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ABSTRACT 

Ambient air particulate matter (PM) has been documented to be a contributor to a lot of 

pollution-related health effects. Due to the common anthropogenic origin, PM could be an 

effective vehicle to carry and deliver many toxic materials, including environmentally persistent 

free radicals (EPFRs) and polycyclic aromatic hydrocarbons (PAHs) into the human body, thus 

significantly raise the health risk of PM exposure. Studies of ambient air PM potentially bear 

artifacts stemming from the collection methods. We investigated the effects of collection methods 

on the ambient air PM composition and developed a static collection method relying on the particle 

entrapment by the plant’s leaf through electrostatic interactions and surface trichomes 

(“phytosampling”). This method allows for easy particle recovery from the matrix, collection 

under natural environmental conditions, and enables a dense collection network to represent spatial 

pollutants distribution more accurately. The experimental results show that the new 

“phytosampling” method is an effective method to collect PM from ambient air. And the PM 

retrieving process does not compromise the leaf integrity. On phytosampling collected PM, we 

detected relatively more potassium and calcium, the larger contribution of oxygen-centered EPFRs, 

different decay behavior, more consistent PAHs distribution between PM sizes, and less 

toxicological effects in cell viability test compared to the standard sampling method PM samples. 

These results indicate that the phytosampling method could prevent some unpredictable changes 

during PM collection, and collected PM will be more representative as the PM that the general 

public is exposed to. However, phytosampling cannot evaluate the absolute PM concentration in 

the air, so it serves as an excellent supplementary tool to work in conjunction with the standard 

PM collection method. This method has been successfully applied to field studies. 
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CHAPTER 1. INTRODUCTION 

1.1. Particulate Matter 

1.1.1. Background of Particulate Matter and Its Health Impacts       

Particulate matter (PM) is one of the National Ambient Air Quality Standards (NAAQS) 

criteria pollutants. According to the size fractions, airborne particles are characterized as particles 

whose aerodynamic diameter (da) is between 10 μm and 100 μm, coarse particles (da ≤ 10 μm), 

fine particles (da ≤ 2.5 μm) and ultrafine particles (da ≤ 0.1 μm)1,2. Upon inhalation, particles 

smaller than 10 μm deposit at different parts of human respiratory tract according to their size 

fractions3,4, with ultrafine particles are able to translocate through circulation systems to various 

organs, and even to the brain5,6.  

Ambient air particulate matter (PM) is one of the major contributors to the pollution-related 

health effects. The data from the World Health Organization shows that about three million deaths 

were attributed to the ambient air PM globally in 2012. 87% of these deaths occurred in the 

countries with low or middle income, and around 6% of total deaths are children under five years 

with acute lower respiratory diseases7. Moreover, their model also shows that 92% of the world 

population were experiencing a higher PM2.5 exposure level than WHO Air Quality Guidelines 

(annual mean (10 µg/m3))7. Numerous studies have shown that the exposure to PM, especially to 

fine (da ≤ 2.5 µm) and ultrafine (da ≤ 0.1 µm) particles are responsible for morbidity and mortality 

of some respiratory and cardiovascular diseases, including asthma, pneumonia, chronic obstructive 

pulmonary disease (COPD), lung cancer and cardiac arrhythmias4,8–13. To control the fine particle 

emission and mitigate the health impacts due to the inhalation of PM2.5, different countries and 

organizations have their air quality standard concerning PM2.5. Table 1.1 compares the current 

PM2.5 air quality standard among the United States14, the World Health Organization (WHO)15, 
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the European Union (E.U.)16, and the People’s Republic of China17. Besides the health impact, PM 

also has some ecological influences such as affecting global radiative budget18,19 and visibility19,20. 

  

1.1.2. Sources and Compositions of PM 

PM is non-homogenous materials with varying chemical compositions, which are often 

determined by their origins. PM could be emitted by natural sources such as volcanic eruptions, 

wildfire, sea spray, and soil dust or result from condensation/reaction of atmospheric components2. 

However, with the decreasing size of PM, the contribution of anthropogenic-born PM is increasing 

and 70% of PM2.5  and >90% of PM0.1 result from combustion processes21–24, including vehicle 

exhaust and industrial. Some indoor activities such as cooking and cigarette smoking also 

contribute to the emission of PM. PM is composed of inorganic ions, organic and elemental 

carbons, crust elements, and metals19. Fine and ultrafine particles are effective vehicles for several 

toxic materials related to a lot of pulmonary and cardiovascular diseases. They could carry and 

deliver polycyclic aromatic hydrocarbons (PAHs), oxidized forms of polycyclic aromatic 

hydrocarbons (Oxy-PAHs), chlorinated hydrocarbons (CHCs), brominated hydrocarbons (BHCs), 

toxic metals, and environmentally persistent free radicals (EPFRs) generated in combustion 

processed with the presence of redox-active metals25,26.  

Table 1.1. Comparison of PM2.5 air quality standard among the U.S., WHO and China. 
 U.S. WHO E.U. China 
Annual Primary: 12.0 µg/m3 10 µg/m3 25 µg/m3 Grade-Ia: 15 µg/m3 

Secondary: 15.0 µg/m3 Grade-II: 35 µg/m3 
24 hr 35 µg/m3 25 µg/m3  Grade-I: 35 µg/m3 

Grade-II: 75 µg/m3 
a: Grade I & II are corresponded to ambient air functional zones. Grade-I applies to the zones that require 
special protection, including nature reserves. Grade-II applies to general zones, including residential area, 
commercial area, industrial area, and rural area. 
*: None of these countries/organizations has standard for ultrafine particles (PM0.1). 
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1.2. Environmentally Persistent Free Radicals (EPFRs) 

1.2.1. Introduction to Environmentally Persistent Free Radicals (EPFRs) 

Environmentally persistent free radicals (EPFRs) are a kind of surface-stabilized pollutant 

that has a much longer life span than normal concerned free radicals22,27–29 and is therefore 

environmentally persistent. Most of the fine and ultrafine particles are formed from combustion 

processes, and EPFRs can be mainly generated through the interaction of transition metal oxide 

with substituted aromatic compounds on the surface of particles22,26,30 in the post flame zone and 

cool zone of a combustion system. These EPFRs associated particles can remain in the atmosphere 

for a long time and travel for a long distance, which increased the risk of inhalation exposure. The 

toxicity of  EPFRs stems from their persistence in the environment and the ability to generate 

reactive oxygen species (ROS)31. These ROS, such as hydroxyl (•OH), peroxyl (RO2•), and 

alkoxyl (RO•) radicals, could induce oxidative stress in biological systems32–35. A lot of studies 

have been done on adverse health effects of PM exposure, however many of the studies presented 

an oversimplified view of PM as just a carrier of toxic compounds in the beginning, disregarding 

synergistic effects between PM components resulting in new chemical quality or species. The 

EPFRs, which is the species resulting from exactly such interaction, started to draw more attention 

as an overlooked pollutant carried on PM in recent years. And more and more epidemiological 

studies concerning human exposure to EPFRs on PM were performed to help understand the 

mechanism of toxicity of EPFRs in biological systems.  

1.2.2. Formation and Types of EPFRs 

EPFRs have been found in different materials both naturally exist, such as biomass and 

coal36,37, and as the products of thermal processes, such as fly ash and soot38,39. Considering that 

the combustion processes are the main source of PM and EPFRs generation, Cormier et al. 
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illustrated the conditions and areas of the nanoparticles and free radicals generation in a 

combustion process by the chemical reaction zone theory40. In this theory, a combustion process 

contains four thermal zones: 1. Preflame zone (fuel zone, wide temperature range from ambient to 

1200 ºC); 2. Flame zone (>1200 ºC); 3. Postflame zone (1200-600 ºC); 4. Cool zone (<600 ºC). In 

zone 1, a lot of new reaction intermediates are created. Zone 2 is where most reactions are 

undergoing that organics covert to their stable thermal products, and vaporized metal and chlorins 

are generated. In zone 3, many radical-molecule reactions occur. And a lot of pollutants, such as 

polycyclic aromatic hydrocarbons (PAHs) and brominated hydrocarbons (BHCs), are formed and 

the vaporized metals condense to the surface of PM. In zone 4, which has a lower temperature, the 

surface-mediated reactions with transition metals to form EPFRs occur. And the temperature is 

not high enough to destroy the new-formed pollutants40. Although the concept of the persistent 

free radicals was first introduced in 1950s41 and detected by Pryor and co-workers in 1970s42,43, 

the more detailed and prevailing mechanism of the EPFRs formation has been proposed by 

Dellinger’s group29. Based on the calculations and the results of experiments, they proposed that 

the EPFRs formation mainly contains three stages: physisorption, chemisorption, and electron 

transfer and delocalization (Scheme 1.1 uses 2-monocholorophenol as a precursor example). In 

the cool zone of a combustion process, substituted aromatic compounds would physisorb to the 

surface of a transition metal oxide, and then the chemisorption takes place as eliminating a water 

and/or hydrogen halide molecule. The final stage is the reduction of the metal and formation of 

surface-associated EPFRs through the electron transfer to the metal. The unpaired electron on the 

