for
fungi (19% difference, P <0.0001) and pollen (45% difference, P=0.0004) (Figure 3). The
higher concentration of starch for pre-heated fungi and pollen samples than for those
without heating step, could be explained by the release of amylose during the heating
process (Figure 1), while the microalgae and bacteria samples were initially freeze-dried
that caused the starch release. Across all bioaerosols, the concentration values are 1.4-11.6
times higher than the MDL (0.22 pg/mL), allowing us to have 99% confidence in the starch
quantification method. This method may need to be adjusted for other types of bioaerosol
particles (e.g., small fragments), especially those that may require additional preparation
and starch isolation steps. This method can be applied for further research regarding the

chemistry of starch in bioaerosols in the atmosphere.
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Figure 3. Concentration of starch per milligram of dry weight of selected bioaerosols on the primary
axis, with standard deviations. Standard deviations were calculated based on three separate
replicates prepared from the same pre-heated pollen stock sample. Percentage of starch of dry
weight is found on the secondary axis.

Since saccharides have been also found to be present in bioaerosols, we examined
if a mono- and di-saccharide may contribute to background noise during the
spectrophotometric quantitative analysis of starch using the amylose-iodine complex
approach. A recent study found that some pollen species can contain high concentrations
(ranging from 4 to 24% of the dry mass) of saccharides and the most abundant saccharides
were found to be glucose and sucrose (Axelrod et al., 2021; Pacini et al., 2006). Thus,
glucose and sucrose were selected for the method assessment. When the iodine reagent was
added to both saccharide solutions, no color change was observed as it would for starch-
containing samples or starch standard solution. Figure 4 shows the absorption spectra for

standard starch, glucose, and sucrose prepared at 50 pg/mL concentration. Neither
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monosaccharide (fructose) or disaccharide (sucrose) gives a strong signal at 590 nm (green
and yellow curves), whereas the starch standard does (blue curve). The saccharide spectra
are quite similar in absorption and concentration, showing virtually no difference between
mono- and di- saccharides as it pertains to absorbance spectrophotometry. Both glucose
and sucrose standard solutions (concentration 50 pg/mL) give a similar background signal
at 590 nm that corresponds to 0.30 pug/mL. This is 8.2% above the MDL (0.22 pg/mL) and
48% below the LOQ level (0.79 png/mL) (whereas bioaerosols are 33-840% higher than the
LOQ), indicating that mono- and di-saccharides may add some background noise when

analyzing for amylose-iodine complex in starch samples.
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Figure 4. Absorbance spectra of selected saccharides with starch standard for reference using a
wavelength range 250-800 nm. Each sample was run using a concentration of 50 pg/mL.
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The stability of the stock starch solution was studied over a 16-week period. Figure
5 shows starch decomposition in the stock solution with NaOH, ethanol, and water using
percentage of decay on the y-axis over time (in weeks) on the x-axis. After 6 weeks, the
starch content decreased from 100% to 84.7% (which is a decomposition of 15.3%). After
16 weeks (about 4 months), the starch content further degraded to 40.9% (a decomposition
of 59.1% from the original, fresh stock solution). Standard deviation percentage for starch
decay is 0.32%, based on three replicates of fresh starch solution (starch content at 100%),
which is almost negligible and thus was not added to the figure. This degradation is likely
due to the decay of the starch molecule chains in the presence of high NaOH concentration,
which is caused by the oxidation of the hydroxyl groups in the starch (Boonpo and
Kungwankunakorn, 2017; Qin et al., 2019). It must be noted that cooling of the starch
solution (at 4°C) after the dry heating process may strengthen the amylose-amylopectin
and amylose-amylose chains (Gou et al., 2019), which may account for the decrease in
absorption values of starch over time. Because of the decomposition, it is recommended to

prepare new starch stock for every study and use within a couple of days’ time.
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Figure 5. Deterioration of starch solution after four weeks and four months. Each sample was run
at 50 pg/mL in the wavelength range 250-800 nm.

2.5. Conclusion

In the present study the spectrophotometry method for quantitative analysis of
starch/iodine complex in low concentration starch samples, such as bioaerosols, was tested
and optimized. The MDL for starch in low concentration samples using the Perkin Elmer
Lambda 1050 UV/Vis spectrophotometer is 0.22 pug/mL, and the LOQ is 0.79 pg/mL. The
linearity of the starch calibration is 0.9989. This method was successfully tested on
bioaerosols (pollen, fungi, bacteria, and algae) and it is suitable for analysis of starch in
low concentrations. Naturally, there are some limitations to this study. Due to the
plateauing of linearity past 100 pg/mL, and the fact that this study was conducted to
optimize low-level starch concentrations, we did not test concentrations higher than 100
pg/mL. The plateauing could be due to high concentrations of starch overwhelming the

spectrophotometer, as the color of higher concentration samples was near black. We did
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not check if other compounds would add to or interfere with the signal of amylose-iodine
complex. However, since amylose and amylopectin are composed of polymer glucose
chains, we believe that testing glucose for interferences within the UV-Vis-NIR spectrum
was sufficient. In addition, amylose content naturally varies from source to source (22-29%
(McGrance et al., 1998)), which may affect starch quantification for different bioaerosols.
We chose only pH 2, 4, and 6 for the optimization of this method, as one study found that
pH 5 was optimal for iodine determination (Sulistyarti et al., 2015). This study furthers our
understanding and knowledge of starch content in bioaerosols, and this method can be used

for fields other than bioaerosols, such as agriculture and medicine.
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2.7. Chapter 2 Appendix

Table A2.1. Calibration levels used for calibration curve of starch content.

Calibration Calibration concentration Volume added Dilution from stock

level (ug/mL) (mL) solution (1000 pg/mL)
1 1 0.01 1000x

2 10 0.1 100x

3 25 0.25 40x

4 50 0.5 20x

5 75 0.75 13.3x

6 100 1.0 10x




Table A2.2. Concentration of starch in bioaerosols (pg starch/mg dry weight) at 590 nm.

Fresh concentration Heated concentration
Bioaerosol type
(png starch/mg dry weight)(ug starch/mg dry weight)

Pollen
0.52 £ 0.03 0.94 £ 0.06
(Pinus Contorta)
Fungi
3.51+£0.03 4.31£0.06
(Endocronartium
Harknessii)
Bacteria
0.45 £ 0.03 0.45 £ 0.05
(Bacillus subtilis)
Microalgae
0.69 £ 0.02 0.64 £ 0.05
(Arthrospira Platensis)
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Figure A2.1. Calibration curve at 0.2% iodine reagent concentration (see table A2.1 for

concentrations of calibration levels).
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Figure A2.2. Spectra of calibration levels at 0.2% iodine reagent concentration.
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Figure A2.3. Full spectrum of calibration level 4 (50 pg/mL) at pH 2, 4, and 6.
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Figure A2.4. Full spectrum of calibration level 4 (50 pg/mL) at iodine reagent concentration 0.02,
0.1, and 0.2%.
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3.1. Abstract

Though the importance of bioaerosols is increasing with the changing climate, very little
is known about the chemistry of bioaerosols, their atmospheric fate, and chemical
composition. This paper is focused on the characterization of chemical functional groups
of four atmospherically relevant bioaerosols: pollen (lodgepole pine and rabbitbrush),
fungi (western gall rust), bacteria (Pedobacter and hay Bacillus), and algae (Spirulina). For
this purpose, the proton nuclear magnetic resonance spectroscopy (‘H-NMR) technique
was used on water-soluble extracts of the selected bioaerosols, while quantitative analysis
of individual organic species (saccharides, amino acids, and fatty acids) was performed
using gas chromatography mass spectrometry (GC-MS), ultra-high performance liquid
chromatography (UPLC-MS), and ultraviolet-visible-near-infrared spectrophotometry
(UV-Vis-NIR). The obtained 'H-NMR results revealed major contributions from aliphatic
protons in hay Bacillus (50.2%) and Pedobacter (57.0%) bacteria, western gall rust fungus
(39.7%), Spirulina alga (73.8%), and rabbitbrush pollen (31.3%). Protons from saccharides
were dominant in lodgepole pine pollen (27.6%). The quantitative analysis shows that the
saccharide glucose is common among the analyzed bioaerosols, as well as proline, leucine,
isoleucine, alanine, and phenylalanine amino acids, and palmitic, oleic, linoleic, linolenic,
and stearic fatty acids (except in hay Bacillus bacteria). Concentrations of analyzed
saccharides ranged between 2.01 ug mg™! of dry mass (in hay Bacillus bacteria) and 183.54
ug mg! (in lodgepole pine pollen), followed by amino acids (from 2.57 pg mg™! in western

gall rust fungus to 21.38 pug mg™! in hay Bacillus bacteria), and fatty acids (from 0.05 ug

mg! in hay Bacillus bacteria to 25.82 pg mg™! in lodgepole pine pollen). Comparison of
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'"H-NMR and quantitative analyses showed a good correlation (R? = 0.608) between the

saccharide segment of "H-NMR bioaerosol spectra and individual saccharide analysis.

Key words: 1H-NMR, mass spectrometry, chemical composition, saccharides, fatty acids,

bioaerosols, functional groups

3.2. Introduction

Bioaerosols are particles, such as pollen, fungi, bacteria, microalgae, and their
dispersal units and fragments, emitted into the atmosphere from biological sources (Bowers
et al., 2011; Frohlich-Nowoisky et al., 2016; Mainelis, 2020). These particles range from
tens of nanometers to a few hundred micrometers in diameter (Kim et al., 2018; Lazaridis,
2019; Samburova et al., 2013a). Bioaerosols can represent a significant portion of the
atmospheric aerosol load (Després et al., 2012; Huffman et al., 2013; Schumacher et al.,
2013) being emitted into the atmosphere in thousands of tera-grams (Tg) per year, with
concentrations fluctuating based on region and season (Després et al., 2012; Jaenicke,
2005). Recent estimates of bioaerosol contribution to atmospheric particulate matter (PM)
indicate that bioaerosols can account for 16.5% of PM2s and 16.3% of PMio (Hyde and
Mahalov, 2020). Due to their aerodynamic size and structure, bioaerosols can be
transferred by wind and other mechanisms, and thus may play a role in atmospheric
chemical and physical processes. Although the atmospheric abundance of bioaerosols is
roughly 30% in urban and rural environments (Frohlich-Nowoisky et al., 2016), several
studies have found that some bioaerosols, such as pollen, bacteria, and fungi, can be
effective cloud condensation nuclei (CCN) and ice nucleating particles (INP) (Burkart et

al., 2021; Haga et al., 2014; Lazaridis, 2019; Mohler et al., 2007; Pope, 2010; Schiffer et



36

al., 2018; Sun and Ariya, 2006). For example, Bauer et al., (2003) analyzed cloud water
and atmospheric aerosol samples in the Austrian mountains and determined that the main
identified species (A. agilis and S. echinoides) were CCN active. Huffman et al., (2013)
performed DNA analysis of bioaerosol samples collected in the central Rocky Mountains
(Colorado, USA) and showed that some bacteria and fungi can play a significant role in
the precipitation formation, especially during rain events, which can trigger a large
emission of bioaerosols from the forest. Another study highlighted the importance of fungal
spores in cloud formation processes on local and regional scales (Haga et al., 2014).
Further, a recent field study by Cornwell and colleagues determined that the major source
of INPs between —12 and —20 °C were bioaerosols (Cornwell et al., 2023). Microorganisms
(i.e., bacteria, fungi, and algae) have been found as high as the stratosphere, where they
endure extreme atmospheric conditions, such as short wavelength radiation, desiccation,
and very low temperatures (DasSarma and DasSarma, 2018). Airborne biological particles
can also be transported long distances, even intercontinentally (Smith et al., 2011; Tesson

et al., 2016; Warren and St. Clair, 2021).

Like other atmospheric aerosols, bioaerosols significantly affect human health
(Kampa and Castanas, 2008; Sénéchal et al., 2015), including respiratory irritation due to
allergens (D’Amato et al., 2013; Taylor et al., 2007), exposure to bacteria, pathogens, and
possible inhalation of neurotoxins (Mayer et al., 2007). Recent studies have reported that
a changing climate fuels algal blooms (May et al., 2018b) and increases concentrations of
pollen (Anderegg et al., 2021). The amplified harmful algal blooms can emit toxins via
lake spray aerosol (May et al., 2018b), which can negatively impact humans and the

environment (Carmichael and Boyer, 2016). In addition to airborne toxin emission, some



37

algae species can produce allergic reactions like that of pollen, such as respiratory issues
and reactions on the skin (Gartner et al., 2021). Dramatic changes in pollen concentrations
and longer pollen seasons negatively impact public health (Anderegg et al., 2021).
According to the Center for Disease Control and Prevention, 24.4 million people suffer
from seasonal pollen allergies in the U.S. (Center for Health Statistics, 2018). These
concerns and lack of studies on contribution of bioaerosols to the atmospheric processes
create an urgency to study bioaerosols, especially their chemical composition and

atmospheric fate.

In the present study, several bioaerosols were selected considering their relevance,
abundance in the atmosphere, and availability: lodgepole pine and rabbitbrush pollens
(Pinus contorta and Ericameria nauseosa), western gall rust fungus (Endocronartium
harknessii), Pedobacter and hay Bacillus bacteria (Pedobacter sp. and Bacillus subtilis),
and Spirulina alga (Arthrospira platensis). Lodgepole pine and rabbitbrush are two
dominant producers of pollen in western North America (Chileen et al., 2020; Faske et al.,
2021). Pine pollen species have been detected in air samples in the Arctic (transported from
other locations to the pine-free area of the Arctic), which confirms their presence in the
atmosphere (Jedryczka et al., 2023). Western gall rust is a fungus that affects hard pine
trees in western and northern North America (Old et al., 1986; Powell and Hiratsuka,
1973). This fungus produces galls on pine trees, which contain orange spores (Hoffman
and Hagle, 2011) that can easily be dispersed through the atmosphere (Ramsfield et al.,
2007). Although there is limited literature available regarding western gall rust, airborne
fungal spore counts can range from 1,000 to 50,000 spores per cubic meter of air (Després

et al., 2012; Hughes et al., 2022), which highlights their contribution to the atmospheric
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aerosol load. Pedobacter sp. and hay Bacillus are commonly found in soil (Bjerketorp et
al., 2021; Hashem et al., 2019; Tan et al., 2020), and several Bacillus species have been
identified in thousands of PMa2.s aerosol samples across the U.S. (Merrill et al., 2006).
Spirulina is an incredibly adaptable alga that can thrive in extreme conditions and is
commonly found in soil, freshwater, and saltwater, among other aquatic habitats (Vo et al.,
2015). To our knowledge, there have been no studies conducted on airborne Spirulina alga,
however, algae and other microorganisms (i.e., bacteria and fungi) can become airborne by
aerosolization (Delort et al., 2010; Sahu and Tangutur, 2015), and even survive

stratospheric conditions (DasSarma and DasSarma, 2018).