EPFRs could delocalize resulting in EPFRs with different centers. This mechanism has been 

verified by following laboratory studies using different molecule precursors, including phenol, 

hydroquinone, catechol, 2-chlorophenol, monochlorobenzene, and 1,2-dichlorobenzene under 
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various reaction temperature conditions ranging from 50 ºC to 400 ºC22. On the basis of the lab 

condition test results, CuO (redox potential, catalyst of dioxin formation44,45 and abundance of Cu 

in PM46) has been picked to be impregnated to the cabosil fumed silica (fine particle size and inert 

substrate) and exposed to the vapor of 2-monochlorophenol or 1,2-dichlorobenzene (dioxin 

precursors22,47–49. 2-MCP is a typical product of thermal waste treatment47 and 1,2-DCB is a 

common compound used in the industrial processed50). And through this procedure, surrogate 

EPFRs containing particles had been made in the lab and applied to several studies to evaluate the 

toxicological effects of EPFRs containing particles47,50,51. Besides this prevailing mechanism, 

Vejerano et al. proposed another mechanism to try to explain EPFRs’ formation under the 

following conditions: with non-substituted aromatic compounds, without the presence of transition 

metal and when interacting with ZnO (electron move from metal oxide to the organic 

compounds)52. This new mechanism is applied to the EPFRs formation on the engineered 

nanomaterials (ENMs) in a combustion or a thermal treatment process. And it is proposed based 

on the fact that these ENMs are showing a “metallic” characteristic that has lower band gap energy 

compared to the general EPFRs formed on nanoparticles that supported by a larger particle in 

combustion systems52. This new mechanism provides a new prospect for EPFRs research, but it 

still requires more studies to be supported.  
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Different precursors interact with transition metal oxide and form various EPFRs. The 

structure of the absorbate, together with the property of absorption site under certain conditions, 

determine the structure of the newly-formed EPFRs and their different reactivities22,29. Because of 

the delocalization of the unpaired electron, the EPFRs could be carbon-centered or oxygen-

centered. And the g-factor of different types of EPFRs, which indicates the nature property of an 

electron, will not be the same. A higher g-factor indicates that the unpaired electron is closer to an 

oxygen atom. For carbon-centered radicals, such as phenyl radicals, g-factors are < 2.0030 while 

for oxygen-centered radicals, such as semiquinone radicals, g-factors are > 2.004022,28,29,53,54. The 

g-factor of EPFRs from an environmental sample is usually in between, and the spectra of the 

radicals are broadened, indicating that the unpaired electron is not exclusively centered on carbon 

or oxygen atoms or the samples contain several different radicals. 

1.2.3. Generation of ROS and Cytotoxicity  

EPFRs have been proved to generate reactive oxygen species (ROS) such as hydrogen 

peroxide (H2O2), superoxide anion radicals (O2•-), and hydroxyl radicals (•OH) through several 

different studies, including an HPLC-based scavenging assay31, spin-trapping processes32, and 

comet assay33, with application of well-known antioxidant enzymes: superoxide dismutase (SOD) 

Scheme 1.1. Proposed mechanism of EPFRs formation (2-monochlorophenol on 
Cu(II)O/Silica)48,56,136. 
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and catalase (CAT). SOD and CAT could consume superoxide and hydrogen peroxide, 

respectively.  So the decreased detection of ROS generated in the system treated by SOD and CAT 

in all foregoing studies confirmed the ROS redox cycle31–33. The simplified ROS generation redox 

cycle is shown in Scheme 1.2. Once the EPFRs enter this redox cycle, they can reduce O2 to 

produce superoxide, which then, through dismutation, will form hydrogen peroxide. Then at the 

presence of metal ion on the surface, the Fenton reaction takes place to produce hydroxyl radicals. 

At the same time, the oxidized form of EPFRs will be reduced back to the initial radicals by the 

reducing agents in the biological systems32,33,55–57. So in this way, ROS could be continuously 

generated through the cycle. Based on the calculations in the study conducted by Khachatryan et 

al., after 140 mins of incubation, one EPFR could generate about ten hydroxyl radicals32. These 

surface-associated ROS could induce oxidative stress in the biological system and damage DNA, 

lipid, and proteins in a living cell56,58,59. Considering about high yield of ROS by the redox cycle 

of EPFRs, a lot of in vitro and in vivo studies have been done on the cytotoxicity and the 

toxicological effects to the organs and even the whole living body to evaluate the potential health 

effect of human exposure to the EPFRs containing particles46,47,50,51,60,61. Cardiac60,62–64 and 

pulmonary47,50,51,65,66 dysfunction due to inhalation exposure of EPFRs carried PM had been 

identified, and recent studies focusing on the relationship of PM exposure and the central nervous 

system (CNS)67–71 provided a new direction that there may be a causal relationship of EPFRs with 

neurodevelopment defects. 
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1.3. Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds that are 

comprised of two or more aromatic rings. PAHs are naturally existing in coal, tar, oil, and creosote 

and could be generated in the incomplete combustion processes72. Among all PAHs generation 

contributors, incomplete combustion (naturally and anthropogenically) is the largest source for 

PAHs in the environment72,73. Human activities, including biomass burning, waste incinerators, 

vehicle emissions, and some industrial processes (e.g., coal gasification, steel manufacturing, and 

asphalt manufacturing), are the dominant source of PAHs production72,74,75. PAHs are ubiquitously 

present in the ambient environment. Some small PAHs (2-rings and some 3-rings) are soluble in 

water, which makes them the pollutants in drinking water76. And PAHs with 2-4 rings are also 

volatile so that they can distribute in the air in a gas form77. Most PAHs (> 5 rings) are generally 

insoluble in water and have low vapor pressure and high boiling and melting points72,77. These 

bigger PAHs tend to adsorb to the soil, sediment, and ambient air particles. 

The general public can be exposed to PAHs through inhalation, ingestion, and dermal 

contact. Cigarette smoke, biofuel burning, and exposure to the PAHs polluted air or PAHs 

containing PM, polluted drinking water, eating vegetables containing PAHs through 

bioaccumulation or PM deposit, and even grilled meat are important routes for PAHs exposure. 

 
Scheme 1.2. Simplified ROS generation redox cycle. 
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Short-term exposure in occupational studies shows that PAHs could cause nausea, vomiting, skin 

and eye irritations and diarrhea78. However, the chronic effect of long-term PAHs exposure is at a 

greater concern since it is related to cancer, cardiovascular diseases, and adverse effects on fetal 

growth79–84. When PAHs enter human body, several steps of metabolic transformation will occur. 

Most of the metabolites will be excreted through urine and feces85, but some reactive metabolites 

such as diol epoxides, PAH radical cation, and ortho-quinone can form adducts with DNA and 

proteins which then makes certain PAHs mutagenic and carcinogenic86–88. Cytochrome enzymes 

play an important role in these PAHs activation pathways87,88. 

The anthropogenic PM is characterized by high content carbonaceous materials, including 

PAHs. Many studies had been done on PM-associated PAHs and evaluated the human health 

risk89–94. Around 90% of PAHs in ambient air are anthropogenic95,96 and are a common constituent 

of fine and ultrafine particulate. Due to the common anthropogenic origin, EPFRs and PAHs share 

the same transport vehicle i.e., PM 73,93,97–99, so PM-associated PAHs were also analyzed in this 

research. 

1.4. Hazardous Waste Incineration 

Hazardous waste refers to the waste that potentially poses a higher risk on human health 

and the environment. In the United States, the U.S. Federal Resource Conservation and Recovery 

Act (RCRA) manages hazardous waste. As discussed earlier, the generation of PM, especially fine 

and ultrafine particles, and EPFRs usually occurs in the post-flame zone and cool zone of a 

combustion process typically during an incineration process40. Hazardous waste incineration as a 

hazardous waste thermal destruction treatment technology is an important way to destroy a large 

part of the hazardous components and reduce the volume of hazardous waste. It is a widely 

applicable technology that is proved to be effective100. Besides EPFRs and PAHs, other toxic 
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substances, such as dioxins and lead, could also be part of the emission from the incinerator. So, 

to make sure that all the emissions from hazardous waste incinerators meet a certain standard that 

poses no significant risk to public health is very important. Flue gas scrubbing is the crucial step 

to meet the requirement100.  

The latest version of the National Emission Standards for Hazardous Air Pollutants 

(NESHAP) for hazardous waste combustors was finalized by Environmental Protection Agency 

(EPA) and was effective since Oct. 28, 2008. The rule was set under the guidance of the Clean Air 

Act (CAA) and reflected the maximum achievable control technology (MACT). Referring to 40 

CFR 63.1219(b)(7) and 63.1220(b)(7)(i), the particulate matter standard for new incinerators is 

0.0016 grains per dry standard cubic foot (gr/dscf)101. 
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CHAPTER 2. ANALYSIS TECHNIQUES 

In this research, two PM collection methods have been applied. The details of each method 

are discussed and compared in chapter 4. Samples were analyzed for surface morphology and 

elements, EPFRs characteristics, the potential for hydroxyl radical and superoxide generation, 

PAHs concentration, and cell exposure viability. The techniques used in this research are 

introduced in this chapter. 

2.1. Morphology and Surface Elements Analysis 

The leaf surface morphology and the surface elements of retrieved PM have been analyzed 

by Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 

2.1.1. Principle of SEM-EDS 

SEM is a technique to obtain surface morphology pictures of samples through the 

interaction of an electron beam with sample surface atoms. Typically, the electron beam hits the 

surface atoms, and the secondary electrons will be emitted and detected. And based on the numbers 

of detected secondary electrons at the different parts of the scanning raster, namely, signal intensity, 

the SEM pictures can be generated with the morphology information. SEM could obtain pictures 

for 2D and 3D materials with nanometer-scale resolutions102. 