To characterize chemical functional groups of water-soluble bioaerosol extracts,
the proton nuclear magnetic resonance (‘H-NMR) spectroscopy technique was selected for
the present study. '"H-NMR has been widely used for analysis of atmospheric organic
aerosols, especially those of anthropogenic origin (Duarte and Duarte, 2015). While
research surrounding analysis of airborne pollen particles and water-soluble aerosols by
means of '"H-NMR has been published (Chalbot et al., 2013; Duarte and Duarte, 2015;
Hornik et al., 2020; Suzuki et al., 2001), limited research was conducted on the chemistry
of other types of biological aerosols. Several studies on the chemical composition of
bioaerosols reported that bioaerosols generally contain common organic compounds like
saccharides, amino acids (Axelrod et al., 2021; Chalbot et al., 2013; Kuznetsova et al.,
2005), carbohydrates (Bahdanovich et al., 2022; Elbert et al., 2007), proteins (Estillore et
al., 2016), fatty acids, and lipids (Kumar et al., 2014). Saccharides such as glucose and
sucrose can comprise anywhere from 4.0 to 29% (total dry weight) in pollen (Axelrod et

al., 2021; Pacini et al., 2006), while amino acid content ranges from 0.29 to 15% (total dry
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weight) (Axelrod et al., 2021). Recent studies found that sub pollen particles (~0.60 - ~2.5
pm) (Hughes et al., 2020) are largely composed of starch (Burkart et al., 2021; Mampage
et al., 2022). In our recent study we found that the starch content in bioaerosols can range
from 0.045 (in hay Bacillus bacteria) to 0.43% (in western gall rust fungus) (total dry
weight) (Bahdanovich et al., 2022). However, there is still a large knowledge gap on the
chemical composition and the atmospheric transformation of these bioaerosols and their
fragments (Chalbot et al., 2013; Frohlich-Nowoisky et al., 2016; Gute et al., 2020).
Therefore, the goal of the present study is to characterize the chemical composition and
functional groups of organic compounds in the aqueous extracts of the selected bioaerosols.
For this purpose, the bioaerosols were lysed to represent the fragmentation that can occur
in the atmosphere (Frohlich-Nowoisky et al., 2016; Lindsley et al., 2017). '"H-NMR
spectroscopy results were compared with the data obtained using quantitative analyses such
as gas chromatography-mass spectrometry (GC-MS) and ultra-high performance liquid
chromatography-mass spectrometry (UPLC-MS). The starch content of the selected
bioaerosols was assessed with ultraviolet-visible-infrared (UV-Vis-NIR) spectroscopy

(Bahdanovich et al., 2022; Boonpo and Kungwankunakorn, 2017).

3.3. Experimental Section

3.3.1. Standards and materials

Deuterated dimethyl sulfoxide (DMSO-ds) (99.9%) and deuterium oxide (D20)
(99.96%) were used as solvents in this study and were purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MA, USA). Standards were purchased from Sigma-Aldrich,

Co. (St. Louis, MO, USA) and can be found in Table A3.1 of the appendix. Sodium
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hydroxide (NaOH) pellets were purchased from Ward’s Science (Rochester, NY, USA).
Ultra-high purity water (>18 MQ cm™') used in this study was dispensed by Elga Veolia
PURELAB Chorus 1 water purification system (Woodridge, IL, USA). For GC-MS sample
derivatization,  N,O-bis(trimethylsilyl)trifluoroacetamide =~ (BSTFA)  with 1%
trimethylchlorosilane (TMCS) (Thermo Fisher Scientific, Waltham, MA, USA) and
pyridine (Sigma-Aldrich) were used. Eluents such as toluene, acetonitrile (ACN), and
HPLC-grade water were purchased from Thermo Fisher Scientific. Saccharide standards
were purchased from Sigma-Aldrich, Cambridge Isotope Laboratories, Inc., and

Accustandard (New Haven, CT, USA).

UPLC-MS eluents include HPLC-grade ACN (Fisher Scientific) and ultra-high
purity water. Formic acid (Fisher Scientific, Fair Lawn, NJ, USA) and ammonium formate
(Sigma-Aldrich) were used as additives in the eluent for amino acid analysis. Amino acid
and fatty acid standards were purchased from Sigma-Aldrich and Toronto Research
Chemicals (North York, ON, Canada). A collection of calibration standards for saccharide,
amino acid, and fatty acid analysis can be found in the appendix (Table A3.2). Soluble
potato starch (>95% purity) was purchased from Sigma-Aldrich. Class 1b ethyl alcohol
(Fisher Scientific), 1 N sodium hydroxide solution (Fisher Scientific), and 1M hydrochloric
acid (HCI) (Sigma-Aldrich) were used for starch and fatty acid preparation. Potassium

1odide and iodine were obtained from Ward’s Science.

3.3.2. Bioaerosol species
Bioaerosols were either purchased or collected in the field (see Table 2). Samples

consist of 15 mg (dry weight) of each bioaerosol for '"H-NMR analysis (samples weighed
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using the Cahn C-33 microbalance, Cerritos, CA, USA). For GC- and UPLC-MS analysis,
bioaerosol samples were weighed at 3 mg each. Arthrospira platensis (commonly known
as Spirulina) was commercially purchased from Amazon.com, Inc. (Seattle, WA, USA) in
freeze-dried form. Endocronartium harknessii (commonly known as western gall rust) was
collected by deposition in Mount Shasta, CA, USA. Ericameria nauseosa (rubber-rabbit
brush) and Pinus contorta (lodgepole pine) pollen were collected by deposition in various
areas near Reno, NV, USA (see Table 2 for specific locations). Lodgepole pine pollen was
collected throughout a period of three years (July 2020; June 2021; May 2022). Pedobacter
sp. and Bacillus subtilis were cultured at the Molecular Microbial Ecology Genomics
Laboratory, Desert Research Institute, Reno, NV USA. Freshly cultured bacteria samples
were lyophilized (freeze-fried) at -40 °C for 24 hours using the Thermo Micro Modulyo
115 freeze dryer system (Asheville, NC, USA). Bioaerosols are referred to using their

common name throughout this study.
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Bioaerosol Common name Botanical name Origin
Pollen Lodgepole pine Pinus contorta Collected July-5-2020 in North
Lake Tahoe, NV, USA (2020
season)
Collected June-22-2021 at the Mt.
Rose Summit, NV, USA (2021
season)
Collected May-23-2022 in Reno,
NV, USA (2022 season)
Rabbitbrush Ericameria Collected  October-8-2019 in
nauseosa Reno, NV, USA
Fungus Western gall rust Endocronartium Collected May-31-2021 in Mt.
harknessii Shasta, CA, USA
Bacteria Hay Bacillus; Bacillus subtilis; Cultured in the Molecular
Microbial Ecology and Genomics
Lab at the Desert Research
Pedobacter Pedobacter sp. Institute, NV, USA and freeze-
dried on February-13-2022
Microalgae Spirulina Arthrospira Commercially purchased from
platensis Amazon, Inc.

3.3.3. 'H-NMR analysis

"H-NMR analysis was performed using the Agilent Technologies, Inc. 500 MHz

PremiumCompact+ NMR (Santa Clara, CA, USA) at 25° C, using Vnmr] software

(“Vnmr] 4.0 (Revision A),” 2013). The spectra were acquired in the range of 0.0 — 14.0

ppm. For "TH-NMR characterization of functional groups of the selected bioaerosols (Table

2) and for assigning chemical shifts, standards were prepared, and '"H-NMR spectra

acquired for the compounds of the following chemical classes: fatty acids, amino acids,

triacylglycerols (TAG),

saccharides,

sugar alcohols,

starch, polycyclic aromatic
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hydrocarbons (PAH’s), oxygenated PAH’s, aldehydes, aliphatic alcohols, and aromatic
alcohols (see Table A3.1 for specific compounds). Dry standards were desiccated with
NaOH pellets (to reduce water signal in '"H-NMR spectra) prior to addition of 0.75 mL
DMSO-ds or D20. Standards were dissolved in DMSO-ds or D20 (see Table A3.1) directly
for each trial and sonicated for five minutes at 30 °C. Standard solutions were then
transferred to 5 mm high-throughput 8” standard series NMR tubes (Norell, Morganton,
NC, USA and Wilmad LabGlass, Vineland, NJ, USA). Three replicates of saccharides and
fatty acids were prepared separately to determine consistency of sample preparation.
Standards were run for 64 scans to assign chemical shifts and major functional groups for

analysis of the bioaerosol sample spectra (Table 3).

Bioaerosol samples (see Table 2) were hydrated with ultra-high purity water (Elga
Veolia PURELAB Chorus) for a concentration of 10 mg mL-!'. Samples were thoroughly
lysed (Bertin Instruments Precellys 2 mL Lysing Kit, Rockville, MD, USA) for one minute,
in intervals of 20 seconds at 20,000 revolutions per minute (RPM) using the Bertin
Instruments Minilys Personal Homogenizer (Rockville, MD, USA) to encourage
compound extraction from bioaerosol cells and fragmentation of the bioaerosols. The vials
containing the homogenized mixtures were put on ice for one minute between each 20
second interval. Then, the samples were centrifuged for two minutes at 10,000 RPM to
separate the supernatant from the pellet that did not dissolve in the solution. The
supernatant was filtered through a 0.45 pm pore size syringe filter (hydrophilic
polytetrafluoroethylene (PTFE) membrane, 25 mm diameter, Foxx Life Sciences (EZFlow,
Salem, NH, USA) and Thermo Fisher Scientific Inc. (Titan 3) (Rockwood, TN, USA)). To

prepare the samples for "H-NMR analysis, the supernatant was evaporated using ultra-high
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purity nitrogen gas (Pierce Reacti-Vap Evaporating Unit Model 18780, Rockford, IL,
USA) and fully dried in a vacuum oven (Precision Scientific Inc, Chicago, 1L, USA)
overnight at room temperature (20 — 22 °C). Once the sample was dry, 0.75 mL of DMSO-
ds was added to all vials. DMSO-ds was chosen as the solvent for our samples due to its
common use as a solvent in 'H-NMR spectroscopy and ability to display OH functional
groups in the spectra (Jones and Fleming, 2014). To promote dissolution of the samples in
DMSO-ds, each mixture was sonicated for five minutes at 30 °C. Three analytical replicates
of lodgepole pine pollen (2022 season), western gall rust fungus, and Spirulina alga
samples were prepared separately to ensure sample preparation consistency. Each

bioaerosol sample (in DMSO-de) was run for 256 scans.

0.75 mL of pure DMSO-d¢s and D20 were analyzed to determine the reference peaks
of the solvents. Standard and analyte '"H-NMR spectra were analyzed using MestReNova
software (“MestReNova 14.2,” 2020). The chemical shift range for this study was set to 0
to 14 parts per million (ppm). Each spectrum was phased and referenced at DMSO-ds (2.50
ppm; for bioaerosol samples) and D20 (4.79 ppm; for several standards) solvent peaks. The
determine the quality of the shims, the Tetramethylsilane (TMS) peak (internal standard
used in 'H-NMR) (Tiers, 1958) width (at 0.0 ppm) of each spectrum was under 1 Hz at
half height of the peak. The baseline was corrected at the 3™ polynomial order. The H20
peak, which was present in all DMSO-d¢ samples and standards, was suppressed at 3.32
ppm, using the convolution method and a selectivity parameter of 64. This suppressed area
was not integrated. DMSO-ds is hygroscopic (R. Ellson et al., 2005), thus water peaks are
present when DMSO-ds is used as a solvent in 'H-NMR, despite desiccation of the samples.

For the D20 standard spectra, the solvent (D20) peak was cut from 4.75 to 4.85 ppm.
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Spectra were integrated based on chemical shift ranges found in previous 'H-NMR
studies (Chalbot et al., 2013; Duarte and Duarte, 2015; Jones and Fleming, 2014; Pretsch
et al., 2009; Starkey, n.d.) and by analysis of standard compounds in the present study
(Table 3, Table A3.1). However, some of the studies’ segments are incomplete or broad,
thus for the present research, selected standards (Table A3.1) were analyzed, and 'H-NMR
segments were determined (see Figure A3.1). Chemical shift ranges were set for the
following chemical groups: C-H (aliphatic groups, such as -CH, -CHz, -CH3) at 0.5 — 2.0
ppm (Jones and Fleming, 2014), a-carbon (such as O=CHi,2, CH-COOQ:, and o to amine
H) and amines (NH and NH>) at 2.0 — 2.7 ppm (Jones and Fleming, 2014; Starkey, n.d.),
protons in saccharides at 2.7 — 3.7 ppm, H-C-O (oxygenated aliphatics, alcohol CH and
OH, and saccharide H) at 3.7 — 4.1 ppm (Duarte and Duarte, 2015), -OH (carbonyls and -
OH found in saccharide, glycerol, alcohol, and TAG molecules) at 4.1 — 5.7 ppm (Chalbot
et al., 2013), OH in saccharides at 6.0 — 6.6 ppm, Ar-H (aromatics) and amides (CONH
and CONH2) at 6.6 — 8.3 ppm (Jones and Fleming, 2014; Pretsch et al., 2009; Starkey,
n.d.), and Ar-OH, -CHO, -COOH (oxygenated aromatics, aldehydes, and carboxylic acids)
at 9.0 — 14.0 ppm (Pretsch et al., 2009) (see Table 3). Oxygenated aromatic and carboxylic
acid segments were not used for analysis in this chapter, as bioaerosol spectra has weak
signals in these regions. A total of seven segments were assigned and used, where the
majority of bioaerosol signals reside. After subtraction of the solvent peaks, absolute
integration values were summed from 0.5 — 8.3 ppm, with the first segment (aliphatic at
0.5 — 2.0 ppm) normalized to one (1). Each chemical shift range was divided by the total

and recalculated as a percentage for percent distribution of functional groups (see the
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Results Section). An NMR Solvent Data Chart (Cambridge Isotope Laboratories Inc., n.d.)

was used to determine locations of solvent peaks (see Table A3.3).

Table 3. Segments of chemical shifts assigned for "TH-NMR functional group analysis in bioaerosol
extracts (0-14 ppm) based on analyzed standards (Table A3.1) and existing literature (Chalbot et
al., 2013; Duarte and Duarte, 2015; Jones and Fleming, 2014; Pretsch et al., 2009; Starkey, n.d.).
Segment 8 was not used for analysis due to weak signal in this segment.

Segment 1 2 3 4 5 6 7 8
Spectral 27 _
Shift 05-2.0 20-27 3'7 3.7-4.1 4.1-5.7 60-6.6 66-83 9.0-14
(ppm)
Aliphatic a- Hin Alcohol  AllOH in OH in Aromatic- Ar-OH*
CH carbon sugar CH saccharide saccharide HA
O=CH,, ring ring ring -O-
except - CH(OH)-
O-
CH(OH)-
Aliphatic a- CH- Alcohol  Glycerol CONH, COOH*
CH, catbon OHin OH OH CONH*
CH- sugar
COO: alcohol
Aliphatic oto C-H in H in CH=CH> C(O)HA
CH; amine H  sug-  saccharide
CH,- ring
OH
NH, a-carbon Alcohol
NH» CH,-C- OH
NHA
OH in
TAG
A Weak signal

3.3.4. GC-MS analysis

Selected bioaerosols (excluding Pedobacter bacteria due to lack of specimen, rabbit

brush and 2020 season lodgepole pine pollen (saccharide content determined by Axelrod

et al., (2021)) (see Table 2) were prepared and extracted following the same blueprint as

those for 'H-NMR (lysing, centrifuge, and syringe filtering). For GC-MS saccharide
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analysis, the additional step of chemical derivatization via silylation (Schummer et al.,
2009) after filtration was conducted. Samples were prepared at a concentration of 3 mg
mL-!, lysed, centrifuged, filtered with 0.45 um pore size syringe filters, and placed into
deactivated vials (Waters Co., Milford, MA, USA). Lodgepole pine pollen (2022) was
prepared in three replicates (3 mg mL!) for preparation error and statistical purposes. For
derivatization, 20 pL of internal standard (glucose-d7) was added to 50 pL of filtered
bioaerosol sample solution (total 70 pL volume prior to evaporation), then evaporated to
dryness with nitrogen gas. Then, 50 pL of ACN was added to the evaporated samples
following sonication (no heat) for 10 minutes. 50 pL 0f 99.8% pyridine and 150 pL BSTFA
(with 1% TMCS) were added, and the samples were heated for 2 hours at 65 °C. After
heating, 50 pL of toluene was added to the samples. The Varian CP-3800 gas
chromatograph coupled with the Varian 4000 Ion Trap Mass Spectrometer were used for
GC-MS analysis. A 30-meter DB-5MS 5% phenylmethylsilicone fused silica capillary
column was used for the chromatograph (Agilent Technologies, Santa Clara, CA, USA),
at a temperature of 320 °C. This saccharide analysis used five calibration points, with a
range of 5 ng uL' — 100 ng puL-!, and an R? range of 0.969 — 0.998. Detailed GC-MS
methodology for saccharide analysis can be found in Axelrod et al., (2021), and analyzed

standards can be found in the appendix (Table A3.2).

3.3.5. UV-Vis-NIR starch analysis

The starch UV-Vis-NIR quantitative method was described in Chapter 2. Briefly,
bioaerosols were heated for 24 hours at 105°C. 0.1 mL of 95% ethanol and 1 mL NaOH (1
N) solution were added to 10 mg of bioaerosol dry weight. The mixture was kept at 4°C

for 24 hours. Then, the volume of the mixture was adjusted to 10 mL with ultra-high purity
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water for a concentration of 1000 ug mL™!' and kept at 4°C for 16-18 hours. The acidity of
the solution was adjusted to pH 6 with 1M HCI. An iodine reagent (0.2% concentration)
was prepared to detect starch in bioaerosol samples by combining 20 mg iodine and 200
mg potassium iodide, then adjusting to 10 mL with ultra-high purity water. 0.1 mL of this
reagent solution was added to each bioaerosol sample. The Perkin Elmer Lambda 1050
UV-Vis-NIR Spectrophotometer (Waltham, MA, USA) was used for starch analysis, with
3.5 mL UV quartz cuvettes (FireflySci, Inc., Northport, NY, USA). This method used six
calibration levels (1-100 ng uL-"), and the R? of the calibration was 0.999. The starch MDL

was 0.22 ng pL.

3.3.6. UPLC-MS analysis

Bioaerosol samples were prepared at 3 mg mL ! (for both amino acid and fatty acid
analysis), using ultra-high purity water. Sample preparation followed the same blueprint as
for "TH-NMR (Section 3.3.3). After lysing, centrifuging, and filtration with 0.45 pm pore
size syringe filters, the samples were run on a Waters Acquity UPLC tandem the Waters
MicroMass Quattro Micro API MS system (Waters Co., Milford, MA, USA). The column
installed in the UPLC was the Waters Acquity UPLC BEH Amide 1.7 um 2.1 x 150 mm
(Waters, Co.). Column temperature was set at 35 °C, with an injection volume of 5 puL, and
a flow of 0.4 mL min’'. The samples were run at room temperature. This method used
positive ionization, a desolvation temperature of 300 °C, and a desolvation flow of 350 L
hr!. Eluents used for this purpose were water and ACN, with additives ammonium formate
and formic acid. The capillary voltage was set to 3.00 kV, and the cone voltage varied from
20 to 60 V. The total run time was 18 minutes, and the quantification mode was single ion

recording (SIR). Six calibration levels in the range of 0.5 — 50 ng uL-! were used, resulting
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in an R? value range 0f 0.972 — 0.999. Method detection limit (MDL) values of amino acids
range from 0.009 to 0.26 ng uL-!. Detailed UPLC-MS methodology for amino acid analysis
can be found in Axelrod et al., (2021) and analyzed standards can be found in the appendix

(Table A3.2).

Existing literature shows that pollen (Manning, 2001; Muth et al., 2018) and algae
(Maltsev and Maltseva, 2021; Samburova et al., 2013b) species share common fatty acids:
myristic (C14:0), palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and
linolenic (C18:3) acids. There is a lack of information on fatty acids present in the fungus
selected for this study (western gall rust). These seven fatty acids were chosen as standards
for this analysis (Table A3.2), with nonadecanoic acid (C19:0) as the internal standard.
Saponification, or alkaline hydrolysis, is a well described and efficient method for the
extraction of fatty acids from lipids in biological samples (Burja et al., 2007; Liu, 1994;
Salimon et al., 2011). Bioaerosols were prepared as described above (Section 3.3.3), and
after drying with nitrogen gas, were saponified with ethanolic NaOH (0.1 M NaOH in
ethanol). I mL of the ethanolic NaOH was added to vials containing the dried bioaerosols
and sonicated at 60 °C for 1 hour. Afterward, the samples were dried with nitrogen gas and

resuspended in equal parts ACN and water (850 pL total), then neutralized from pH 12 to

pH 7 with 12 uL of 1M HCl.

A previously optimized method for UPLC-MS quantification of fatty acids was
adapted, but modified, for our analysis (Samburova et al., 2013b). Fatty acids of
bioaerosols were analyzed using the Waters Aquity Class I UPLC (Waters, Co.) in tandem

with the Waters Xevo TQ-S MS (Waters, Co.). A reverse phase Waters BEH-C18 2.1 mm



50

X 50 mm column (Waters, Co.) was used for this purpose, set to 40 °C. The MS method
used negative ionization with a desolvation temperature of 500 °C and a desolvation flow
of 700 L Hr"!'. The cone voltage was set at 35 V, and the capillary voltage at 2.00 kV. The
LC used an injection volume of 10 uL, a flow of 0.3 mL min-!. and the sample temperature
was set to 20 °C. The inlet method used ACN (A) and water (B) as eluents, with the elution
method as fellows: 30% A 70% B initially, 75% A 25% B over 10 minutes, then 100% A
0% B over 12 minutes, and 30% A 70% B over eight minutes. The total run time was 30
minutes, and data was quantified using SIR quantification mode. Six calibration points
(0.05 — 5 ng uL") were used and resulted in an R? range of 0.965 — 0.997. The MDL range
for fatty acids is 0.003 — 0.10 ng pL'. The uncertainty of sample preparation was
determined by using three replicates of bioaerosol samples prepared separately, from which

standard deviations were calculated. The water-soluble fraction of bioaerosol extracts

ranged from 9.8% to 22.3%.

3.4. Results and Discussion

3.4.1. "H-NMR analysis

Figure 6 shows the percent distribution of bioaerosol functional groups’ protons
detected with "TH-NMR for hay Bacillus and Pedobacter bacteria species, western gall rust
fungus, Spirulina alga, 2020 (July), 2021 (June) and 2022 (May) lodgepole pine pollen,
and rabbitbrush pollen. Overall, results from bioaerosol 'H-NMR analysis show aliphatic
protons (segment 1), protons in saccharides (segment 3), and various OH (segment 5) as
the major segments (aliphatic protons — up to 73.8% in Spirulina, saccharide protons — up

to 36.1% in 2022 lodgepole pine pollen, various -OH —up to 27.2% in rabbitbrush pollen).
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The percent distribution varies for each type of bioaerosol, as well as between the different

bacteria and pollen species.

"H-NMR analysis of bacteria functional groups (Figure 6 a, b.) shows the largest
contribution (50.2% in hay Bacillus, 57.0% in Pedobacter) from the aliphatic proton
(segment 1; Figure 6 a, b). This may be due to the presence of fatty acids, which have long
aliphatic chains in their molecules (Jones and Fleming, 2014). The bacteria species also
show a proton signal (12.4% in hay Bacillus, 10.5% in Pedobacter) that represents o-
carbon (segment 2) of fatty acids or amino acids. To assess the presence of saccharides in
our bioaerosol aqueous extracts, we selected segment 3 since it is mainly responsible for
protons in saccharide molecules (see Table 3). Hay Bacillus (34.5%) has nearly twice as
much of the saccharide proton signal (segment 3) as Pedobacter (17.0%). The largest
difference in total proton signal among the two bacteria samples was observed for segment
5, which is responsible for OH (in saccharides, glycerol, alcohol, and triglycerides) and
CH=CH2: functional groups (see Table 3). This indicates that the chemical contribution of
organic compounds with these functional groups varies between the analyzed bacteria
species. The signals of aromatic and amide protons (segment 7) were found to be low in
bacteria (1.1% in hay Bacillus, 3.4% in Pedobacter) relative to other assigned segments.
To our knowledge, the functional groups of hay Bacillus and Pedobacter species in
aqueous extracts have not been studied in detail, except for some of their products.
However, several studies (Reichhardt and Cegelski, 2014; Romaniuk and Cegelski, 2015)
used solid-state '3C and N CPMAS NMR and reported specific signals for amine,

aliphatic, a-carbon, and saccharide functional groups in S. aureus and E. coli bacteria,
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which were also observed in our study. Further, one study which evaluated biosurfactant
production from Bacillus subtilis found aliphatic, a.-carbon, and amide signals in their 'H-
NMR analysis of the biosurfactant (Pemmaraju et al., 2012), while another study by
Mohapatra et al. (2017) determined the polyhydroxybutyrate produced by the same
bacterium contained aliphatic, carbonyl, and HC=CH signals when analyzed by '*C NMR.
"H-NMR analysis of a biopolymer of Pedobacter sp. in DMSO-ds by Beltrani et al. (2015)
showed signals belonging to aliphatic protons and sugars, which were also identified in our

analysis.

The western gall rust fungus has a high contribution from aliphatic protons (39.7%)
and an o-carbon proton contribution of 9.7% (Figure 6¢). Approximately a quarter of
protons signals were from saccharides (24.6%), while 25.1% of the total signal of the
fungus extract were from OH and CH=CH2: functional groups. Western gall rust is unique
in its proton percent distribution and does not follow the pattern of any of the other
bioaerosols (see Figure 6). To our knowledge, western gall rust has not been studied for its

chemical composition.

Distribution of proton chemical shifts in Spirulina shows the largest contribution
from aliphatic protons (73.8%), followed by a-carbon protons (15.9%), and saccharide
proton signals (7.1%) (Figure 6d). OH and CH=CH2 protons contributed only 0.7%, while
aromatic and amide proton signals were only 0.4%. Functional groups and chemical
composition of Spirulina have been previously studied from biofuel and nutrition
perspectives, though different methods were used (Kavisri et al., 2021; Kumar et al., 2014;

Rajasekar et al., 2019; Sarpal et al., 2016). For example, Sarpal et al. (2016) conducted a
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study on biodiesel potential of various types of algae, including Spirulina. Although their
study was focused on fatty acid and lipid extraction, the Spirulina "H-NMR spectrum
shows strong aliphatic signals, as well as a-carbon, saccharide protons, and OH and
CH=CH>. Additionally, a study by Rajasekar et al. (2019), which examined the
composition of sulfated polysaccharide isolated from Spirulina, showed similar peaks to
Sarpal et al. (2016) study. Kumar et al. (2014) developed a method that produces a stable
extract of Spirulina alga for oil extraction using solid-state *C CPMAS NMR, which
reveals signals for carbohydrates, and carboxyl and amide carbons. Our results are
comparable to the existing studies, although completely different extraction methods and
techniques were used, overall, similar functional groups are present (aliphatic, a-carbon,

saccharides/carbohydrates, OH and CH=CH3, and amides).

'H-NMR analysis of three lodgepole pine pollen extracts (2020, 2021, 2022 —
Figure 6e, f, g) reveals the presence of strong aliphatic proton signals (24.7 — 27.6%) as
well as a-carbon protons (7.4 — 8.9%). Unlike the bacteria, fungus, and alga analysis, for
lodgepole pine pollen, saccharide protons have the largest contribution (35.7 —36.1%). The
third largest segment is attributed to the -OH and CH=CH: functional groups (23.4 —
25.7%). Proton distribution varies slightly (between 0.02 and 2.9%) between the 2020,
2021, and 2022 lodgepole pine pollen samples, collected in the same area. These small
differences are also reflected in the quantitative analysis of individual saccharides
(discussed below in Section 3.3.2). Comparable to the other bioaerosols (bacteria, fungus,

and alga), the amide proton signal in lodgepole pine pollen is weak, at 0.8 —0.9%.



54

In the case of rabbitbrush pollen (Figure 6h), we see a similar pattern of the
distribution of the proton chemical shift segments as in lodgepole pine pollen, however,
there is some variation. For example, the aliphatic proton signal in rabbitbrush is 31.3%,
while the a-carbon signal is 0.9% larger than in lodgepole pine pollen. Protons from
saccharides contribute to 27.4%, which is 8.5% less than lodgepole pine. Like lodgepole
pine pollen, rabbitbrush contains a weak amide proton signal (0.7%), but a high signal from
-OH and CH=CH2> functional groups (27.2%). Several studies on '"H-NMR analysis of
aqueous pollen extracts (resuspended in deuterated solvents) found fatty and amino acid
proton signals in the aliphatic region, and sucrose (and other saccharides) in the saccharide
proton regions of the spectra (Chalbot and Kavouras, 2019; Otify et al., 2019). The results
from these studies are in good agreement with our findings, as we have high aliphatic and
saccharide proton signals in our pollen samples. For characterization of the specific
compounds that may be responsible for the protons analyzed with 'H-NMR (i.e., aliphatic,
a-carbon, H and OH in saccharides), we conducted analysis of individual compounds:

starch, saccharides, amino acids, and fatty acids.

Based on our segment assignment (see Table 3), we use segment 5 as a
representative segment for polar functional groups (OH groups found in glycerol, alcohol,
and triglyceride molecules). Analysis of the polar segment among all analyzed species,
shows that the most polar bioaerosols are both pollen species and western gall rust
(lodgepole pine 2020 — 23.4%; lodgepole pine 2021 — 25.7%; lodgepole pine 2022 —
24.6%; rabbitbrush — 27.2%; western gall rust — 25.1%) in comparison with Spirulina and

Pedobacter, which are only about 0% and 11.8% polar, respectively. These polar



55

functional groups are not detected in the hay Bacillus spectra, most likely due to a limited
amount extracted from hay Bacillus. These differences in polarity may significantly affect
the solubility of these bioaerosols in water in the atmosphere. For instance, we know from
existing literature that pollen grains rupture in the presence of water (Mampage et al.,

2022).

a. Bacillus Bacteria b. Pedobacter Bacteria c. Western Gall Rust Fungi
1.81.1 34 0.3

d. Spirulina Algae e. Lodgepole Pine 2020 Pollen f. Lodgepole Pine 2021 Pollen

71 21 0.8

g. Lodgepole Pine 2022 Pollen h. Rabbitbrush Pollen OSegment 1: aliphatic CH
0.9

0.7 DOSegment 2: a-carbon; amine

@ Segment 3: H in saccharide ring

@ Segment 4: H in saccharide ring; alcohol H
and -OH

D Segment 5: -OH in saccharide ring, glycerol,

alcohol, and TAG
OSegment 6: -OH in saccharide ring

B Segment 7: Aromatic H; amide

Figure 6. Pie chart percent distribution of functional groups in select bioaerosol extracts (water
extracts resuspended in DMSO-dg), analyzed with '"H-NMR spectroscopy. Each pie slice
corresponds to chemical shift segments 1 through 7 (see legend). Details on each segment can be
found in Table 3.