EDS is an analytical technique through which the elemental composition of the sample 

could be obtained. The electron beam hits the sample and may excite an electron in the inner shell. 

This electron will be ejected and a hole will be created. When the electron which has higher energy 

on the outer shell fills the hole, the energy difference between two shells will be emitted as an X-

ray and be detected. Besides the elemental spectra, an elemental map could also be generated to 

show the element distribution in a selected area102. 
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2.1.2. Instrument Settings for SEM 

Collected leaf surface microstructure has been analyzed using JEM 6610LV Scanning 

Electron Microscope (SEM) at an accelerating voltage of 5-10 kV before and after PM retrieving. 

A 10 mm ´ 10 mm piece had been cut from the center of the leaf and fixed on the sample holder 

with double-sided adhesive carbon tape.  

PM collected by different methods has been analyzed by the Quanta™ 3D DualBeam™ 

FEG FIB-SEM system. The PM samples were mounted to the sample holder by using a piece of 

double-sided adhesive carbon tape and coating with platinum. The accelerating voltage for 

analyzing is 20 kV, and EDS provided information on elemental compositions.  

2.2. EPFRs Characteristics 

2.2.1. Principle of Electron Paramagnetic Resonance (EPR) 

EPR is a spectroscopic technique used to study samples containing unpaired electrons. As 

an elementary particle, the electron has intrinsic angular momentum, which is parameterized by 

spin quantum number (s=!
"
). It can generate a magnetic field because of spin and have a magnetic 

moment. When there is no external magnetic field, the orientation of electrons is random. But once 

an external magnetic field is applied, the magnetic moment will align electrons in two directions 

to the field: parallel (ms = !
"
 ) or antiparallel (ms = - !

"
 ). Parallel state (α) is always a lower energy 

state, while the antiparallel state (β) is a higher energy state. This spilt of energy state at the 

presence of a magnetic field is calls the Zeeman effect (Figure 2.1.).  The energy of the two states 

is calculated as: 

E = ms g µo Bo,           (Equation 2.1.) 
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Where: μo is Bohr magneton (μo = 9.27 x 10-24 J T-1); B (Tesla) is the magnetic field; and g is the 

g-factor. In EPR, the microwave is providing energy to electrons in the parallel state (α), and once 

the energy equals the energy difference between two states, namely: 

∆E = h𝜈 = g µo Bo,    (Equation 2.2.) 

Where h is the Planck’s constant (h = 6.63 x 10-34 J.s); 𝜈 (Hz) is the frequency of the incident 

microwave, the electron will absorb the energy and jump to the high energy antiparallel state. This 

changing of electron spin between the energy states is known as resonance.  

Typically, the microwave frequency is fixed, and the magnetic field is changing until the 

resonance takes place, and usually, the first derivative of the absorption spectrum is measured. So, 

according to the equation above, under a certain magnetic field and microwave frequency, the g-

factor is a constant and provides the information of the electron structure. Besides the applied 

external magnetic field, electrons are also affected by the local magnetic field generated by 

neighboring atoms or molecules and change the g-factor due to the changing of the angular 

momentum. For example, with the association of the unpaired electron with an atom that has a 

non-zero nuclear spin, the hyperfine interaction will occur103. 

In Figure 2.2, the upper spectrum is the first derivate spectrum usually recorded by EPR, 

and the lower one is the absorption spectrum. g-factor is obtained as the maximum of the 

absorption curve, and the peak width ∆Hp-p is the distance between crest and trough. Both g-factor 

and ∆Hp-p depend on the radical types in the sample. 
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Figure 2.1. The Zeeman effect. ms is the spin quantum number. h is the Planck’s constant (h = 
6.63 x 10-34 J.s); 𝜈 (Hz) is the frequency of the incident microwave.  
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Figure 2.2. EPR first derivative and absorption spectra. ∆Hp-p is the peak width of the 
absorption spectra.  
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2.2.2. Instrument Settings for EPR 

All PM samples were characterized for the EPFRs content by EPR using a Bruker EMX 

10/2.7 EPR spectrometer (X-band) equipped with a dual cavity. The parameters of free radical 

signal measurements were based on William’s paper57 and were applied to all particles’ 

measurements. These parameters were as follows: 2.03 mW power; modulation amplitude of 4.0 

G; sweep width of 100 G; time constant of 40.96 ms corresponding to a conversion time of 163.84 

ms; sweep time of 167.77 s; receiver gain of 3.56 × 104; and three scans. EPFRs concentration was 

calculated by comparing the area of the peak to a 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard. 

2.3. Simulated Sample Aging  

A study focusing on the decay behavior of EPFRs in PM2.5 has been conducted before, and 

three decay patterns -fast decay, slow decay, and no decay have been identified28. In this research, 

a sample aging study has been conducted after the particles had been retrieved from the medium 

to simulate the collection conditions of two methods under a laboratory set up. The same sample 

has been divided into two groups, and particles were left in the EPR tube for an easier measurement. 

The first group of samples was subjected to air purged at a constant flow rate of 0.8 mL/s and 

labeled as active aging, simulating the collection condition of HV PM sampler. The second group 

was exposed to the air and only subjected to air diffusion and called passive aging, simulating the 

phytosampling condition. We compared the EPFRs concentration and EPFRs speciation changes 

under different conditions along time. 

2.4. Hydroxyl Radicals and Superoxide Radicals Generation by PM 

EPFRs could generate ROS, which will induce oxidative stress in the biological systems33. 

In this research, we adapted the procedure of using spin traps to detect the generation of hydroxyl 

radicals (•OH) and superoxide radicals (O2•-) from a paper published by Khachatryan et al.32. 
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2.4.1. Background of Spin Trapping Experiment 

Spin trapping study is to use a spin trap reagent to react with the short-lived radicals to 

form more stable spin adducts which can be detected and measured by EPR. Spin trap reagents are 

nitrone or nitroso compounds and will form more stable radical adducts with typical spectrum 

patterns that are detectable and easily characterized by EPR. The most widely used spin trap is 

5,5-dimethyl-1-pyrroline N-oxide (DMPO), and the DMPO-hydroxyl adduct has a 4-line spectrum 

pattern in EPR measurement. Another spin trapping reagent 5-tert-butoxycarbonyl-5-methyl-1-

pyrroline N-oxide (BMPO) is usually used to detect the generation of superoxide radicals which 

serves as a precursor to generate hydroxyl radicals in the EPFRs redox cycle. Although DMPO 

can also react with superoxide radicals, the half-life of DMPO-superoxide adduct is very short 

(t1/2= 45 s). And the DMPO-superoxide adduct will quickly decay to DMPO-hydroxyl adduct. In 

order to detect the generation of superoxide radicals, BMPO has been used, and the half-life of 

BMPO-superoxide adduct is much longer and measurable in EPR (t1/2=23 mins)104,105. The 

detection of superoxide radicals is characterized by the shoulders on the two center peaks of the 

BMPO-superoxide adduct 4-line spectrum.   

2.4.2. Spin Trapping Experiment Protocol 

The procedure of measuring hydroxyl radicals generated by EPFRs using DMPO is as 

follows. 2 mg of PM sample was added into 1 mL phosphate buffered saline (PBS) solution at pH 

7.4. Two sets of PBS solutions were used for each sample: purged with pure N2 for 5 mins to 

remove dissolved oxygen (control) and purged with pure O2 for 5 mins. PM suspensions were 

vortexed for 10 mins. 10 µL was taken out for analysis. 10 µL of freshly made 3M 5,5-dimethyl-

1-pyrroline-N-oxide (DMPO) was added into the sample and sample solution was diluted with 

additional PBS to 190 µL. 20 µL from final 200 µL suspension was probed into spin-free capillary 
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tube (Fisher brand), and EPR spectra was measured with the following instrumental parameters: 

10.18 mW power; modulation amplitude of 0.8 G; sweep width of 100 G; time constant of 40.96 

ms corresponding to a conversion time of 163.84 ms; sweep time of 167.77 s; receiver gain of 5.02 

× 105; and two scans. The spectra of DMPO-OH adduct were recorded after 10 mins, 30 mins, and 

every hour up to 6-7 hours. All 4-line peaks were considered for spin quantitation with the peak 

area calculated as the ΔHp‑p2 multiplied by relative intensity. The area result of each peak for 

every data point was summed, and all data points were plotted in one graph. The difference of 

hydroxyl radical concentration between the sample group and the control group indicated the 

potential of PM sample to generate hydroxyl radicals.  

2.5. PAHs Extraction and Concentration Analysis 

2.5.1. Gas Chromatography-Tandem Mass Spectrometry (GC-MS/MS) 

Gas Chromatography (GC) is an analytical technique used to separate volatile compounds. 

The mobile phase in gas chromatography is carrier gas, while the stationary phase could be liquid 

or solid packed on the inner wall of the column. And the column is mounted in an oven in which 

the temperature ramp could be setup. Separation occurs based on the interaction of the analyte 

molecules with the mobile phase and the stationary phase. With the moving of the carrier gas with 

analyte molecules, the adsorption strength of various molecules to the stationary phase results in 

the different elute time of analyte molecules from the column, and this time is called retention time 

of the compound. A detector connected to the end of the column can monitor and analyze the 

compounds.   