3.3.2. Saccharide Analysis
The distribution of saccharides in the tested bioaerosols (analyzed with GC-MS) is
presented in Figure 7, in ug mg™!' of dry bioaerosol mass. The two analyzed pollen species

(lodgepole pine and rabbitbrush) were found to have the highest total saccharide
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concentrations (95.3 — 183.5 pug mg! in lodgepole pine samples; 87.2 ug mg' in
rabbitbrush). The secondary y-axis represents the percentage of total analyzed saccharides
per milligram of dry bioaerosol mass. The most common saccharide in all analyzed
bioaerosols was glucose (from 5.8% of the total analyzed saccharides in hay Bacillus
bacteria to 49.8% in rabbitbrush pollen). Sucrose was also present in all samples (from
3.6% in Spirulina alga to 87.2% in 2022 lodgepole pine pollen), except for rabbitbrush

pollen.

Analysis of saccharides in hay Bacillus (Figure 7) reveals only sucrose (71.9%) and
glucose (5.8%), which is most likely due to low concentrations of analyzed species in the
water extract. Western gall rust shows a mix of saccharides, with the most abundant ones
being B-D-fructose (26.9%) and glucose (15.9%). Other saccharides in western gall rust
were found in low concentrations (o.- and B-D-arabinose (1.2% and 0.9%, respectively), -
D-xylose (1.5%), a-L-mannose/a-D-fructose (8.7%), D-galactose (5.4%), B-L-mannose
(10.0%), and sucrose (7.3%)). Our results show that B-D-fructose (50.0%) is the most
dominant saccharide in Spirulina, followed by glucose (33.3%) and sucrose (3.6%). Our
results are in good agreement with Brown (1991) study, where glucose was also one of the
major saccharides found in 16 various microalgae species, though Spirulina was not
analyzed. Another study that did analyze Spirulina for saccharide content, also determined
that glucose contributed to ~54% of total saccharides, followed by rhamnose at ~22%
(Madhavi et al., 1987). Meanwhile, Chaiklahan et al. (2013) study showed rhamnose as the
major contributor (~54%) to overall saccharide concentrations in Spirulina, followed by

glucose (~14%). Fructose was not analyzed in either study.
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Lodgepole pine pollen shows particularly high concentrations of sucrose (79.4 to
87.2%), followed by glucose (6.7 to 12.8%) and B-D-fructose (4.0 to 7.0%). Low levels
were observed for galactose (1.4 to 3.3%), B-L-mannose (0.2 to 0.3%), and B-D-arabinose
(0.04 to 0.1%). Lodgepole pine pollen saccharide concentrations vary from May (2022) to
June (2021) and July (2020); with May (2022) having the highest overall saccharide
concentration (183.54 pug mg! total analyzed saccharides), as well as the highest sucrose
value (87.2% of the total analyzed saccharides). Overall, July 2020 lodgepole pine has
6.7% less saccharides than in June 2021, and June 2021 lodgepole pine pollen has 2.1%
less than that of May 2022. The variation of saccharide content in lodgepole pine pollen
may be explained by the collection of the pollen at different times of the season, in different
years. Previous studies showed that saccharide concentrations vary seasonally in pollen,
and the highest saccharide concentration is typically found earlier in the pollen season (Fu
et al., 2012). Furthermore, Fu et al. (2012) also found that sucrose had the highest
contribution earlier in the pollen season. This justifies the differences of lodgepole pine
pollen samples (July 2020, June 2021, May 2022) in our results, as the May 2022 sample
was collected earlier in the season and contains more saccharides overall and has a higher

sucrose concentration than the other samples.

The dominant saccharides in rabbitbrush pollen were glucose (49.8%) and B-D-
fructose (48.4%), followed by galactose, a-D-arabinose, and B-D-arabinose (< 1.0%). a-
D-xylose, a-lactose, and trehalose were also analyzed in the selected bioaerosol samples;
however, their concentrations were below the detection limit. Common saccharides found

in various pollen species in Axelrod et al. (2021) study were 3-D-fructose and glucose,
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which were also found in the pollen samples selected for this study. Fu et al. (2012)
reported sucrose as the dominant saccharide among all tested pollen samples, however, in
our study, only lodgepole pine pollen had sucrose as the major saccharide. As such, sucrose
may not be a suitable tracer for airborne pollen analysis (e.g., source apportionment), as Fu
et al. concluded. Starch content analyzed with UV-Vis-NIR spectrophotometry (Chapter
2) is presented together with saccharides, in Figure 7, to show a total distribution of mono-
(i.e., glucose, etc.), di- (i.e., sucrose), and poly- (i.e., starch) saccharides in the chosen
bioaerosols. The results showed that starch contributes to 22.3% of total analyzed
saccharides in hay Bacillus, 22.2% in western gall rust, 13.1% in Spirulina, and 1.0% 2020

lodgepole pine.



200

180

160

140

120

100

pg/mg dry mass

80

60

40

20

H Starch

O B-L-mannose [ 4

m D(+)-galactose

O B-D-fructose [ 1

B g¢-L-mannose & a-D-fructose

@ p-D-xylose
O B-D-arabinose
B qg-D-arabinose

@ D-glucose fm—

O Sucrose i

=

Bacillus Western Spirulina  Lodgepole Lodgepole Lodgepole Rabbitbrush
Gall Rust Pine (2020) Pine (2021) Pine (2022)

Bioaerosol Sample

20

18

16

14

12

10

(ssewr AIp [€)0}) SIPLIBYDIIES JO ¢/,

59

Figure 7. Saccharide and starch concentration (in pg mg™' dry mass) of selected bioaerosols. The
secondary axis shows the percentage of saccharides per milligram of dry mass. Standard deviations
range from 0.004 ug mg! in galactose (rabbitbrush) to 12.92 ug mg™! in sucrose (lodgepole pine
2021) (see Table A3.4 for details). a-L-mannose and a-D-fructose are presented together due to
their co-elution during gas chromatography separation.

3.4.3. Amino acid analysis

Figure 8 shows the distribution of analyzed amino acids (analyzed with UPLC-MS)

in selected bioaerosols (Table 2). The concentration and composition of amino acids among

bioaerosols vary significantly. We found that proline, leucine, isoleucine, alanine, and

phenylalanine are the only common amino acids between all the tested bioaerosols, among

20 amino acids. Hay Bacillus bacteria (21.4 ng mg!) and rabbitbrush pollen (18.1 pg mg-
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1) show the highest concentrations of total analyzed amino acids overall. Hay Bacillus,
Pedobacter, and Spirulina show the highest values of glutamic acid (64.5%, 14.8%, and
49.1% of total analyzed amino acids, respectively), while both pollen species are rich in

proline (lodgepole pine — 38.6%, rabbitbrush — 83.2%).

High concentrations of glutamic acid (64.5%) and y-aminobutyric acid (GABA,
17.4%) were found in hay Bacillus bacteria, followed by lysine (5.8%) and alanine (4.5%).
Pedobacter bacteria also shows high concentrations of glutamic acid (14.8%) and GABA
(9.8%) but has higher values of alanine (13.7%). Overall, hay Bacillus and Pedobacter
bacteria have very distinct distributions of amino acids. GABA (45.8%), tryptophan
(19.0%), and alanine (11.1%) are the dominant amino acids in western gall rust, and other
amino acids (phenylalanine, tryptophan, leucine, isoleucine, valine, proline, alanine,
threonine, and glutamic acid) were found in relatively small amounts (< 6%) (see Table
A3.4 for exact concentrations and standard deviations). To our knowledge, these are the
first available results regarding western gall rust amino acid composition and distribution.
Glutamic acid (49.1%) and GABA (39.4%) alone were found to compose 88.5% of the
total analyzed amino acids in Spirulina. A study by Vendruscolo et al. (2018) found that
glutamic acid was the most abundant amino acid in four microalgae species, while Bashir
et al. (2016) determined that the major amino acids found in Spirulina were glutamic acid
followed by leucine, which our data shows only a small amount of. Similarly, Andreeva et
al. (2021) showed that Spirulina’s main amino acids are glutamic acid, followed by alanine,

which 1s also minimal in our results.
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In addition to proline (38.6%), lodgepole pine pollen amino acid analysis shows
significant amounts of GABA (11.3%) and arginine (26.9%). Ozler et al. (2009) analyzed
pollen of a different pine species (P. nigra) and found that the major contributor is also
proline and has a less significant contribution of arginine, which agrees with our results.
While the amino acid profile of rabbitbrush pollen also shows a high concentration of
proline (83.2%), it also contains histidine (8.2%) and hydroxyproline (4.3%). Based on our
analysis of amino acids in bioaerosols, glutamic acid may be a suitable atmospheric tracer
for hay Bacillus bacteria and Spirulina alga, while proline may be a better tracer for
rabbitbrush and lodgepole pine pollens, as these amino acids are found in the highest
concentrations in these bioaerosols. Glycine and serine amino acids were also analyzed but

remained below the detection limit.
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Figure 8. Amino acid concentration (in pg mg"' dry mass) of selected bioaerosols (primary axis).
The secondary axis shows the percentage of total amino acids per milligram of dry mass. Standard
deviations range from + 0.001 pg mg™! in B-alanine (hay Bacillus) to + 1.770 pg mg™! in proline
(lodgepole pine 2020) (see Table A3.4 for details).
3.4.4. Fatty acid analysis

Figure 9 shows the distribution of ten analyzed fatty acids in selected bioaerosols
(analyzed with UPLC-MS). All analyzed bioaerosols, except hay Bacillus (which
contained only myristic acid), show a variety of fatty acids. Lodgepole pine pollen (25.82
ug mg!), western gall rust fungus (10.63 ug mg™') and rabbitbrush pollen (7.72 pg mg™')
have the highest total concentration of the analyzed fatty acids. Linoleic and palmitic acids

were found in the highest concentrations in both pollen species (lodgepole pine and

rabbitbrush).
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Analysis of hay Bacillus bacteria revealed that most fatty acids were below
detection limit, except for myristic acid (0.05 ug mg™!). The dominant fatty acids in western
gall rust are linolenic (26.6% of total analyzed fatty acids) and palmitic (34.0%). Linoleic
(15.7%), oleic (11.3%), and stearic (9.5%) acids are also present in lower concentrations.
The dominant fatty acid found in Spirulina was palmitic acid (42.6%), followed by
linolenic (27.7%), linoleic (22.6%), stearic (4.2%), and oleic (2.9%) acids. Our results are
comparable to Samburova et al. (2013b) study, where the most abundant fatty acids found
between four strains of another algae, Dunaliella, were palmitic, linolenic, linoleic, and

oleic acids.

Both pollen species (lodgepole pine and rabbitbrush) contain the same variation of
fatty acids (except dodecanoic acid) in different concentrations. Major fatty acids found in
lodgepole pine pollen are linoleic (28.5%), palmitic (26.9%), and oleic (26.0%) acids,
while the main fatty acids in rabbitbrush are palmitic (34.9%), linoleic (33.2%), and
linolenic (23.8%) acids. Erdyneeva et al. (2021) found that dominant fatty acids in three
Pinus species were palmitic and linoleic acids, which were also the major fatty acids

present in both of our pollen samples.

According to a review by Kaneda (1977), the most common fatty acids among
living organisms are palmitic, oleic, linoleic, linolenic, and stearic acids.!®! This
combination of fatty acids is seen all analyzed bioaerosols, except for hay Bacillus (where
most of the fatty acids were below detection limit). Although Spirulina and hay Bacillus
show 73.8 and 50.2% of the aliphatic functional group in their 'H-NMR proton distribution,

these bioaerosol species have the lowest concentrations, according to our fatty acid analysis
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via UPLC-MS. This is due to the low mass of hay Bacillus and Spirulina that was available

for quantitative analysis, thus, most fatty acids were below detection limit for hay Bacillus

samples.
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Figure 9. Fatty acid concentration (in pg mg"! dry mass) of selected bioaerosols. The secondary
axis shows the percentage of fatty acids per milligram of dry mass. Fatty acids in hay Bacillus were
below detection limit. Standard deviations range from 0.006 ug mg™! in eicosanoic acid (Spirulina)
to 1.03 pg mg™! in palmitic acid (lodgepole pine 2021) (see Table A3.4 for details).

3.4.5. Correlation analysis

To assess if 'H-NMR analysis of chemically complex bioaerosol extracts can reflect

quantitative analysis of organic species, we ran correlations between the aliphatic,

saccharide, and amide segments ('H-NMR analysis) and quantitative analysis of the

organic compounds (GC-MS, UPLC-MS, and UV-Vis-NIR analysis) (Table A3.5). For
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this purpose, each segment was normalized by the sum of the three related segments
(aliphatic, saccharide, and amide) and correlated with the analyzed organic compounds.
The best correlation was for saccharides (R? = 0.608), where the saccharide segment
(segment 3) of 'H-NMR analysis was correlated with the total saccharide concentration
(Figure 7). This relationship indicates that "H-NMR can be successfully used for semi-
quantitative analysis of saccharide content in bioaerosols. No significant correlation (R?=
-0.002) was detected between amino acids and the amide segment (segment 7), which could
be due to weak 'H-NMR signals of amide groups (Pretsch et al., 2009), a limited number
of quantified amino acids, and overlap with signals from other functional groups (i.e.,
aromatic H in segment 7, Table 3). A negative correlation (R? = -0.442) was found between
individual fatty acid analysis and the aliphatic proton region (segment 1). This can be
attributed to other compounds (i.e., peptides) (Mesleh et al., 2007) that contribute to strong

aliphatic signals.

3.5. Conclusion

The chemical composition of selected bioaerosols (pollen, fungi, algae, bacteria)
was characterized using qualitative (‘H-NMR) and quantitative (GC-MS, UPLC-MS, UV-
Vis-NIR) analysis. "H-NMR analysis revealed that protons from aliphatic, saccharide, and
OH groups had the biggest contributions to the overall proton distribution among all
bioaerosols. Hay Bacillus and Pedobacter bacteria, western gall rust fungus, Spirulina alga,
and rabbitbrush pollen had the largest contribution from aliphatic protons (31.3 — 73.8%),
while lodgepole pine pollen had the largest contribution from saccharide protons (35.7 —
36.1%). Amide signals were some of the weakest, ranging from 0.3% in western gall rust

fungus to 3.4% in Pedobacter bacteria.
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The chemical composition varies significantly between bioaerosol types and
species. The quantitative analysis of selected organics (saccharides, amino acids, and fatty
acids) showed that the saccharide glucose, the amino acids proline, leucine, isoleucine,
alanine, and phenylalanine, and the fatty acids palmitic, oleic, linoleic, linolenic, and
stearic (except in hay Bacillus bacteria) are common among analyzed bioaerosol aqueous
extracts. The major organic species were found to be saccharides (up to 18.4% of total dry
mass), followed by amino acids (up to 2.1% of total dry mass), and fatty acids (up to 2.6%
total dry mass). The high saccharide concentrations may be due to the high water solubility
of most monosaccharides (Jones and Fleming, 2014). Both pollen species (lodgepole pine
and rabbitbrush) were found to have the highest concentrations of saccharides (Figure 7),
which can be explained by the tendency of pollen grains to easily rupture in the presence
of water (Mampage et al., 2022). Differences in saccharide concentrations of July 2020,
June 2021, and May 2022 lodgepole pine samples may be explained by seasonal variations
in pollen saccharides (Fu et al., 2012), where the highest sugar concentrations are found
earlier in the season (May 2022). This is the first study, to our knowledge, that provided a
chemical analysis of western gall rust fungus, which is known to affect pine trees around
the world (Old, 1981; Old et al., 1986; Ramsfield et al., 2007). The correlation analysis
between qualitative and quantitative results showed a good correlation (R? = 0.608)
between the saccharide '"H-NMR segment and the total saccharide concentration, which
suggests that the 'H-NMR qualitative data reflects the quantitative analysis of saccharides.
For hay Bacillus and Spirulina, the highest contribution of analyzed organic species came
from amino acids, while the major fraction of organics for pollen was saccharides. Based

on our chemical analysis of these various bioaerosol species, it can be concluded that
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proper tracer analysis of bioaerosols in ambient samples should use fatty acids in addition

to amino acids and saccharides, as was suggested by Axelrod et al. (2021).

Several constraints of the study include the limited number of organic species
(saccharides, amino acids, fatty acids, etc.) and bioaerosol species analyzed. Future
bioaerosol studies may benefit from extracting bioaerosols in solvents of different polarity
(i.e., acetone, dichloromethane, hexane) and applying other analytical methods for further
functional group characterization. For example, Fourier-transform Infrared Spectroscopy
(FTIR) can provide information regarding the polarity of the bioaerosols and higher-
resolution NMR (> 500 MHz 'H-NMR) can yield a more detailed analysis of the protons
present. An extensive chemical analysis should be conducted and the contribution of other
chemical species to the bioaerosols can be explored, such as the contribution of
phosphorous-containing compounds in bioaerosols (Violaki et al., 2021). Further, pollen
samples may be collected and analyzed at different times over the course of one season to
observe a more defined seasonal variation in chemical composition. Subsequent studies
should also consider analysis of ambient samples for identification of bioaerosols, using

the chemical compositions provided in this study as tracers.

The results of the present study provide valuable insight of bioaerosol contribution
to atmospheric chemistry and essential data for future bioaerosol research. It has been
highlighted in a recent review (Kumari and Yadav, 2024) that the role bioaerosols play in
atmospheric processes have been greatly overlooked and largely understudied mainly due
to the complexity of bioaerosols and diversity of their sources. Therefore, as Kumari and

Yadav (2024) pointed out, there are large uncertainties in assessing bioaerosol regional and
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global climate effects, especially in source apportionment and climate models. As such,
our detailed chemical analysis of bioaerosols can help to understand the impact of
bioaerosols on atmospheric organic carbon, as well as their role in cloud formation
processes such as CCN and INP. Moreover, the chemical constituents can be utilized for
better identification and classification of bioaerosols in atmospheric aerosol samples, as
suggested in Samburova et al. (2013a). Our fundamental data may be relevant in future
research regarding increases in concentrations of pollen and algae due to climate change
(Anderegg et al., 2021; May et al., 2018a; Zhang and Steiner, 2022; Zingales et al., 2022).
For a broader impact, these results may be relevant for studies in other fields, such as
medicine, nutrition, biofuels, toxicology, agriculture, among others (Hashem et al., 2019;
Kumar et al., 2014; Tan et al., 2020; Wahlen et al., 2013). For example, all the analyzed
bioaerosols are known to have significant effects on human and animal health, as
mentioned previously, and understanding their chemical composition in a medical context
is significant and necessary. Likewise, the organic and functional group composition of
Spirulina is relevant from a nutrition and biofuel perspective (Hannon et al., 2010; Sarpal

etal., 2016; Vo et al., 2015).
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Table A3.1. Standard compounds used for "TH-NMR bioaerosol functional group and chemical shift
assignment.

'H-NMR Standards

Compounds

L.

2.

10.

11.

Saccharides
(DMSO—d6 and DzO)
Sugar Alcohols
(DMSO-ds and D;0)

Fatty Acids
(DMSO-ds and D>0)

Triacylglycerides
(DMSO-ds and D:;0)

Amino Acids
(DMSO-ds and D;0)

Carboxylic Acids
(DMSO-ds only)
PAHs

(DMSO-ds only)
Oxygenated PAHs
(DMSO-ds only)

Aldehydes
(DMSO-ds only)
Aliphatic Alcohols

Aromatic Alcohols
(DMSO-ds only)

D-(+)-Glucose, Fructose, Galactose, Mannose,
Sucrose, Starch (potato origin)

Glycerol, Erythritol, Inositol, Mannitol, Arabitol
Palmitic, Stearic, Glutaric, Tridecanoic, Adipic acids
Tri-arachidin, Tri-oleate, Glyceryl tri-heptadecanoate,

1-stearoyl-rac-glycerol, Glyceryl tri-palmitate

Proline, Leucine, Glutamic Acid, Arginine,
Phenylalanine

Succinic, Malonic acids
Phenanthrene, Retene

Anthraquinone, Perinaphthenone

Acetaldehyde

Isopropyl (DMSO-ds only), Methanol (DMSO-ds and
D;0)

Phenol
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Table A3.2. Calibration standards for bioaerosol GC-MS saccharide analysis and UPLC-MS amino
acid analysis. Internal standard (IS) used for saccharide analysis is glucose-d; and nonadecanoic
acid (C19:0) for fatty acid analysis.

Saccharide Standards | Amino Acid Standards Fatty Acid Standards
GC-MS UPLC-MS LC/Q-TOF

Sucrose Phenylalanine Myristic (C14:0)
Trehalose Tryptophan Pentadecanoic (C15:0)
a-D-arabinose Leucine Palmitic (C16:0)
3-D-arabinose Isoleucine Stearic (C18:0)
a-D-fructose GABA Oleic (C18:1)
B3-D-fructose Methionine Linoleic (C18:2)
d-(+)-galactose Valine Linolenic (C18:3)
a-D-glucose Proline Nonadecanoic (IS) (C19:0)
3-D-glucose Tyrosine
glucose-d7 (IS) Alanine
a-lactose 3-alanine
a-L-mannose Hydroxyproline
B-L-mannose Threonine
a-D-xylose Glycine
B3-D-xylose Serine

Citrulline

Glutamic Acid

Histidine

Arginine

Lysine
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Table A3.3. Chemical shifts of various solvents, determined from solvent spectra and adopted from
the “NMR Solvent Data Chart” by Cambridge Isotope Laboratories, Inc. (Cambridge Isotope
Laboratories Inc., n.d.). To be consistent with solvent and water peaks present in each spectrum
(standard and bioaerosol spectra), these were cut from the calculations as follows: TMS peak was
cut from -0.02 to 0.02 ppm, DMSO-ds peak was cut from 2.45 to 2.55 ppm, H>O peak (absorption
of water due to DMSO-ds solvent use) was cut from 3.23 to 3.43 ppm, and the acetone peak (located
at 2.07 ppm and used while preparing samples) was cut from 2.06 to 2.08 ppm.

Solvent Solvent chemical shift (ppm)
T™MS 0.00

DMSO-de 2.50

H>O 3.33

Acetone 2.05 (2.07 in our spectra)
D20 4.79

Table A3.4. Concentrations and standard deviations (in pg/mg) of individual organic compounds
found in bioaerosols. “-” stands for bioaerosols that were not tested for specific compounds. All
values presented are above the method detection limit (MDL), which varies for each compound.

Bioaerosols
Compounds Hay Pedo- | Western | Spiru- Lodge- | Lodge | Lodge | Rabbit-
. bacter | gall rust | lina pole -pole -pole brush
Bacillus pine pine pine
2020 2021 2022
Starch 045 £ - 430 +]064 +£|094 |- - -
0.05 0.06 0.05 0.06
a-D-arabinose 0 - 024 1|0 0 0 0 0.61 =+
0.04 0.01
p-D-arabinose 0 - 017 +1]0 0.04 +£]0.19 £|0.08 £ | 042 £
0.04 0.11 0.04 0.02 0.02
é a-D-xylose 0 - 0 0 0 0 0 0
S B-D-xylose 0 - 029 £]0 0 0 0 0
=
3 0.05
&
a-L-mannose 0 - 169 1|0 0 0 0 0
0.28
& a-D-fructose
B-D-fructose 0 - 520 £+ (243 +|484 + | 1143 7.40 + | 4225 £
1.03 0.48 2.34 +2.27 | 147 0.27
D-(+)-galactose 0 - 1.05 +£1]0 131 + | 532 +| 341 | 051 =+
0.15 1.42 0.77 0.49 0.004
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D-(+)-glucose 012 =+ |- 307 £ 1.62 £ |1217 +| 1579 | 1229 | 43.44 +
0.02 0.55 0.29 5.65 +2.84 | £2.21 | 1.22
p-L-mannose 0 - 193 +1|0 033 +£{031+|036+]|0
0.31 0.62 0.05 0.06
Sucrose 145 £ - 141 +1]0.17 | 7575 +| 129.19 | 160 = | O
0.11 0.11 0.01 12.92 + 12.44
10.05
a-lactose 0 - 0 0 0 0 0 0
Trehalose 0 - 0 0 0 0 0 0
Phenylalanine 020 +£]049 +£]004 +£]009 +]022 £]- - 0.15 +
0.01 0.03 0.004 0.004 0.06 0.008
Tryptophan 006 +|008+|049 |0 0.07 +| - - 0.07 +
0.007 0.004 0.05 0.01 0.003
Leucine 012 +£]060 | 010 +]016 +]032 +]- - 021 +
0.006 0.03 0.001 0.02 0.09 0.02
Isoleucine 004 +£]042+£]004 +£]007 +]017 £ - - 0.07 =+
0.001 0.03 0.004 0.001 0.06 0.02
GABA 371 £]1073 £ 1.18 +£|290 +|1.07 +]|- - 0
0.74 0.02 0.11 0.06 0.36
Methionine 016 +£|024 |0 0 0 - - 0
0.009 0.004
Valine 0 063 + 010 +£1|0 034 +| - - 0
0.02 0.008 0.12
. | Proline 023 £]029+£]006 +£|005 +]365 £]- - 15.05 +
fg 0.005 0.004 0.004 0.001 1.77 0.44
<«
2 Tyrosine 0 042 +| 0 0.17 £ 024 =+ |- - 0
= 0.03 0.04 0.07
<«
Alanine 097 +£]1.02+]028 +]032 +]038 +]- - 028 +
0.07 0.04 0.03 0.009 0.13 0.01
p-alanine 010 |0 0 0 0 - - 0
0.0007
Hydroxyproline 0 009 £ |0 0 0 - - 0.78 =
0.01 0.006
Threonine 045 +£]062+]015 |0 0 - - 0
0.02 0.01 0.008
Glycine 0 0 0 0 0 - - 0
Serine 0 0 0 0 0 - - 0
Citrulline 015 +1|0 0 0 0 - - 0
0.01
Glutamic acid 13.80 £ | 1.09 £]|0.12 +£]360 +]|045 *|- - 0
0.15 0.05 0.04 0.04 0.22




73

Histidine 0.16 +1|0 0 0 0 - 149 +
0.01 0.13
Arginine 0 0 0 0 2.55 - 0
1.20
Lysine 124 +£]070 |0 0 0 - 0
0.05 0.03
Dodecanoic  acid | 0 - 0 0 - 0 0.004 +
C12:0 0.006
Myristic acid | 0.05 =+ | - 018 +|0 - 0.07 + 0.03 +
C14:0 0.006 0.02 0.009 0.004
Linolenic acid | 0 - 283 +£08 £ - 1.19 + 1.84 =+
C18:3 0.58 0.34 0.24 0.38
Linoleic acid C18:2 | 0 - 1.67 +£|069 =+|- 7.35 + 257 +
0.18 0.32 0.78 0.27
3
3 Palmitic acid C16:0 | 0 - 361 £ 130 £ - 6.94 + 2,69 +
0.53 0.63 1.03 0.40
£l
=1 Oleic acid C18:1 0 - 120 £]0.09 +]- 6.70 + 0.17 +
0.17 0.07 0.95 0.02
Stearic acid C18:0 0 - 1.01 +£|013 =£|- 298 + 038 =
0.20 0.18 0.58 0.07
Eicosanoic acid | 0 - 012 £1|0 - 0.60 + 0.04 =
C20:0 0.02 0.11 0.008
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Table A3.5. Correlation coefficients of aliphatic, saccharide, and amide '"H-NMR segments and
concentrations of individual organic species (saccharides, amino acids, and fatty acids).

Saccharides

Amino Acids

Aliphatic

(Segment 1)

-0.130

Saccharides

(Segment 3)

0.129

Amides

(Segment 7)

0.441

-0.002

Fatty Acids

-0.442

0.448

0.090
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D-(+)-Glucose (DMSO-d¢) 1800

c,le,lg,li, k [ 1700
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Figure A3.1. 'TH-NMR spectrum (0 — 14 ppm) of D-(+)-Glucose used for assignment of polar (H)
and non-polar (OH) regions within the spectrum for bioaerosol analysis.
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Chapter 4

Effects of Simulated Atmospheric Aging on Bioaerosol Chemistry

4.1. Abstract

Despite the growing importance of atmospheric aerosols of biological origin (bioaerosols)
with the warming climate, little is known about bioaerosol chemical composition and their
atmospheric fate (e.g., aging). This study uncovers how various laboratory simulated
atmospheric aging processes alter bioaerosol functional groups, and therefore affect their
polarity. Lodgepole pine pollen and Spirulina alga bioaerosols, which represent typical
bioaerosols, were extracted and exposed to (1) simulated solar radiation, ranging from 300
to 800 nm, and (2) OH radicals formed from hydrogen peroxide through photolysis. The
bioaerosol extracts were analyzed by proton nuclear magnetic resonance (‘H-NMR) and
Fourier-transform infrared (FTIR) spectroscopy before and after aging to determine the
chemical transformation that occurred during the two different types of aging. FTIR results
indicated an overall increase of polar functional groups’ signal in comparison to non-polar
functional groups after light aging. The largest increase for both bioaerosols was the
OH/CH ratio, with a 30.9% increase in lodgepole pine pollen and a 27.5% increase in
Spirulina. On the other hand, "H-NMR results showed no significant changes in the
bioaerosol extracts after light aging. After photooxidative aging with OH radicals, 'H-
NMR analysis shows that the polarity and percent distribution of functional groups of both
bioaerosols transformed significantly. The formation of -COOH and -CHO functional

groups was observed, with an 11.1% increase in lodgepole pine pollen and a 43.0%
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increase in Spirulina alga. Additionally, we observed a decrease in aliphatic protons (CH),
a decrease in a-carbon protons, and an increase in amide protons, all of which suggest

fragmentation of proteins in Spirulina upon exposure to OH radicals.