Mass spectrometry (MS) is a technique that measures the mass-to-charge ratio (m/z) of 

ions. Once the analyte enters the mass spectrometer, it will be ionized, and some molecules will 

break into charged fragments, and then these fragments can be separated based on their mass-to-
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charge ratio. As ionization is an important process for mass spectrometry, there are different ion 

sources available for various sample types. For example, electron ionization (EI) and chemical 

ionization (CI) are suitable for gaseous samples, while electron spray ionization (ESI) is usually 

chosen for liquid biological samples. There are two typical methods to analyze ion fragments in a 

mass spectrometer: full scan and selective ion monitoring (SIM). In the full scan, all fragments in 

the target range are detected, and the full spectrum could be recorded. This method is usually used 

to determine unknown compounds in the sample, and the peaks in the spectrum could be compared 

to the database for compound qualification. The SIM method only monitors those fragments that 

are interested so that it could reach a lower detection limit. 

GC could be connected to different detectors considering the sample characteristics and 

the research needs. Gas chromatography-mass spectrometry (GC-MS) is widely applied in many 

fields, including environmental sciences, criminal forensics, chemical engineering, food industry, 

medicine, and so on, for detection, identification, and quantification even trace amount of 

substances in the sample106,107. When another phase of mass fragmentation has been added, a GC-

tandem MS or GC-MS/MS system has been built. This system is very useful in detecting a low-

level substance in a high background matrix. In this research, a GC-MS/MS system Agilent 

7980B/7000C Triple Quad System was used to analyze the ambient air PM samples. A triple 

quadrupole mass spectrometer consists of two quadrupole mass filters (Q1 and Q3) and a 

quadrupole collision cell (q2) in between. This triple quadruple configuration enables four scan 

modes by changing the fixed or scanning status of the two mass filters. These four modes are 

product ion scan, precursor ion scan, neutral loss scan, and multiple reaction monitoring scan 

(MRM). Product ion scan (Q1 fixed, Q3 scanning) can detect all the fragment ions of a selected 

precursor ion. Precursor ion scan (Q1 scanning, Q3 fixed) can find out all the precursors have 
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certain fragment ion. Neutral loss scan (Q1 scanning, Q3 scanning) monitors all pairs of ions that 

have the same m/z difference, and multiple reaction monitoring scan (MRM) (Q1 fixed, Q3 fixed) 

can find a precursor/product pair specifically. In the study, electron ionization is used, and MRM 

mode is the major method used to qualify and quantify the PAHs in the airborne fine and ultrafine 

particles collected by HV PM samplers and phytosampling. Figure 2.3 is a schematic overview of 

MRM mode108. 

 

2.5.2. PM Extraction and PAHs Analysis  

Selected PM samples retrieved from matrixes were subjected to PAHs analysis. Samples 

were extracted with dichloromethane (³99.9%, MilliporeSigma) to obtain PAHs. Samples were 

placed in a 5 ml glass centrifuge tube (Pyrex), and 3 mL of dichloromethane was added. Samples 

were then vortexed for 2 hrs 45 mins by Vortex Genie 2 (Daigger) and sonicated for 15 mins (FS-

20 ultrasonic, Fisher Sci.). Suspensions were next centrifuged for 2 hrs (Drucker Diagnostics). The 

supernatant was collected, dried under a gentle nitrogen flow, and redissolved in 200 µL of 

dichloromethane (³99.9%, MilliporeSigma). 

Samples were analyzed by GC-MS/MS (Agilent 7980B/7000C Triple Quad System) with 

a capillary GC column HP-5ms (30 m ´ 250 µm ´ 0.25 µm) and compared with the standard, i.e. 

mixed native PAH solution (Willington Laboratories): Naphthalene, 2-Methylnaphthalene, 

Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, 

 
Figure 2.3. Schematic overview of MRM mode108. Q1 and Q3 are two quadrupole mass 

filters. q2 is a quadrupole collision cell. 
. 
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Benzo[c]fluorene, Cyclopenta[c,d]pyrene, Benz[a]anthracene, Chrysene, 5-Methylchrysene, 

Benzo[b/k/j]fluoranthene, Benzo[e]pyrene, Benzo[a]pyrene, Perylene, Indeno[1,2,3-c,d]pyrene, 

Dibenz[a,h]anthracene, Benzo[g,h,i]perylene, Dibenzo[a,l]pyrene, Dibenzo[a,e]pyrene, 

Dibenzo[a,i]pyrene, Dibenzo[a,h]pyrene. 1 µL of extract was injected into GC-MS/MS system 

with the split ratio of 10:1. Multiple reaction monitoring (MRM) method was used for PAHs 

quantitation. Details of the GC-MS/MS method are provided in Table 2.1.  

 

2.6. Luminescence ATP Assay on Human Bronchial Epithelial Cells (BEAS-2B)  

PM exposure through inhalation is correlated to a lot of respiratory diseases9,11, and as an 

important component that can generate ROS, the cytotoxicity of EPFRs is worth studying. Several 

in vitro and in vivo studies have identified toxicological effects of radicals containing PM using 

surrogate EPFRs containing particles made in the lab. For example, Paul et al. found that exposure 

to the radicals containing PM caused lysosomal membrane permeabilization, lipid peroxidation, 

and epithelia-to mesenchymal transition (EMT) on human brachial epithelial cells (BEAS-2B)109. 

Balakrishna et al. identified the cytotoxicity of radicals containing PM to BEAS-2B through lipid 

Table 2.1. GC-MSMS parameters for PAHs analysis. 
 Parameters 
Model Agilent 7980B/7000C Triple Quad system 
Mode Multiple reaction monitoring (MRM) 
Method  Electron ionization 
Column Agilent J&W HP-5ms 
Dimensions 30 m ´ 250 µm ´ 0.25 µm 
Carrier Gas Helium, 1.2 mL/min 

Injection Split, split ratio: 10:1, 1 µL, 230 °C 

Oven Program 60 °C for 1min, 60 °C to 100 °C at 20 °C/min and hold for 1min, 100 °C 
to 220 °C at 5 °C/min and hold for 10min, 220 °C to 230 °C at 5 °C/min 
and hold for 8 min, , 230 °C to 300°C at 5 °C/min and hold for 8 min. 
Total run time 70 mins. 

Detector Ion source 230 °C, Transfer line 290 °C  
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peroxidation and influence on inflammatory cytokines expression110. In this research, a cell 

viability test concerning the cytotoxicity of EPFRs on PM has been conducted on human brachial 

epithelial cells (BEAS-2B) by luminescence ATP assay. The cells were exposed to the airborne 

PM as well as a surrogated sample synthesized in the lab, and the dose-response relationships of 

cells to both types of PM were compared. 

2.6.1. Surrogate EPFRs Containing PM Synthesis 

The procedure of synthesizing surrogate EPFRs containing PM was adapted from studies 

of Balakrishna et al110. Based on the proposed EPFRs formation mechanism introduced earlier, a 

transition metal oxide, a substituted aromatic compound, and an appropriate supporting matrix are 

needed in the suitable condition to synthesize the EPFRs containing PM. In this study, we chose 

to introduce 0.25% CuO to the ultrafine silica powder (Cab-O-Sil® fumed silica, <200 nm) as our 

PM surrogate and dose 2-monochlorophenol (2-MCP) and 1,2-dichlorobenzene (DCB) to the 

particles at 230 °C to form EPFRs on the surface of the PM surrogate. 

To make 0.25% CuO/SiO2 PM surrogate, copper (II) nitrate hemi(pentahydrate) has been 

introduced into silica powder using the incipient wetness method. The incipient wetness is also 

known as capillary impregnation, and it is relied on the capillary action to draw metal solution into 

the pores of the supporting matrix. After the calcination, the volatile part is removed, leaving metal 

composition in the pores. The mixture of hemipentahydrate and silica powder was stirred and then 

dried at 120 °C in the oven for 12 hrs. After grinding through the rotation with beads on a Rotavap, 

sieved through a 63 µm mesh and dried in the oven again, particles were calcinated at 450 °C for 

6 hrs, and PM surrogate is ready to use.  

Chemisorption process occurred through dosing 2-monochlorophenol (2-MCP) and 1,2-

dichlorobenzene (DCB) under vacuum to the surface of the surrogated PM by using a customized 
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vacuum exposure system. The system is consist of a vacuum pump to maintain vacuum, a pressure 

gauge to monitor system vacuum, a dosing port as the vapor source of MCP or DCB, an 

equilibrium chamber to maintain vapors and connect to the reactor, two reactors mounted in a 

ceramic heater to keep the reaction temperature, and two EPR tubes connected to the upper side 

of the reactor for an easier PM transfer and EPR measurement. The system was first evacuated to 

10-2 torr, and the CuO/SiO2 particles were heated in situ at 450 °C for 1 hr to remove any possible 

organic contaminants. Then the temperature of the system was lower to 230 °C, and the port 

connected to the pump was closed, CuO/SiO2 particles were dosed under the vapor for 6 mins. 

After dosing, the system was evacuated to 10-2 torr again to remove excess MCP or DCB, and 

EPFRs contained PM surrogate was cooled down to room temperature and subjected to EPR 

measurement to test for radical signals. The surrogate samples made use this method were marked 

as MCP-230 and DCB-230 in later experiments. 