Key words: Laboratory aging; chemical functional groups; pollen; algae; bioaerosols

4.2. Introduction

Bioaerosols have recently become of interest due to their increase in concentration
with the warming climate (i.e., pollen season length and concentrations increasing
(Anderegg et al., 2021; D’Amato et al., 2020); increase of harmful algal blooms
(Carmichael and Boyer, 2016; May et al., 2018a)) and the influence of the COVID-19
pandemic (Erath and Ferro, 2022). Examples of bioaerosols include pollen, fungi, bacteria,
and microalgae, which can range in size from a few nanometers to hundreds of microns
(Frohlich-Nowoisky et al., 2016; Pan et al., 2021b). Bioaerosols can influence the climate,
weather, and atmospheric processes (such as acting as cloud condensation nuclei (CCN)
and ice nucleating particles (INP)) (Burkart et al., 2021; DasSarma and DasSarma, 2018;
Schiffer et al., 2018), as well as human health (D’Amato et al., 2020; Mayer et al., 2007;
Sénéchal et al., 2015; Taylor et al., 2007). Bioaerosols can be transported inter-
continentally (Smith et al., 2011; Tesson et al., 2016; Warren and St. Clair, 2021) and
survive extreme atmospheric conditions, even in the stratosphere (DasSarma and
DasSarma, 2018). Furthermore, bioaerosols represent a large portion of atmospheric
aerosols, and are estimated to be emitted in thousands of tera-grams (Tg) per year (Després

et al., 2012; Frohlich-Nowoisky et al., 2016; Huffman et al., 2013). A study by Hyde et al.
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estimated that bioaerosols contribute up to 16.5% of particulate matter smaller than 2.5

micrometers (PMzs) and 16.3% to PMio (Hyde and Mahalov, 2020).

Interaction with sunlight, oxidants, and free radicals can change the chemical,
physical, and biological properties of bioaerosols (Estillore et al., 2016; Gute et al., 2020;
Pan et al., 2014; Sénéchal et al., 2015). According to recent studies, ultra-violet (UV)/solar
radiation alone may have the largest impact on pollen florescence (Gute et al., 2020;
Kinahan et al., 2019). A study by Kinahan et al., (2019) determined that solar radiation,
specifically UV, was a major factor in the aging of aerosolized E. coli cells in the
atmosphere. Gute et al. (2020) found that the ice nucleation (IN) activity of pollen is
changed when exposed to atmospheric processes (solar radiation and OH radicals) and
speculated this may be caused by the formation of oxygenated groups at the molecular
level, which can lead to an increase in polarity. Bioaerosols can be physically and
chemically transformed through interaction with OH radicals, as they are extremely
reactive atmospheric oxidants (Liu et al., 2017), modifying organic compounds within the
bioaerosols, such as amino acids and phospholipids (Estillore et al., 2016). Liu et al. (2023)
investigated the effects of OH radicals (formed by H20: through photolysis) on live
bacteria in simulated cloud-like conditions, and found that even low concentrations (1 x
10- M) of OH radicals lysed the live cells and released organic compounds, which were
then oxidized and fragmented. Despite these efforts, the aging chemistry of bioaerosols is
still poorly understood. An understanding of the changes caused by aging (i.e., oxidation
or increase in polarity) is necessary for better assessment of their effects on climate,
contribution to atmospheric organic carbon, bioaerosol sampling (i.e., source

apportionment), detection, and monitoring.
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The lack of research surrounding the topic of atmospheric aging of bioaerosols is
the motivation for the present study, which focuses on the characterization of chemical
functional groups of fresh and laboratory aged bioaerosols. For this purpose, aqueous
extracts of the selected pollen (lodgepole pine) and alga (Spirulina) bioaerosols were aged
using the Suntest CPS solar simulator and chemical changes in functional groups between
fresh and aged extracts were compared. Characterization of functional groups was
performed using proton nuclear magnetic resonance ('"H-NMR) and Fourier-transform
infrared (FTIR) spectroscopy techniques, which are commonly used for detailed functional

group analysis of biological samples.

FTIR is widely used for chemical analysis of various environmental and
atmospheric samples, including atmospheric bioaerosols. Research has been conducted on
the molecular characterization of a multitude of pollen species via FTIR. For example,
Depciuch et al. (2017) studied the effect of pollution on the molecular composition of hazel
pollen, and speculated that high concentrations of ozone may have caused oxidation of the
pollen. Additionally, Depciuch et al. (2018) used FTIR to distinguish differences in species
of birch pollen and found clear chemical variations in their FTIR spectra, even when their
morphology is alike. Likewise, Zimmerman et al. conducted multiple studies on the
chemical characterization of pollen species and the variations in their chemical
composition (Zimmerman et al., 2016; Zimmermann et al., 2017). Spirulina alga has also
been investigated using FTIR in a previous study (Venkatesan et al., 2012), that determined
functional groups that correspond to proteins, carbohydrates, lipids, amino acids, and other
organic species in Spirulina. Additionally, FTIR has been applied to analysis of

atmospheric aerosols in ambient samples (Coury and Dillner, 2009; Maria et al., 2002;
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Reggente et al., 2019). These studies suggest that FTIR is a useful analytical tool to

determine the chemical composition of bioaerosols, as we have done in this study.

"H-NMR has also been previously applied to the analysis of organic and water-
soluble atmospheric aerosols (Chalbot and Kavouras, 2019; Duarte and Duarte, 2015;
Hornik et al., 2020; Suzuki et al., 2001), and some bioaerosols, such as pollen and algae
(Chalbot et al., 2013; Kumar et al., 2014; Sarpal et al., 2016). Sarpal et al. (2016) applied
"H-NMR to determine lipid and fatty acid content in Spirulina for biodiesel potential and
found strong aliphatic signals, that supports the presence of those compounds. Our previous
study’s findings agreed with Sarpal et al. (2016), where the majority of the Spirulina’s
proton contribution came from aliphatic protons (73.8%) (Bahdanovich et al., 2024). While
Spirulina’s spectrum is dominated by aliphatic protons likely from fatty acids, amino acids,
or larger molecules such as lipids, pollen’s composition has a heavy contribution from
saccharide protons, specifically in water extracts (Bahdanovich et al., 2024; Chalbot et al.,
2013). Despite the previous chemical characterization of pollen and algae bioaerosols,
neither spectroscopic technique (FTIR or 'H-NMR) has been applied to the analysis of

aged atmospheric bioaerosols, as far as we are aware.

The use of these techniques presents a unique perspective on analysis of the changes
that bioaerosols undergo in the atmosphere, such as oxidation and changes in polarity. As
determined in Chapter 3 (Bahdanovich et al., 2024), pollen and algae differ in their proton
and functional group distribution. Thus, the current study focuses on the analysis of these
two bioaerosols. Two kinds of aging were performed in our study: (1) simulated solar

radiation and (2) oxidation resulting from aqueous formation of OH radicals, which were
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formed by photolysis of hydrogen peroxide. The simulated solar radiation covers a broad
spectral range (300 — 800 nm) and includes the UV radiation that is necessary for the
formation of OH radicals (310 nm). The composition of polar and non-polar functional

groups was assessed and compared between fresh and aged bioaerosol extracts.

4.3. Experimental Section
4.3.1. Bioaerosol species

The bioaerosols chosen for this study are Pinus contorta pollen (common name:
lodgepole pine, collected locally in the Reno-Tahoe area, Nevada, USA) and Arthrospira
platensis alga (common name: Spirulina, Amazon.com, Inc., Seattle, WA, USA). They
were chosen for their atmospheric relevance and are representative of typical atmospheric
bioaerosols. Lodgepole pine is a species of pine trees, that are widespread across the
Northern Hemisphere and are a major producer of pollen in western North America
(Chileen et al., 2020; Fall, 1992). Spirulina is a type of blue-green microalgae that is
present in various environments (Vo et al., 2015) and may be aerosolized by wind due to

its small size (Sahu and Tangutur, 2015).

4.3.2. '"H-NMR analysis

Detailed 'H-NMR methodology and segment assignment can be found in Chapter
3. Briefly, bioaerosol samples were prepared by adding 10 mg of dry bioaerosol mass to a
2 mL lysing vial (Bertin Instruments Precellys 2 mL Lysing Kit, Rockville, MD, USA) and
hydrated with ultra-high purified water (>18 MQ cm™!, Elga Veolia PURELAB Chorus 1
water purification system, Woodridge, IL, USA) for a concentration of 10 mg mL"!. The

samples were lysed three times at high speed for 20 second intervals (total lysing time =
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one minute) and put on ice in between each interval. Lysing was used to fragment the
bioaerosol cells and release organic compounds from within the cells. Afterwards, the
homogenized samples were centrifuged at 10,000 RPM for two minutes. The supernatant
was filtered through 0.45 um pore sized syringe filters (hydrophilic polytetrafluoroethylene
(PTFE) membrane, 25 mm diameter, Thermo Fisher Scientific Inc. (Titan 3), Rockwood,
TN, USA). For aging, the samples were placed in a Suntest CPS solar simulator (Atlas
Material Testing Solutions, Mount Prospect, IL, USA) for 24 hours. The filtered samples
(both fresh and aged) were then completely dried with nitrogen (Airgas Inc., Reno, NV,
USA) using the Pierce Reacti-Vap Evaporating Unit (Model 18780, Rockford, IL, USA)
and placed in a vacuum oven overnight. The dried samples were resuspended in 0.75 mL
of 99.9% deuterated dimethyl sulfoxide (DMSO-ds) (Cambridge Isotope Laboratories,
Inc., Andover, MA, USA) and sonicated for 45 minutes at 30 °C, then transferred to 5 mm
high-throughput 8” NMR tubes (Wilmad LabGlass, Vineland, NJ, USA). Bioaerosol
samples were prepared in three replicates, all extracted separately, for statistics and
preparation consistency. Method blanks (Milli-Q water) were also prepared alongside the

samples through the whole process, to determine the presence of any contaminants.

Analysis was conducted using the Agilent Technologies, Inc. 500 MHz
PremiumCompact+ NMR (Santa Clara, CA, USA) at 25° C. 256 scans were acquired for
each sample and the spectra were processed using VnmrJ software, using a chemical shift
range of 0.0 — 14.0 parts per million (ppm). Table 4 shows the functional group and proton
placement in '"H-NMR spectra by spectral segment. The segments were determined using
existing literature (Chalbot and Kavouras, 2019; Duarte and Duarte, 2015; Jones and

Fleming, 2014; Pretsch et al., 2009) and analysis of a variety of standard compounds, which
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is detailed in Chapter 3. Spectra were integrated by each segment (Table 4) using
MestReNova software (“MestReNova 14.2,” 2020). Standards (Sigma-Aldrich, Co., St.
Louis, MO, USA) were prepared and aged for "H-NMR analysis based on our previous
findings (Chapter 3) of major contributors of saccharides and amino acids in the analyzed
bioaerosols. Sucrose (major contributor in lodgepole pine pollen), glucose (major
contributor in Spirulina), proline (lodgepole pine pollen), and glutamic acid (Spirulina)
were aged for 24 hours in the Suntest CPS solar simulator to determine whether oxidation
occurred within these compounds, thus providing more insight into the aging chemistry of

the bioaerosol samples.

Table 4. Functional group and proton placement in 'H-NMR spectra.

Segment | Spectral Shift Functional groups/proton placement
Range (ppm)

1 0.5-2.0 Aliphatic CH, CH2, CH3

2 20-2.7 a-carbon O=CH} 2, a-carbon CH-COO:, o to amine H

3 2.7-3.7 H in sugar ring, CH-OH in sugar alcohol, C-H in sug-CHa-
OH

4 3.7-4.1 Alcohol CH, Alcohol OH, H in saccharide ring, a-carbon
CH2-C-NHx*

5 4.1-5.7 All OH in saccharide ring except -O-CH(OH)-, Glycerol
OH, CH=CH>, Alcohol OH, OH in TAG

6 6.0-6.6 OH in saccharide ring -O-CH(OH)-

7 6.6 —8.5 Aromatic-H, NH, NH>

8 9.0-14.0 Ar-OH, COOH, CHO




83

4.3.3. FTIR analysis

For FTIR analysis, bioaerosols were prepared following the same method as for 'H-
NMR, except the starting concentration was 50 mg mL!. After lysing and filtering the
samples with 0.45 um pore sized PTFE syringe filters, samples were aged for 24 hours in
the solar simulator. Then, the samples were dried completely with nitrogen gas and
resuspended with 100 pL acetone, which quickly evaporates when dropped onto potassium
bromide powder (KBr, Pike Laboratories, Madison, WI, USA). KBr sample pellets were
prepared by adding 100 puL of resuspended bioaerosol extract onto 200 mg of KBr powder
and dried overnight in a glass desiccator lined with sodium hydroxide pellets (NaOH,
Ward’s Science, Rochester, NY, USA). After the sample was completely dry, a hydraulic
press was used to apply 10 tons of pressure for 5 minutes (CrushIR Digital Hydraulic Press,
Pike Technologies, Madison, WI, USA) to create a pellet of 13 mm in diameter. Samples
were prepared in three replicates alongside method blanks. Bioaerosol samples were
analyzed using the Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific). Spectra
were recorded in transmission mode for a total of 32 scans in the spectral range of 4,000 —

400 cm!, with a resolution of 4 cm!, and data spacing of 1.929 cm’!.

FTIR spectra were processed by applying a baseline correction to the raw spectra
using the Envi Classic 5.6.1 software. Spectral ranges for bioaerosol spectrum
interpretation were assigned based on multiple sources. Textbooks were used as the main
references (Jones and Fleming, 2014; Pretsch et al., 2009), and peer-reviewed articles
provided specific details concerning pollen and algae spectra (BartoSova et al., 2015;
Depciuch et al., 2017; Heller et al., 2015; Stehfest et al., 2005; Venkatesan et al., 2012;

Zimmermann et al., 2017). In addition, the standards of glucose, sucrose, palmitic acid,
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and glutamic acid were aged and analyzed with FTIR for reference. These standards were
chosen for their relevance to lodgepole pine pollen and Spirulina alga bioaerosols, as found

in Chapter 3.

Table 5 shows the functional groups present in different wavenumber ranges, many
of which correspond to functional groups found in various chemical compounds relevant
to bioaerosols, such as saccharides, polysaccharides, amino acids, fatty acids, lipids,
proteins, nucleic acids, and phospholipids. Only major peaks were detected and analyzed
for the chosen bioaerosols. The absorption band found in the wavelength range of 3650 —
3000 cm™ is the result of O-H stretching, that can occur in organic compounds such as
saccharides, alcohols, amino acids, and water. The aliphatic C-H stretching absorption
band can be found in the range of 3000 — 2840 ¢cm™!, and may be caused by saccharides,
amino acids, fatty acids, and lipids, as these compounds all contain multiple aliphatic CH
groups. The C=O0 stretching that is typically found in carboxylic acids of fatty acids absorbs
wavelengths of 1750 — 1700 cm™!, while the amide I C=O stretching that is representative
of proteins is found in the range of 1680 — 1600 cm™'. The amide II absorption band in the
range of 1575 — 1480 cm! results from N-H bending and C-N stretching that is found in
proteins. Bending in CH2 and CH3, in carbonyls and lipids (respectively), is found in the
range 1430 — 1370 cm™!, however, this peak is present in the fresh and aged method blanks,
which suggests it is a product of contamination. In the range of 1300 — 1200 cm!, the
stretching vibration of P=0 is detected in phosphorous-containing compounds, such as
nucleic acids and phospholipids. The last absorption band used in this analysis belongs to
stretching of C-O-C, that corresponds to bonds found in polysaccharides (glycosidic bond,

present in starch). Although these absorptions bands are standard in FTIR spectrum
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analysis (Bartosova et al., 2015; Depciuch et al., 2017; Heller et al., 2015; Jones and

Fleming, 2014; Pretsch et al., 2009; Stehfest et al., 2005; Venkatesan et al., 2012;

Zimmermann et al., 2017), the assignment of organic compounds to each functional group

is speculative, as bioaerosol spectra are complex and can have a matrix effect.