2.6.2. BEAS-2B Cells Culture and Exposure Viability Test 

BEAS-2B cells were cultured in the cell medium (Corning® DMEM/Hams F-12 50/50 mix, 

sodium bicarbonate, glutamine, antibiotics, and fetal bovine serum) and maintained in 25 cm2 

flasks (T25) in the incubator under 37 °C, 5% CO2. A 1:5 split ratio was applied to passage cells 

every four days when replacing with new culture media (passaging time was determined in the 

beginning before they reach confluency). Heathy growing cells in a T25 flask were split and 

transferred to a 96-well plate (the designed layout is shown in Figure 2.4.). The wells on edges 

were filled with PBS solution, the second column was left for control, and the 11th column was 

blank. This layout design could mitigate the edge effects due to the uneven evaporation rate of 

culture medium on the whole plate during incubation. After cells were transferred in, the plate was 

incubated for four days, and the confluency of the cells was checked under the microscope to make 
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sure they were full of the well and ready to be exposed to PM. Once the PM has been retrieved 

from the sampling matrix and a surrogate sample has been made, they were immediately subjected 

to EPR measurement. All the PM used in the cell viability test were measured by EPR for EPFRs 

characteristics. And four PM concentration levels (10 µg/µL, 2.5 µg/µL, 1µg/µL and 0.1 µg/µL, 

corresponding to 310 µg/cm2, 77.6 µg/cm2, 31 µg/cm2, and 3 µg/cm2 to the surface area of each 

well) had been picked for a relative wide test range. Every four columns of the plate were grouped 

together for four levels’ solution from one sample. Cells also grew in the control wells that were 

not exposed to PM. Blank wells only contained medium without cells. 500 µL of particle stock 

solution with a concentration of 10 µg/µL had been made in PBS, and then this stock solution had 

been sonicated with an ultra-sonicator (QSONICA, Q125) for few second to break the particle 

aggregates and fully suspend them in the PBS. Gradient concentration level solutions were made 

from stock with the dilution of culture medium. Aspirated and discarded the old culture medium 

from each well and added back 5 ml of new culture medium to planned sample exposure wells and 

100 mL to blank and control wells. Added 10 µL of the different concentration levels of PM 

solutions in the designated wells and 90 µL medium in order (obtained six replicates for each 

exposure level). Added 100 µL additional PBS to the edge wells and incubated the plate for 24 hrs. 

After incubation, the old medium, together with the PM solution, was aspirate out and discarded, 

and cells in the well were rinsed twice with PBS. A luminescence ATP assay (CellTiter-Glo® 

Luminescent Cell Viability Assay, Promega) was applied to test the live cells through the detection 

of Adenosine Triphosphate (ATP) molecule, which is only present in metabolic active cells. The 

principle of this assay is through the reaction of beetle luciferin with ATP and O2 under the 

catalyzation of luciferase and Mg2+ to produce oxyluciferin, Adenosine Monophosphate (AMP), 

CO2, and release luminescence signal. 



 24 

 

2.7. Microwave Digestion and Inductively Coupled Plasma Optical Emission Spectrometry  

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is a multi-element 

analytical technique and is the preferred method to analyze trace metals in the samples. When a 

sample solution is drawn by a peristaltic pump into the instrument and converted into a fine aerosol 

spray in a nebulizer, larger droplets are drained away to the waste while the finer droplets are 

directed into the plasma torch. The plasma is generated in a quartz torch, which is surrounded by 

a radio frequency (RF) coil. Once turned on, the high-power RF creates an electromagnetic field 

in which the gas (usually Ar) is ignited, and the ionization of sample molecules is initiated. The 

plasma vaporizes the sample and excites the atoms and ions, and the characteristic light is emitted. 

This characteristic light then passes into a spectrometer, and a specific wavelength for each 

element is separated and measured. The light intensity for each different wavelength is quantified 

by using a calibration curve from standard to get the concentration data of an element111,112. 

 
Figure 2.4. Plate layout used in the cell viability test. 

PBS Control Blank
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Microwave digestion is the method used to decompose the samples before analyzing them 

by ICP-OES. PM samples are digested in the strong acid under microwave irradiation113. In this 

research, the Sineo MDS-6G microwave digestor with eight vessels has been used to digest PM 

and cellulose filter samples in a 7:1 mixture of nitric acid (68%-71%, TraceMetal Grade, Fisher 

Scientific) and H2O2 (30%). And the digestion program is as follows: 130 °C for 10 mins, then 

150 °C for 5 mins, and finally 180 °C for 15 mins. Once the samples are fully digested, they are 

diluted to a less than 10% acid sample solution and analyzed by VISTA-MPS CCD Simultaneous 

ICP-OES (wavelength coverage: 175-785 nm).  

2.8. Statistical Test 

Analysis of Variance (ANOVA) is a statistical test method that can be used to compare the 

means among groups. ANOVA was first proposed and introduced by Ronald A. Fisher in 1918114. 

Conducting ANOVA test is based on several assumptions: the deviations of observations within 

groups should be independent, identical and normally distributed; each treatment group is sampled 

independently; the variance of each treatment group is the same (homogeneity). The null 

hypothesis (H0) tested in ANOVA is that means of all populations are the same, while the 

alternative hypothesis (H1) is that at least one population mean is different. The variances come 

from the treatment effect (between group variance) and random error (within group variance). 

These two variances, together with sample sizes, determine the equality of the population means. 

F-test was conducted in ANOVA, and F test statistics provide the information of significant 

treatment differences. To calculate F test statistics, between treatments variance (SStreatment) and 

within treatment group variances (SSerror) need to be calculated first as: 

SStreatment = Σ nj (x̄j - x̄)2    (Equation 2.3.) 

 

SSerror = Σ (xi - x̄j)2    (Equation 2.4.) 
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Where x̄j is group mean, x̄ is the overall mean, xi is an individual observation, and nj is the sample 

size in each group. 

And the between treatments mean square (MStreatment) and within treatment group mean 

square (MSerror) are obtained with their degree of freedom (dfbetween, dferror), 

MStreatment = ##$%&'(&)$
*+,&$-&&)

 = ##$%&'(&)$
(.!

  (Equation 2.5.) 

MSerror =	 ##&%%/%
*+-0$10)

 = ##&%%/%
).(

   (Equation 2.6.) 

Where m is the number of groups and n is the number of independent observations. So, the F test 

statistics is: 

F = 2#$%&'(&)$
2#&%%/%

    (Equation 2.7.) 

If there are no differences between treatment groups, the F statistics will be 1. From F 

statistics and its F distribution, one could find out the probability value (p-value). If this p-value is 

smaller than a pre-specified significance level (usually 0.05), the null hypothesis will be rejected, 

and there are significant differences among tested groups. 

In this research, one-way ANOVA was applied to test the effects of different sample 

collection methods and collection locations to a certain sample characteristic, and the p-value was 

chosen to be 0.05. 
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CHAPTER 3. RESEARCH HYPOTHESIS AND OBJECTIVES 

As one of the six criteria pollutants, particulate matter has been proved to relate to many 

diseases. The toxicity of PM is in terms of the particle size and the chemical compositions (or 

pollutant load). Because fine and ultrafine particles are able to deposit in the alveolar region and 

even be translocated to other organs, they serve as effective vehicles to deliver toxic materials and 

significantly raise the human exposure risks. Among all these toxic substances, EPFRs and PAHs 

are two important components that are almost ubiquitous in combustion generated PM, thus worth 

to study. EPFRs can be considered as an emerging contaminant since they have existed in the 

environment for a long time, and there is a rising concern about their potential risks115. EPFRs 

could generate ROS and induce oxidative stress in the biological systems, and certain PAHs are 

carcinogenic and mutagenic. So, to collect and study EPFRs/PAHs-associated PM is important to 

evaluate the exposure health risks of the general public to the airborne PM.  

The prevailing PM collection method is to use PM samplers, but it bears some artifacts and 

has some limitations. For example, it is not easy to recover the particles from collection matrixes 

for further analysis. The collected PM is not subjected to exactly the same environmental 

conditions as those suspended PM that human is exposed to. Moreover, setting up a sampler is 

expensive, and using it requires professional training. Hence, the applications of the sampler in a 

dense network for a more accurate evaluation of spatial PM distribution are limited. Therefore, we 

are trying to develop and solid another method to solve these problems in this research. A new 

phytosmapling method using leaves as a passive PM sampler has been developed to overcome the 

drawbacks of the prevailing high volume air samplers. The hypothesis of this research is that the 

sampling methods will affect the chemical compositions of the fine and ultrafine particles.  
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To test this hypothesis, the research is divided into three parts with three specific objectives. 

The first objective is to develop the new phytosampling method and test the feasibility and the 

effectiveness of it. This objective was approached by optimizing the method details and comparing 

EPFRs characteristics, the potential of ROS generation, PAHs compositions, and the cytotoxicity 

between the PM collected from phytosampling and prevailing high volume PM sampler. The 

second objective is to evaluate the application of the phytosampling method to field studies. The 

phytosampling method has been applied to a study in Memphis, Tennessee, with more than a 

hundred sampling sites to investigate the spatial distribution of EPFRs concentration to provide 

information of potential radical explore “hot spot” within the city. And the method was also applied 

to a field study in New Orleans, Louisiana, concerning the PM associated pollutant emissions from 

a ship cargo terminal. The third part is the application of a high volume PM sampler to collect PM 

samples during the tailgate parties in the football season to evaluate the influence of human 

behavior on short-term PM emissions. 
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CHAPTER 4. DEVELOPMENT OF PHYTOSAMPLING METHOD 

For the regulatory and research purposes, PM is collected from ambient air using special 

sampling devices. Most commonly, the particle concentration in the air is determined through the 

mass change of the collection matrix. Major drawbacks of such method include the difficulty of 

particle retrieval for further analysis if needed, and altered environmental conditions during the 

sampling process (i.e., excessive air flow, changed lighting conditions compared to ambient air or 

prolonged time lapse during collection) that may affect some properties and compositions of the 

sample. The network density of the sampling devices is also a factor in the accurate evaluation of 

the local PM distribution. 

It has been shown that the urban forest has the function to remove air pollutants116–120, 

including PM2. PM removal from ambient air by plants is based on the “enhanced” deposition 

mechanism on leaves, i.e., through electrostatic interactions and entrapment by trichomes (Figure 

4.1.). This phenomenon creates a potential for the development of “phytosampler” for ambient air 

PM collection. Though such method will not be able to accurately define the PM concentration in 

ambient air, it can be an excellent supplementary tool for chemical characterization of PM, and 

through referencing with PM concertation in the air (evaluated by other methods) translate to 

chemical exposure. Phytosampling offers more flexibility in spatial resolution (such as creating a 

dense sampling network), reduced cost, no instrument set-up, easier particle recovery, more 

volatile organics could be kept without the high volume air flow pulling through the sample and 

particles will be exposed to the same solar and atmospheric conditions as those suspended in air. 

However, the efficiency PM collection will vary a lot from different plant species and be 

influenced by weather conditions.  
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In this research, fine particles and ultrafine particles were collected using both prevailing 

high volume (HV) PM sampler and new phytosampling collection methods. The speciation and 

concentration of EPFRs on PM have been analyzed and compared. Spin trapping experiment has 

been conducted on particles from different sources to evaluate the hydroxyl radical generation 

potential. After retrieving from collection matrixes, PM has been extracted by dichloromethane, 

and polycyclic aromatic hydrocarbons (PAHs) on PM samples have been analyzed and compared 

between two collection methods. The comparison results of selected pollutants present on the PM 

collected from different methods could help to establish the feasibility of phytosampling as a 

supplementary tool for PM pollution studies. 

 
Figure 4.1. Particles are trapped by trichomes when they deposit on the leaf surface. 

Leaf Surface

Trichome PM



 31 

4.1. Phytosampling Method 

Phytosampling is a method that uses leaf surface to collect PM. In this research, PM was 

retrieved from the plant leaves in the Baton Rouge, LA area to develop and test the viability of the 

phytosampling method. Three common to Louisiana plant species were selected, and fresh leaves 

of those plants were collected for preliminary experiments around the campus of Louisiana State 

University, Baton Rouge, LA. The three tree species are Ligustrum japonicum (Japanese privet), 

Callicarpa americana (American beautyberry), and Camellia japonica (Japanese camellia). The 

sampling locations are provided in Table 4.1 and Figure 4.2. 

 
 
 
 
 

 

Table 4.1. Sampling locations. 

Sampling site GPS 
Coordinates 

Plant Species Site Characteristics 

SP #1 30.396734, -
91.177729 

Ligustrum japonicum 
(Japanese privet) 

The corner of an 
intersection where traffic 
provided an important 
source for PM. 

SP #2 30.413446, -
91.182333 

Callicarpa americana 
(American beautyberry) 

A busy bus stop on LSU 
campus. 

SP #3 30.409424, -
91.177341 

Camellia japonica 
(Japanese camellia) 

Next to a department 
building on LSU campus. 

HV #1 30.410441, -
91.176964 

High volume (HV) PM 
sampler 

On the roof of a seven-story 
building on LSU campus. 
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Only healthy-looking leaves with similar size at shoulder high were collected and stored in 

ziplock bags. After collection, samples were immediately transferred to the laboratory for PM 

retrieval, and all leaves were treated within 6 hours after collection. The total leaf surface area was 

measured using grid paper. Next, leaves were transferred to beakers containing deionized water in 

the amount sufficient to cover all leaves except petiole (approximately 100 mL water). Leaves 

were then sonicated by ultrasonic FS-14 (Fisher Scientific) for 30 s followed by leaves removal 

and transfer of water containing retrieved particles to vacuum filtration assemblies. Larger size 

particles were removed on a 3.0 μm pore size prefilter (Pall Corporation), and filtrate containing 

particles < 3 μm was collected (P3). Filtration using 0.7 μm pore size A/D glass fiber filter (Pall 

Corporation) or a 0.2 μm polyethersulfone membrane sterile syringe filter (VWR brand) produced 

 
Figure 4.2. Sampling sites in Google Earth. 

200 m

SP #2

SP #1

SP #3

HV #1
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filtrate suspensions containing particles < 0.7 μm (P07) and < 0.20 μm (P02), respectively. Filtrates 

were next subjected to freeze drying (lyophilizer, Labconco Co., model #7740020), and 

corresponding particle size fractions were collected, weighed, and ready to be analyzed. This PM 

retrieving procedure is shown in Figure 4.3.  

 

The efficiency of capturing PM by different plant species depends on the features of their 

leaf surface and varies with the change of the environmental conditions. There are published 

studies that focused on the ability of different plant species on retaining airborne PM121–125. The 

average efficiency of PM collection (µg/cm2 leaf surface) in this study from each plant species is 

presented in Table 4.2. The results for P07 are from preliminary experiments. Considering the site 

characteristics and availability of plants, site SP #1 with P3 and P02 had been chosen for more 

extensive studies. 

 
Figure 4.3. Phytosampling method to collect PM. 

 

Merge leaves into 100 mL 
deionized water

Sonicate for 30 s

After sonication
Filter through 3.0 
µm/0.7 µm filters

Freeze 
suspension with 
particles ≤ 0.2 

µm 

Freeze suspension with 
particles ≤ 0.7 µm 

Filter again 
through 0.2 µm 

syringe filter

Load 
samples on 
lyophilizer

Weigh and 
analyze
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4.2. High Volume (HV) PM Sampler 

PM2.5 and PM0.1 were collected by a high volume (HV) PM sampler (BGI 900 High 

Volume Cascade Impactor) fitted with three stages of the impactor (PM10, PM2.5, and PM0.1), 

polyurethane foam (PUF) filter as impacting matrix and ultrafine fiber filter as the residual stage. 

A cascade impactor works based on the principle of Cascade Impaction, in which certain size 

fraction of the total particulate matter will pass the designed orifice under specific air flow. So, 

particles collected on each stage are normally distributed in size, with a median of stage designed 

size. Using PUF filter, which has larger pores and lower density than traditional filters as the 

collection matrix largely reduces the bounce-off losses of PM, increases the collection capacity, 

and enables easier particles retrieval for analysis on particulate only126. 

The sampler was set up on the roof of Choppin Hall, Louisiana State University (marked 

as HV#1 in Figure 4.2. and Table 4.1.), which is a seven-story building. The sizes of PUF filter 

for three collection stages are: PUF for PM10 - inside diameter 3.5 inches, outside diameter 6.5 

inches, actual measured D50 9.5 µm; PUF for PM2.5 - inside diameter 4.5 inches, outside diameter 

5.5 inches, actual measured D50 2.5 µm; PUF for PM0.1- inside diameter 4.75 inches, outside 

diameter 5.25 inches, actual measured D50 0.17 µm. Before collection, PUF filters were prepared 

by sequential washing with Milli-Q water, hexane (≥95%, MilliporeSigma), methanol (≥99.8%, 

BDH), and dichloromethane (99.9%, MilliporeSigma) under 1-hour sonication each. After 

cleaning, PUF filters were covered and left overnight to dry, and cleaned PUF filters were stored 

Table 4.2.  Average collection efficiency of three plant species. 

µg/cm2 
leaf surface 

Ligustrum japonicum 
(SP #1) 

Callicarpa americana 
(SP #2) 

Camellia japonica 
(SP #3) 

P07 4.24 (7 collections) 11.63 (4 collections) 2.87 (5 collections) 
P02 2.88 (16 collections) / / 
P3 4.03 (9 collections) / / 
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at 4 °C in plastic bags before use. The air sampling rate of 900 L/min was checked by a BGI High 

Volume Calibrator before each sampling, and PM was collected continuously for two weeks. After 

collection, PUF filters were cut into 1 cm2 pieces and tapped to retrieve free falling particles (PM0.1 

TAP and PM2.5 TAP). These particles were weighed to be analyzed separately. The remaining 

particles in the matrix were retrieved by sonication in water: filter pieces were put into a beaker 

with 50 mL Milli-Q water and sonicated for 10 minutes, filters were removed, and the water 

suspension was immediately frozen using dry ice and acetone mixture and beakers were then 

loaded to the lyophilizer (Labconco Co., model #7740020) until dry and corresponding particles 

were collected (PM0.1 FD and PM2.5 FD), weighed, and ready to be analyzed. Table 4.3 compared 

the features of high volume (HV) PM sampler with the phtosampler. A picture of the BGI 900 

High Volume Cascade Impactor is shown in Figure 4.4. 