Table 5. Wavenumber ranges of common functional groups found in FTIR spectra.

Wavenumber
range (cm™)

Band assignment (functional
groups)

References

3650 — 3000 O-H stretching vibration (Bartosova et al., 2015; Depciuch et
(saccharides, alcohols, water, amino | al., 2017; Jones and Fleming, 2014;
acids) Pretsch et al., 2009)

3000 — 2840 Aliphatic C-H stretching vibration (Depciuch et al., 2017; Jones and
(saccharides, fatty acids, amino Fleming, 2014; Pretsch et al., 2009;
acids, lipids) Venkatesan et al., 2012)

1750 -1700 C=0 stretching vibration of ester (Bartosova et al., 2015; Jones and
(fatty acids, lipids) Fleming, 2014; Pretsch et al., 2009;

Stehfest et al., 2005; Venkatesan et
al., 2012)

1680 — 1600 C=0 stretching vibration (Bartosova et al., 2015; Depciuch et
(amide I, proteins) al., 2017; Heller et al., 2015)

1575 - 1480 N-H bending and C-N stretching (Bartosova et al., 2015; Depciuch et
vibration al., 2017)
(amide II, proteins)

1430 - 1370 -CH, bending vibration (carbonyl) (Bartosova et al., 2015; Depciuch et
-CH;s bending vibration (lipids) (d al., 2017; Venkatesan et al., 2012)
*Large peak found in aged method
blank

1300 - 1200 P=0 stretching (Bartosova et al., 2015; Pretsch et
(nucleic acids, phospholipids) al., 2009; Stehfest et al., 2005)

1180 - 990 C-O-C stretching vibration (Bartosova et al., 2015; Depciuch et

(polysaccharides)

al., 2017; Heller et al., 2015; Jones
and Fleming, 2014; Pretsch et al.,
2009; Zimmermann et al., 2017)

To determine the changes in bioaerosols due to aging, ratios of signals of polar vs.

non-polar peaks were calculated and compared. These ratios were calculated based on the

heights of peaks in the FTIR spectrum for specific functional groups (see Table 5). The
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background signal of method blanks (Figure A4.1) was subtracted from the spectra of
analyzed bioaerosol extracts. After the correction with the method blank, the peaks were
assigned as more polar (O-H, C=0, C-O-C) or less polar (C-H, CH2/CH3). The ratios of
fresh and aged replicates (three separately extracted replicates) were averaged, then the
average fresh ratio was divided by the average aged ratio and calculated as a polarity
percent change (see Eq. 1). OH/CH was used for overall polarity increase, as this ratio
provided the highest increase in polarity in aged bioaerosol samples based on our
observations. C=O/CH was used to determine changes in the amide I C=0O functional
group, belonging to stretching vibrations in proteins. Similarly, C-O-C/CH was used to
find effects of aging on the C-O-C functional group. The CH2/CH3 band was not used for
determination of aging effects on bioaerosols, as it is present in the method blanks (see
Figure A4.1), which may be a product of sample preparation, aging, or contamination. This
comparison of the polarity change helps us assess the aging/oxidation of bioaerosols in a

semi-quantitative way.

Eq.1 Polarity % change = (1 _ (average ratio of fresh replicates)) « 100

average ratio of aged replicates

4.3.4. Laboratory aging

Samples were placed in 3.5 mL quartz cuvettes (light path of 10 mm, wavelength
range 190 — 2500 nm, polytetrafluoroethylene (PTFE) covers, LifeStyle Visions, Amazon
Inc.), covered, and sealed with Parafilm (Amcor, Zurich, Switzerland). The Suntest CPS
solar simulator wavelength range (300 — 800 nm, peaking at 460 nm in the visible region)
overlaps the range of the cuvettes, making them ideal for this study. The solar simulator

irradiance closely simulates the Earth’s solar radiation, including UVA, UVB, visible, and
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infrared radiation (SUNTEST CPS / CPS+ Operating Manual, 1999), making this a
valuable instrument for simulated atmospheric aging. The solar simulator is equipped with
a cooling fan, to cool down the sample chamber as it is heated by the lamp (NXe 1500 B
Atlas xenon lamp). The temperature inside the chamber peaks at 30.8° C (Figure A4.2).
This method was inspired by a study that determined IN in sub-pollen pollen particles after
aging using the Suntest CPS solar simulator (Gute et al., 2020). In fact, this study found
that the simulated solar radiation had the largest impact on IN activation temperature of
sub-pollen particles (SPP). The IN activation temperature was lowered after the SPP was
aged for 24 hours, meaning that ice was formed on the nuclei at lower temperatures. For
hydroxyl radical formation through photolysis, hydrogen peroxide (H202, 30%, 9.8 M,
Fisher Scientific, Fair Lawn, NJ, USA) was added to the bioaerosol samples to create a
target H202 concentration of 1 M (in the final solution), then aged under simulated solar
radiation for 24 hours. This concentration was chosen based on Gute et al. (2020) study,
where the highest changes in IN temperatures of pollen was from 0.5 M. We doubled the
concentration based on the higher extract concentrations in our study. Eq. 2 shows the
reaction between H202 and UV radiation (<254 nm, 280 — 320 nm) that forms OH radicals
(Legrini et al., 1993; Li et al., 2021). Two sets of samples were prepared for each
bioaerosol; fresh and aged, which were prepared in three separately extracted replicates.
Aged samples included a control sample of each bioaerosol, wrapped in aluminum foil,
exposed to the same conditions except for light (Figure A4.3). Both sets of samples also
included method blanks, which were prepared with ultra-purified water, following the same
sample preparation methodology as bioaerosol samples. Table 6 shows a list of samples

that were extracted and analyzed for the present study.
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Eq. 2 H,0, + UV - 2 .OH

Table 6. Samples that were extracted and analyzed for this study. Bioaerosol samples were not
analyzed by FTIR after aging with OH and simulated solar radiation. Saccharides analyzed were
glucose and sucrose; amino acids analyzed were proline and glutamic acid.

TH-NMR FTIR
Not Aged by Aged by Not Aged by Aged by
aged | simulated OH + aged | Simulated OH +
(fresh) solar simulated | (fresh) solar simulated
radiation solar radiation solar
radiation radiation
Lodgepole \ \ v \ \ Not
pine pollen analyzed
Spirulina alga \ \ v \ \ Not
analyzed
Method N N v v v v
Blanks
Standards v v v v v \
(saccharides,
amino acids)

4.4. Results and Discussion

Lodgepole pine pollen and Spirulina alga extracts were aged with (1) simulated
solar radiation and (2) OH radicals formed from H202 by photolysis. Visually, the color of
both pollen and alga extracts changed after exposure to 24 hours of simulated solar
radiation (Figure A4.3). Lodgepole pine pollen turned from light yellow to clear, and
Spirulina alga transformed from a dark green to a dull light yellow. As UV radiation is the
strongest radiation experienced by the samples when exposed to the range of wavelengths
in the Suntest solar simulator, it is likely UV that causes the greatest damage to various

organic compounds within bioaerosols (Kinahan et al., 2019; Pan et al., 2021b). Changes
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in pigment of algae have been documented, with decreases in pigments in algae and
cyanobacteria following exposure to UVB radiation (Sinha et al., 1995; Xue et al., 2005).
Likewise, the change in lodgepole pine pollen pigment may be attributed to the degradation
of carotenoids upon exposure to UV (Semitsoglou-Tsiapou et al., 2022), however, research

on this topic remains limited.

4.4.1. FTIR results

Aged extracts of lodgepole pine pollen and Spirulina alga were analyzed using
FTIR spectroscopy. The spectra of fresh and aged lodgepole pine pollen extracts are
presented in Figure 10. The aged spectrum closely resembles the fresh one, however, the
intensities of some peaks decreased after exposure to simulated solar radiation for 24 hours.
All identified FTIR peak signals are presented in Table 5. In both spectra, the O-H peak is
visible and dominant (at ~ 3377 (fresh) and ~ 3416 (aged) cm!), while the aliphatic C-H
peak is present at 2925 cm™! and decreased after aging. The C=0 stretching vibration band
from fatty acids is present at 1745 cm’!, though it is more of a notch than a peak. The C=0
amide I band is observed (~1652 and ~1639 ¢cm™"), signaling a presence of proteins in the
pollen. The fresh and aged pollen spectra show the presence of P=O stretching at 1261
cm’!. C-O-C stretching vibration within carbohydrates/polysaccharides (e.g., starch) is
present at ~1050 and 1053 cm!'. All peaks decrease in intensity (compared to the O-H
peak) after aging, indicating an increase in O-H after aging, which overall increases the

polarity of the pollen extracts.
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Figure 10. Fresh (solid) and aged (dashed) lodgepole pine pollen extract FTIR spectra. Samples
were analyzed using KBr pellets in transmission mode.

Spectra of fresh and aged extracts of Spirulina alga analyzed with FTIR are
illustrated in Figure 11. The O-H and aliphatic C-H peaks are observed in these spectra,
however, there is an absence of the C=0O (fatty acid) peak. The amide I peak is more
prominent than in pollen spectra (Figure 10) and is greater in intensity than the O-H peak
prior to aging. The amide II peak, indicating N-H bending and C-N stretching within
proteins is present (1547 and ~1542 cm™'). This peak is not observed in the pollen extract;
only perhaps as a shoulder on the amide I peak. P=0 and C-O-C stretching signals are also
present in both alga spectra. Overall, the peaks belonging in the alga spectrum do not
change in intensity as much as in case of fresh vs. aged pollen spectra, but the peaks still
decrease in comparison to the O-H stretching. Although the CH2 and CH3 bending
vibrations (1430 — 1370 cm™!) are present in both bioaerosol spectra, they will not be

discussed due to background noise (Figure A4.1).
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Figure 11. Fresh (solid) and aged (dashed) Spirulina alga extract FTIR spectra. Samples were
analyzed using KBr pellets in transmission mode.

To assess changes in chemical functional groups after exposure to simulated solar
radiation, ratios of the peaks in FTIR spectra were calculated and interpreted. An increase
in a polar to non-polar chemical functional groups’ ratio may indicate the formation of an
oxygen-containing group, such as O-H, C=0, or C-O-C, or the degradation of a C-H bond
within a molecule (e.g., hydrogen abstraction). Similarly, a decrease in the ratio may
indicate the degradation of a polar group, or a formation of more C-H groups. Since the
amide I C=0 bond is representative of proteins, the decrease in the ratio in pollen may be
caused by broken C=0O bonds in the carboxylic acids in the amino acids found in proteins

(Jones and Fleming, 2014).

Table 7 shows the percent change of ratios of polar to non-polar groups (polarity)

in lodgepole pine pollen and Spirulina after aging due to simulated solar radiation. O-H/C-



92

H increased in both pollen and alga after aging, signifying an increase in polarity for both
bioaerosols. C=0/C-H ratio decreased after aging in pollen. C=O can be found in carboxyl
groups of amino acids and fatty acids (-COOH), as well as in larger molecules such as
lipids and proteins (Jones and Fleming, 2014). C-O-C/C-H decreased after aging in
Spirulina but increased in pollen. The decrease of C-O-C in Spirulina may be attributed to
the degradation of glycosidic bonds in starch molecules or di-saccharides (i.e., sucrose),
which can be caused by UV radiation (Nowak et al., 2023). Both bioaerosols contain
polysaccharides like sucrose and starch, as determined in our previous studies
(Bahdanovich et al., 2024, 2022). After analysis of standards (saccharides-glucose and
sucrose; amino acids-proline and glutamic acid) aged with OH radicals (Figures A4.4 and
A4.5), we found that the O-H signal from the oxidation agent overlaps with O-H signal of
the analyzed compounds in bioaerosol extracts and oversaturates the spectra (Table A4.1).
Therefore, bioaerosols were not analyzed for aging with OH radicals using the FTIR

technique.

Table 7. Polar/non-polar functional group ratios of light-aged bioaerosols. Calculations of ratios
explained in Section 4.3.3.

Polar Lodgepole Spirulina
Non — polar pine pollen alga
% change % change
OH +30.9 +27.5
CH
cC=0 -7.8 +15.6
CH
c-0-¢C +12.9 -19.1
CH
OH+C=0 +15.2 +20.8
CH
OH+C=0+C-0-C +12.9 +12.5
CH
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4.4.2. '"H-NMR results

Figure 12 shows the percent distribution of functional groups’ protons analyzed
with 'H-NMR before and after aging for lodgepole pine pollen and Spirulina alga extracts.
The bioaerosol extracts were aged by exposure to (1) simulated solar radiation for 24 hours
and (2) OH radicals formed by photolysis of H202. The largest proton contributions in fresh
lodgepole pine pollen came from saccharides (segment 3; 40.2 £+ 2.6%), OH (segment 5;
26.9 £+ 1.3%), and aliphatic CH (segment 1; 21.1 £ 1.5%). For Spirulina, the major
contributions come from aliphatic CH (56.9 £+ 5.5%) and a-carbon (segment 2; 22.7 +

6.8%).
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Figure 12. Functional group percent distribution of a) lodgepole pine pollen and b) Spirulina alga
extracts after exposure to (1) simulated solar radiation and (2) OH radicals formed under simulated
solar radiation. Extracts were resuspended with DMSO-ds and analyzed with 500 MHz 'H-NMR.
Ar-H stands for aromatic H; alc H stands for alcohol H. Detailed segment information can be found

in Table 4. Error bars represent the standard deviations determined from three separately extracted
replicates.
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The functional group percent difference after aging of the selected bioaerosols is
presented in Figure 13. Overall, both bioaerosols experienced transformation of their
functional group distribution, with a greater change occurring after OH radical aging
(represented by green bars). While there is a minor change after light aging, based on an
unpaired (independent) t-test of percent distribution of fresh and light-aged bioaerosols, for
most functional groups, the changes were not statistically significant (p < 0.05). As such,
only OH radical aging results will be discussed. Results show a major aliphatic CH
(+43.4%) and a-carbon (+16.0%) proton signal decrease in Spirulina after OH radical
aging. An increase in segment 8 was observed for both bioaerosols (pollen: +11.1%, alga:
+43.0%), which suggests the formation of carboxylic acids or aldehydes, and thus, an
increase in polar functional groups. Both bioaerosol extracts also saw an increase of
segment 7 signal (pollen: +9.8%, alga: +3.7%), which belongs to aromatic H and amide
protons. The segment 5 proton signal increased in Spirulina (+14.2%), but decreased in
pollen (-16.8%), which corresponds to all OH in saccharide ring (except -O-CH(OH)-),

glycerol OH, alcohol OH, and OH in triglycerides (Table 4).
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Figure 13. Functional group percent difference of a) lodgepole pine pollen and b) Spirulina alga
extracts after exposure to (1) simulated solar radiation and (2) OH radicals formed under simulated
solar radiation. Ar-H stands for aromatic H; alc H stands for alcohol H. Detailed segment
information can be found in Table 4.
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To determine which compounds and their functional groups may play a role in the
aging of the selected bioaerosols, percent differences in functional groups of saccharides
(glucose and sucrose) and amino acids (proline and glutamic acid) were determined
through '"H-NMR analysis (Figure 14). These compounds were chosen based on their
presence in the analyzed bioaerosols in Chapter 3. Briefly, sucrose was a major saccharide
found in lodgepole pine pollen (16% of total analyzed saccharides), followed by glucose
(1.23%). Spirulina had drastically lower concentrations of saccharides, however, sucrose
(0.017%) and glucose (0.16%) were still quantified. The amino acids proline and glutamic
acid were present in both bioaerosols, though in low amounts (< 0.36%). Thus, these
compounds were aged and analyzed, following the same method as the bioaerosols, to
hypothesize the chemistry occurring in pollen and alga. The percent difference patterns in
saccharides and amino acids are similar to the patterns in the analyzed pollen and alga,
respectively. This may be due to the high percentage of saccharides found in lodgepole
pine pollen (18.4% of total dry pollen weight) (Bahdanovich et al., 2024). There is little
connection between the similarity of Spirulina and amino acid percent differences, as we
found that the analyzed amino acids contributed to only 0.73% of total Spirulina dry weight
(Bahdanovich et al., 2024). However, amino acids share functional groups such as
carboxylic acids, a-carbon, and aliphatic CH with other organic compounds like fatty

acids, proteins, and lipids (Jones and Fleming, 2014).
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Figure 14. Functional group percent difference of a) saccharide (glucose and sucrose) and b) amino
acid (proline and glutamic acid) after exposure to (1) simulated solar radiation and (2) OH radicals
formed under simulated solar radiation. Ar-H stands for aromatic H; alc H stands for alcohol H.
Detailed segment information can be found in Table 4.