 

 

Table 4.3. Comparison of the new phytosampling method and high volume (HV) PM sampler 
method. 
BGI 900 High Volume Cascade Impactor Phytosampler (leaves) 
Collection time: 2 weeks Collection time: flexible from 1 day after 

the rain up to next rain 
Collection major steps:  
PUF filter cleaning; 
Sampler setting up; 
Flow rate checking; 
Sample collection; 
Particles extraction. 

Collection major steps:  
Leaves collection and environment 
condition recording; 
Leaves area measurement; 
Washing and sonication; 
Filtration; 
Freeze Drying. 

PM size: normally distributed with a median 
of stage designed size. 

PM size: < filter size (filter cut-off). 
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4.3. Leaf and PM Surface Morphology and Elements Analysis Comparison 

The PM retrieving procedure from the leaves surface includes sonication of collected 

leaves. Compromising leaf integrity may affect the outcome of the process and introduce the 

experimental artifacts. Scanning Electron Microscope (SEM) has been used to analyze the leaf 

surface before and after the PM retrieving (Figure 4.5.). These pictures show the stomata and 

trichomes on leaf surface both before and after the treatment, and the number of particles captured 

on the leaf surface reduced after the retrieving with no damage to the structure of the leaf surface. 

 
Figure 4.4. BGI 900 high volume cascade impactor. 
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Figure 4.5. SEM results on leaf surface before (A1, B1, C1, D1 and E1) and after (A2, B2, 
C2, D2 and E2) the PM retrieving from two species. (A and B are from the leaves of Hedera 
helix (the common ivy), which were collected from Memphis, Tennessee for our previous 
study. C-E are from the leaves of Ligustrum japonicum (Japanese privet). 

 

(A1) (A2)

(B1) (B2)

(C1) (C2)

(D1) (D2)

(E1) (E1)
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The SEM results in Figure 4.6 show typical PM morphology, and fine and ultrafine 

particles are always present as an aggregate of a lot of small particles. The Energy Dispersive X-

ray Spectroscopy results of retrieved particles from both HV PM sampler (PM0.1 TAP, PM0.1 FD, 

PM2.5 TAP, and PM2.5 FD) and phytosampling methods (P02 and P3) are shown in Figure 4.7. The 

spectrum next to each sample figure is an example of the spectroscopy result and shows all the 

elements that we analyzed. Elemental carbon and oxygen accounted for a majority of elements in 

the samples from both collection methods. However, C, O, and Pt are also background elements 

due to the utilization of carbon tape and platinum coating for sample fixing. Thus, the actual 

content of those elements cannot be established with this method. We have normalized remaining 

elements data and presented as inset graphs with the average from several samples in analysis 

areas. The results show higher sodium, silicon, aluminum, sulfur, and chlorine contents in the HV 

samples, while potassium and calcium were higher in phytosampled samples. It is, however, worth 

noting that nitrogen and sulfur were also prominent in P02 samples from phytosampling method. 

These elements are commonly detected in ambient PM, and nitrogen and sulfur are mainly from 

nitrates and sulfates, which are the most abundant inorganic components of secondary PM in the 

ambient air. 
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Figure 4.6. Scanning electron microscope images of retrieved particles from both HV PM 
sampler (PM0.1 TAP, PM0.1 FD, PM2.5 TAP and PM2.5 FD) and phytosampling method (P02 and 
P3). 

PM2.5 FD

PM0.1 TAP

PM0.1 FD

PM2.5 TAP

P3P02
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Figure 4.7. Energy dispersive x-ray spectroscopy results of retrieved particles from both PM 
sampler (PM0.1 TAP, PM0.1 FD, PM2.5 TAP and PM2.5 FD) and phytosampling method (P02 and 
P3). 
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4.4. EPFRs Characteristics Analysis and Comparison 

EPFRs concentration and characteristics of PM samples were measured and compared 

between two collection methods. The g-factor, DHp-p, and EPFRs concentration were averaged 

for P02 (16 batches), P3 (9 batches), PM0.1 TAP (8 retrievable batches), PM0.1 FD (11 batches), 

PM2.5 TAP (7 retrievable batches) and PM2.5 FD (10 batches). 

The average g-factors of all samples are in the range of 2.0030-2.0050. The values closer 

to 2.003 is indicative of more carbon-centered radicals, while higher g-factors (2.004 and above) 

is typical for oxygen-center EPFRs22. The g-factor of EPFRs on phytosampled PM (>2.0045) is 

statistically significantly higher (p<0.01) compared to those collected by HV PM sampler 

(<2.0040), while the g-factor of EPFRs from same collection method but different PM sizes is not 

statistically significantly different from each other (Figure 4.8. (A)). Therefore, EPFRs on 

“phytosampled” PM contain a larger contribution of oxygen-centered EPFRs compared to PM 

from HV PM samplers. This supports our hypothesis that the collection method affects EPFRs 

characteristics (and potentially other chemical changes). We posit that using air sampler 

(particularly for a long collection period) results in a change of environment of PM on the matrix 

(no sunlight, high air-solid exchange ratio due to high flow of air), thus impacting suspended 

particles. On the contrary, PM deposited on the leaves is exposed to conditions that resemble more 

those of PM suspended in the air. 

To investigate the impact of sample treatment during PM recovery from the matrix, we 

compared a fraction of PM tapped out of the collection matrix with that removed by sonication 

followed by freeze drying. We found that applied treatment does not significantly impact EPFRs 

and elemental composition (the observed variation in the elemental composition can account for 
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heterogenicity of PM samples). For both types of samples, ∆Hp-p is similar, between 6.9 and 7.7, 

and indicates a presence of carbon- and oxygen-centered EPFRs mixture. 

 

No relationship between EPFRs concentration with PM size was detected for samples 

collected by the phytosampling method (Figure 4.9.). However, for HV PM sampler collected 

samples, PM0.1 always contains higher EPFRs concentration than PM2.5. We believe that the 

differences in EPFRs with PM size below 2.5 micron diameter is a result of inherent PM size 

artifact in an impactor. EPFRs are typically associated with PM of combustion origin, which is 

below 2.5 µm in size. In cascade impactor, particles collected on each stage are normally 

distributed in size, with a median of stage designed size. Thus, the collection stage for PM2.5 will 

also collect larger and heavier particles, which are more typical to erosion, dust, and sand, not 

containing EPFRs. With the decreasing nominal size of the collection stage, the contribution of 

those large particles is decreasing significantly. This is in line with other observations27,127 that 

related increased EPFRs concentration on smaller PM with higher carbon content. The 

phytosampling method, in contrast, is a filter size cutoff method which will only collect particles 

with the size below the filter size. 

 
Figure 4.8. Average g-factor (A), ∆Hp-p (B) and spins concentration (C) of EPFRs on PM2.5, 
PM0.1, P02, and P3. * is indicating for significant difference by ANOVA (p<0.01). 
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4.5. Simulated Sample Aging Analysis 

The simulated sample aging study is to mimic the condition of HV PM sampler (active) 

and phytosampling (passive) in a laboratory setup. The results are shown in Figure 4.10. A 

significant difference in EPFRs changing behavior between HV samples and phytosamples was 

observed. In general, HV samples have shown an over-time decay behavior, described by 

others28,128, with EPFRs lifetime ranging from 63-167 days depending on the mode of aging 

(forced air flow – active aging or diffusion air contact – passive aging). On the contrary, 

phytosamples have shown an increasing EPFRs concentration with time to reach a steady state 

level (with trending concentration downwards after prolonged aging). Interestingly, for HV 

samples, g-factor remains relatively constant, while decreasing with aging for phytosamples. 

Based on these observations, we have concluded that EPFRs in natural environment are formed 

by oxidation leading to oxygen-centered EPFRs (higher g-factor) and at the same time decay and 

convert to carbon-centered EPFRs. This is why during aging, though the g-factor on phytosampled 

 
Figure 4.9. Comparison of spins concentration of EPFRs on PM2.5, PM0.1, P02, and P3 within the 
same collection batch. A is the comparison of EPFRs spins concentration between PM0.1 TAP 
and PM2.5 TAP collected from HV PM sampler. B is the comparison of EPFRs spins 
concentration between PM0.1 FD and PM2.5 FD collected from HV PM sampler. And C is the 
comparison of EPFRs spins concentration between P02 and P3 collected from phytosampling 
method. 
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EPFRs is declining (increasing contribution of C-centered EPFRs), overall radical concentration 

is increasing. On the contrary, HV PM samples provide a snapshot of PM further in time (due to 

prolonged exposure to high air flow in the sampler) where g-factor is already much lower, and no 

formation of new EPFRs is observed. Due to the two-week collection time, the captured aging start 

point for HV PM sampler samples is more comparable to the point at 300-400 hrs in the 

phytosampling PM aging studies where it is approaching the steady and decay phase. 
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Figure 4.10. Comparison of spins concentration (blue) and g-factors (red) of EPFRs on PM 
from both collection methods under different aging conditions (active and passive). PM0.1 and 
PM2.5 were collected from HV PM sampler while P02 and P3 were collected by phytosampling 
method. 
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4.6. Hydroxyl Radical and Superoxide Generation by EPFRs 

Since the toxicity of EPFRs is associated with the generation of ROS, a spin trapping study 

was conducted to quantify the production of hydroxyl radicals. Two spin trapping reagents had 

been used to test the generation of ROS in phosphate buffered saline solution (PBS). 5,5-dimethyl-

1-pyrroline-N-oxide (DMPO) was used to trap hydroxyl radicals, and the difference of 

DMPO−OH adduct concentration between results under O2 presence and N2 presence is the 

generation of hydroxyl radicals by EPFRs (Figure 4.11.). This kind of difference was observed 

from both HV air samples and phytosamples. Average hydroxyl radical production among eight 

measurements in 300 mins for PM0.1 FD and PM2.5 FD are 0.14 nmol/μg and 0.03 nmol/μg. And 

the average hydroxyl radical production among five measurements in 400 mins for P07 is 0.16 

nmol/μg. These concentrations are corresponding to the following hydroxyl radical generation 

potential:  for PM0.1, 1 EPFR generated 19 •OH; for PM2.5, 1 EPFR generated 9 •OH; and for P07, 

1 EPFR generated 18 •OH. From this result, the generation of hydroxyl radicals by PM collected 

from both methods is at a similar level and in line with the results published by Khachatryan et al. 

that after 140 mins of incubation, one EPFR could generate about ten hydroxyl radicals32. 