Studies show that OH radical reactions with amino acids and proteins cause a

hydrogen abstraction (removal) from C-H bonds, which can occur at an amino acid side



99

chain or a protein backbone (Estillore et al., 2016; Liu et al., 2017). The 34.3% decrease in
the aliphatic CH in amino acids (Figure 14b) may be due to the hydrogen abstraction in the
side chains of the analyzed amino acids (proline and glutamic acid). In addition to the
decrease in segment 1 (aliphatic CH), we also observed a 53.0% increase in segment 8
(COOH and CHO), which can be explained by the addition of an OH group to the carbon
where the hydrogen abstraction occurred. Using proline (aged and analyzed) as a simple
example, the side chain can undergo hydrogen abstraction, therefore reducing the amount
and intensity of the aliphatic CH signal in the "H-NMR spectrum. The abstraction creates
a carbon-centered radical in the side chain, creating an opportunity for another OH radical
to attach itself (Figure 15) and form a more polar group, such as an aldehyde (CHO). If
further oxidation occurs, a carboxylic acid (COOH) may form, of which an increase was
observed after OH aging (Mujika et al., 2013; Signorelli et al., 2014). This hypothesis
originates from a study by Signorelli et al. (2014) where the reaction pathways between

OH radicals and proline were explored.
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Figure 15. Possible oxidation pathway for OH radical reaction with the amino acid proline: a)
proline is exposed to OH radical, b) hydrogen abstraction occurs and leaves a carbon-centered
radical (red), c) another OH radical is present and attaches itself to the carbon-centered radical.
Mechanism based on a study by Signorelli et al. (2014). Figure created in ChemDraw 20.1.

In a similar process, the backbone of a peptide or protein can be cleaved (broken)
upon exposure to OH radicals, with hydrogen abstraction at the a-carbon, creating smaller
amide and carbonyl fragments (Liu et al., 2017). Figure 16 shows part of a peptide
backbone containing leucine and tyrosine amino acids, which were both found in lodgepole
pine pollen and Spirulina alga in our previous studies (Axelrod et al., 2021; Bahdanovich
et al., 2024). This figure is a visual representation of where the peptide can be cleaved
(dashed lines) at the a-carbon hydrogen, fragmenting the peptide. Spirulina alga contains
an estimated 60% of protein (Grosshagauer et al., 2020), while pine pollen contains roughly
10% (Cheng et al., 2023). Reactions of OH radicals with proteins may be the cause for a
decrease in aliphatic CH, decrease in protons from a-carbon, increase in amide protons,

and an increase in COOH and CHO in the analyzed bioaerosols (Figure 13).
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Figure 16. Diagram of a part of a peptide backbone containing leucine and tyrosine amino acids.
Dashed lines represent possible cleaving due to abstraction of the a-carbon hydrogen in the peptide,
creating smaller fragments of carbonyls and amines after exposure to OH radicals. Amino acids
and peptide backbone modeled after Alberts B et al. (2002). Figure created in ChemDraw 20.1.

OH radicals also affect lipids such as triglycerides by creating a carbon-centered
radical (lipid radical) near or between double bonds in unsaturated fatty acids, through
hydrogen abstraction (Figure 17) (Ayala et al., 2014). Oxygen (O3) is then added to the
lipid radical, creating a peroxyl radical, which then continues to propagate through the fatty
acid chain, oxidizing the triglyceride. The propagated oxidation can result in the formation
of compounds such as alkanes (CH), aldehydes (CHO), and ketones (containing C=0)
(Hadidi et al., 2022). Lipid peroxidation may be another process that plays a role in the
oxidation of bioaerosols (Abd El-Baky et al., 2007; Wu et al., 2024), and may be a
mechanism that causes the increase of aliphatic CH signal (+6.8%), from formation of
alkanes, in pollen. In addition to amino acids, proteins, and lipids, OH radicals can also
abstract hydrogen atoms from polysaccharides. In particular, this process can occur at the
glycosidic bond, fragmenting the polysaccharide (Chen et al., 2021; Peshev et al., 2013).

Further, hydrogen abstraction can occur in the saccharide ring that can lead to the formation
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of other functional groups such as aldehydes and ketones (Xie et al., 2025), which we

observed in both bioaerosol extracts after OH aging.
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Figure 17. Example of a triglyceride, containing three fatty acids (from top to bottom: palmitic,
oleic, linolenic acids). The start of lipid peroxidation, hydrogen abstraction (red), is represented by
the carbon-centered radicals in the fatty acid chains, after exposure to OH radicals. Mechanism
based on (Ayala et al., 2014). Figure created in ChemDraw 20.1.

4.5. Conclusion

This study investigated the changes in chemical functional groups of lodgepole pine
pollen and Spirulina bioaerosols’ water extracts after exposure to (1) simulated solar
radiation and (2) OH radicals formed by photolysis. FTIR results indicate that the polarity
of the bioaerosol extracts increase after aging with simulated solar radiation. The largest
increases came from the OH/CH ratio, with an increase of 30.9% for lodgepole pine pollen
and 27.5% for Spirulina alga. An increase in the OH/CH ratio suggests an increase in
polarity, however, it is difficult to speculate which chemical processes occurred for which
chemical compounds using FTIR. Thus, we analyzed the bioaerosols with "H-NMR after
exposing the extracts to simulated solar radiation and the 'H-NMR spectra showed no

substantial changes in the functional group protons’ signals. Exposing the pollen and alga
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bioaerosols to OH radicals (formed by H20: through photolysis) produced interesting
results, specifically the increase in -COOH and -CHO functional groups in both bioaerosol
"H-NMR spectra (pollen: +11.1%, alga: 43.0%). Along with the decrease of the aliphatic
CH (-43.4%) and a-carbon (-16.0%) proton signals in Spirulina, we hypothesize that these
changes may be due to oxidation of amino acids, proteins, or triglycerides/lipids. While
these processes may have also affected pollen, we observed an increase in aliphatic CH
protons (+6.8%) (may be due to the formation of alkanes from lipid peroxidation) and a

decrease in OH protons (-16.8%), suggesting a different mechanism involved.

Only two types of bioaerosol species were analyzed; other types and species should
be analyzed prior to and after aging in the future. It is important to assess how individual
organic compounds change after aging (i.e., saccharides, amino acids, fatty acids), since it
is challenging to see specific compound transformations using FTIR and NMR, especially
considering the matrix of the bioaerosol extracts. Quantitative analysis via mass
spectrometry techniques, such as GC-MS and UPLC-MS can provide more insight into
these changes. Future studies may look at IN ability of these aged particles to see if an
increase in polarity influences IN ability. The solvent used in this study was water, due to
its atmospheric relevance and likely interaction with bioaerosols. Since pollen readily
ruptures in the presence of water, due to osmotic rupturing (Hughes et al., 2020; Mampage
et al., 2022), more compounds may have been extracted compared to alga; which can exist
in aqueous environments and does not readily rupture in the presence of water. Thus,
different solvents should be used in future studies to determine the complete composition
of both bioaerosols, even if the solvents are not atmospherically relevant. Finally, the

conditions of atmospheric bioaerosol aging should be optimized in future studies for
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atmospheric relevance. Based on Liu et al. (2023) study of photooxidation of live bacteria
with OH radicals, lower concentrations of H2O2 and whole pollen/algae cells can be used,
as they are expected to lyse on their own in the presence of hydrogen peroxide and OH

radicals.

4.6. Chapter 4 Appendix
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Figure A4.1. FTIR spectra of fresh and light-aged method blanks.



105

35
30
25 {
20

15

Temperature (°C)

10

0
0:00 0:14 0:28 0:43 0:57 1:12 1:26 1:40
Time (hours)

Figure A4.2. Temperature inside Suntest CPS solar simulator chamber.

Figure A4.3. Samples before (left) and after (right) aging in the Suntest CPS. Three replicates of
lodgepole pine pollen extract are on the left side of the sampling set-up, while the replicates of

Spirulina extract are on the right. Additionally, control samples in foil for each bioaerosol and a
method blank were aged.
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Figure A4.4. FTIR spectra of amino acids (glutamic acid and proline) fresh, aged with the Suntest
solar simulator, and aged with OH radicals produced by photolysis.
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Figure A4.5. FTIR spectra of saccharides (glucose and sucrose) fresh, aged with the Suntest solar
simulator, and aged with OH radicals produced by photolysis.
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Table A4.1. Polar/non-polar functional group ratios of light-aged and OH-aged standards analyzed
with FTIR. Calculations of ratios explained in Section 4.3.3.

Light-aged OH-aged
Polar Saccharide | Amino | Saccharide | Amino
— id id
Non — polar % change act % change ad
% change % change
OH -70.5 +30.7 -679.7 +3.0
CH
c=0 -39.8 +36.9 +12.5 +23.6
CH
cC-0-C -37.0 +24.9 -141.0 -41.0
CH
OH+C=0 -65.1 +34.2 -259.4 +15.2
CH
OH+C=0+ -53.3 +31.3 -203.4 +1.8
c-0-¢C
CH
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Chapter 5

Summary, Conclusions, and Future Recommendations

The goal of this research was to characterize major organic species and functional
groups in typical bioaerosols and determine effects of aging on their chemical composition.
In the first chapter, we determined four research questions that were going to be answered

in this dissertation:

1. What is the organic chemical composition of bioaerosols?

2. What are the major chemical functional groups of the most common bioaerosols
(e.g., algae, pollen, fungi, bacteria)?

3. How do bioaerosols change chemically upon exposure to atmospheric oxidants and
photolysis (i.e., exposure to OH radicals, ultra-violet radiation, and simulated solar
radiation)?

4. How do the polarity and functional groups of bioaerosols change after aging, which
can be important for ice nucleating (IN) activity and their role as cloud

condensation nuclei (CCN)?

For this purpose, we used water-soluble extracts of lodgepole pine and rabbitbrush pollen,
Western gall rust fungi, Pedobacter and hay Bacillus bacteria, and Spirulina alga
bioaerosols. Chapter 2 was focused on determining starch content in the bioaerosols using
UV-Vis-NIR spectrophotometry. This study optimized an existing spectrophotometry

method to be used on low-concentration starch samples, such as bioaerosols. The optimized
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experimental conditions were found to be bioaerosol extracts at pH 6, and the iodine
reagent concentration at 0.2%. The starch content in bioaerosols ranged from 0.45 £ 0.05
(in bacteria) to 4.3 + 0.06 g/mg (in fungi). Quantifying the starch content was necessary
for quantitative analysis of organic compounds in bioaerosols and for differentiating
between poly-saccharides (starch) and mono-saccharides (simple sugars) present in

bioaerosols.

In Chapter 3, organic species (saccharides, amino acids, and fatty acids) using
chromatography (GC-MS and UPLC-MS) and functional groups using 'H-NMR were
determined. This study provided valuable insight into the chemical composition of
common bioaerosols and their contribution to atmospheric chemistry. The results revealed
that the major contribution of protons came from aliphatic proton signals in all of the
analyzed bioaerosols (rabbitbrush pollen, western gall rust fungi, hay Bacillus and
Pedobacter bacteria, and Spirulina alga), except for lodgepole pine pollen, where the major
contribution came from protons belonging to saccharides. The saccharide glucose was
common among all analyzed bioaerosols, as well as a few amino acids (proline, leucine,
isoleucine, alanine, and phenylalanine) and fatty acids (palmitic, oleic, linoleic, linolenic,
and stearic acids). These results can be used as tracers for these bioacrosols in ambient

filter samples.

In Chapter 4, we exposed water-soluble extracts of lodgepole pine pollen and
Spirulina alga to simulated solar radiation and OH radicals (formed through photolysis by
hydrogen peroxide and solar radiation) and analyzed the functional group changes using

FTIR and '"H-NMR. The effects of aging on functional groups can be used to explain
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polarity changes of bioaerosols and their organic compounds, which can affect IN activity.
After simulated solar radiation, FTIR results showed an overall increase in polar functional
groups compared to the non-polar functional groups, with an OH/CH ratio increase of
30.9% in lodgepole pine pollen and a 27.5% increase in Spirulina alga. While "H-NMR
results did not show any significant changes after exposure to simulated solar radiation, we
did see an increase in polar functional groups after OH aging. Specifically, the formation

of -COOH and -CHO functional groups was observed in both bioaerosols.

Although this dissertation provided a thorough chemical characterization of a few
common bioaerosols, there are additional studies and experiments that may be carried out
in the future. For example, additional species and types of bioaerosols can be analyzed,
especially with other solvents, for a more comprehensive chemical analysis. Chemical
analysis of other organic compounds can be conducted, such as the contribution of lipids,
phosphorous-containing compounds, and proteins, in bioaerosols. Based on the chemical
profiles of the bioaerosols analyzed in this dissertation, ambient filter analysis can be
conducted, and the chemical profiles can be used as tracers. Other kinds of aging, such as
exposure to ozone, can be done and changes in functional groups and polarity can be
explored. Aged bioaerosols should be quantitatively analyzed using GC-MS, UPLC-MS,
or other chromatographic techniques, to determine the transformation, formation, or
destruction of compounds in the bioaerosols. Additionally, it would be worthwhile to age
the bioaerosols in a laboratory setting and analyze their IN activity alongside changes in
functional groups/polarity so that IN activity can be correlated to specific chemical changes

in bioaerosols. The aging methodology can be optimized to determine at which point in the
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24-hour aging window the bioaerosols are fully oxidized and the lowest concentration of

hydrogen peroxide that can be used to oxidize the bioaerosols.

In conclusion, all four research questions were addressed and the chemistry and
atmospheric fate of bioaerosols was explored through laboratory aging. This research
provides valuable data and insight into the chemical composition of bioaerosols, which
helps close the knowledge gap in this field. The results of this work can be used for
modeling of bioaerosol chemical behavior in the atmosphere. Future bioaerosol studies will
benefit from our findings and the fundamental data is relevant for future studies involving
climate change related increases in bioaerosol concentrations. Furthermore, we provided
an important analysis of chemical transformation and polarity change after bioaerosol
aging, which will be useful for future IN and CCN studies. Due to the interdisciplinary
nature of bioaerosol research, our results can also be applied to studies in other fields, such

as nutrition, biofuel, toxicology, agriculture, and medicine.
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