However, the difference of hydroxyl radical generation under two experimental conditions cannot 

always be identified on every sample, which may result from different chemical compositions of 

particles and short half-life of hydroxyl radical, so that this concentration level reported here could 

only be regarded as a reference value. The experiment procedure also needs to be optimized and 

more experiments are required.  
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Another spin trapping reagent 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide 

(BMPO) was used to trap superoxide radicals, which is the precursor of hydroxyl radicals 

according to the redox cycle showed by Dellinger et al.56. Xanthine oxidase will catalyze the 

reaction of xanthine with oxygen and water to produce uric acid and superoxide radicals, and this 

reaction is always used as a standard for superoxide radical generations. BMPO superoxide adduct 

spectrum has two shoulders on the two center peaks, as shown in the xanthine reaction spectrum 

in Figure 4.12. The features for superoxide radicals on the spectra from tested PM samples and the 

surrogate model EPFRs samples (MCP230) are not very clear, meaning that we can only detect 

the hydroxyl radical signals in our procedure settings.  

 
Figure 4.11. Hydroxyl radical generation curve under presence of N2 and O2. A is the experiment 
result conducted on PM0.1 FD collected by HV PM sampler. B is the experiment result conducted 
on PM2.5 FD collected by HV PM sampler. And C is the experiment result conducted on P07, 
which was collected by phytosampling method. 
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4.7. PAHs Concentration Comparison 

Three batches of PM from the HV PM sampler and two batches of PM from 

phytosampling had been extracted and analyzed for PAHs contents. For phytosamples, larger 

particle size (P3) contains in both cases more PAHs compared to ultrafine samples (P02) (Figure 

4.13. (B)). This is in contrary to HV samples, where smaller PM contains typically more PAHs 

(Figure 4.13. (A)). This result is anticipated and due to the difference in collection methods – 

phytosamples represent all particles with a diameter below filter cutoff size, thus P3 includes all 

 
Figure 4.12. Spectra of BMPO adduct from PM samples and xanthine. 
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PAHs associated with smaller particles. But this is not the case for HV samples, which represent 

a normal distribution of particle sizes with shifting median. 

 

The normalized percentage concentration of PAHs to the total PAHs has been shown in 

Figure 4.14. Specific PAH profile for both sizes (P02 and P3) of phytosamples were very similar 

(Figure 4.14. (A)), dominated by the presence of Perylene, Benzo[b/k/j]fluoranthene, Anthracene, 

Benzopyrenes, and to lesser extent Fluoranthene and Dibenz[a,h]anthracene. For HV samples 

(Figure 4.14 (B)), a distinct difference is noticed in PAH profiles with the changing size: PM2.5 

samples contain relatively higher amount of lighter PAHs (4 or fewer rings, profile dominated by 

Pyrene, Fluoranthene, and Phenanthrene), while PM0.1 contain more heavier PAHs (more than 5 

rings, profile dominated by Indeno[1,2,3-c,d]pyrene and Benzo[g,h,i]perylene]). The sample 

collected on 05/21/2018 appears to show a different pattern in both PM0.1 and PM2.5 sizes and 

indicated a different source of PM. In fact, this sample resembles more phytosamples in respect of 

specific PAH profile. Though no sufficient data is available, it is possible that this resemblance is 

associated with the seasonal change in PAHs profile (this specific HV sample and both 

 
Figure 4.13. Concentration of total PAHs on PM from PM sampler (A) and phytosampling (B). 
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phytosamples were all collected in the summer months, while other HV samples were collected in 

cooler months). 

It is not possible at this point to explain the differences in the PAHs profile between PM0.1 

and PM2.5, considering that such differences are not observed for phytosamples. One can speculate 

that it might be associated with the combination of the collection method and the vaporization of 

lighter PAHs from smaller particles (high surface-volume ratio). This finding, however, 

underscores the advantage of phytosampling over impactors for chemical speciation 

characterization associated with PM in ambient air. 
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4.8. Cell Viability Test 

BEAS-2B cells were exposed to PM collected from both methods and surrogate MCP-230, 

DCB-230 particles. All results are normalized to the blank and plotted as particle exposure level 

to cell viability. PM0.1 and PM2.5 show different dose-response relationships (Figure 4.15.). PM0.1 

has a linear dependence of dose-response, while PM2.5 shows an exponential dose-response. These 

two types of PM behave differently in our test. Cell viability to the exposure to PM0.1 drops slower 

 

 
Figure 4.14. Comparisons of PAHs concentration on PM from both collection methods between 
similar particle sizes. A compares the PAHs profiles between P02 and P3 from two collections 
by phytosampling method. B compares the PAHs profiles between PM0.1 FD and PM2.5 FD from 
three collections by HV PM sampler. 
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in the low PM concentrations and faster when concentration increased. However, cells have a 

faster response at the lower dose of PM2.5 and then stays stable or respond much slower.  

 

Figure 4.16 evaluates the correlation between cytotoxicity and the g-factors of EPFRs. For 

PM0.1 shown in the A1 and A2 panels, two samples with similar radical concentrations (black and 

blue curves) have similar response patterns; however, one sample (red curve) shows much lower 

toxic dose (TD50). And panel A2 plots their g-factors, and this sample has a much higher g-factor, 

which indicates that oxygen-centered radicals put more stress to the cells. Panel B1 and B2 are the 

results comparing three PM2.5 samples. Cell viability response curves all show exponential dose-

dependence, and two samples behave similarly (black and blue curves), while the one with the 

highest g-factor shows the more toxicological effect (red curve). The relationships of g-factor and 

slope in these samples (panel B2) are not very clear, indicating that the toxicity could be a result 

depends on both concentration and g-factor of radicals. 

 
Figure 4.15. All three panels show similar trend of cell viability test results from three batches 
of PM0.1 and PM2.5 samples collected by HV PM sampler. PM0.1 has a linear dose-response 
while PM2.5 shows an exponential dose-response. 
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Figure 4.17 shows the dose-response curve fitting for phytosamples. Both P02 and P3 show 

a linear dependence. All four samples have close g-factors (2.0047). The toxicological effects of 

P02 and P3 resemble more of PM0.1 from HV PM sampler which is anticipated due to their common 

combustion origin. In panel A, two P02 samples also have similar concentrations, so they behave 

alike. In panel B, the parallel dependence line with the same slope could be a result of the 

concentration difference.  

 
Figure 4.16. Correlation of the dose-response curve slope and sample g-factor for HV PM 
samples. A1 and A2 are results for PM0.1 while B1 and B2 are results for PM2.5. 
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Simulated aging PM exposure study could provide information to asses if EPFRs 

concentration has any effect on the toxicity change of the EPFRs. We used the same simulated 

active/passive aging method to treat PM, as discussed earlier, and exposed BEAS-2B cells to aged 

particles. Figure 4.18 panel A shows the dose-response of cells to fresh and aged PM0.1. The radical 

concertation drops almost 50% after aging, but there is no significant change in g-factors in both 

aging patterns (change within 0.0001, and data for g-factor is not shown). The toxicological effect 

was eased on aged samples with similar curve slope except that the first two points of active 

samples have some problems and are not reliable. This result is consistent with the previous finding 

that sample radical concentrations shift the position of the dose-response curve, but the slopes of 

the curve (potential for toxicological effects) stay similar when their g-factors are close. Panel B 

is a set of PM2.5 samples fitting exponential curves. The trend is similar, not considering the active 

sample, which has some data point exceeding 100%. Panel C shows the results for P02 and panel 

D for P3. In both cases, g-factor change after aging is within 0.0001. The cell response curves to 

these two phytosamples based on the radical concentration changes generally follow the same 

trend as observed in HV air sampler samples. So, in summary, g-factor could change the slope of 

dose-response curve, and concentration will result in a shifted position on dose-dependence curve.  

 
Figure 4.17. Both P02 (A) and P3 (B) show linear dose-response relationships. 
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More experiments are needed to confirm the toxicological effects of the radicals on PM to the 

BEAS-2B cells.  

 

The PM cytotoxicity from the ambient PM samples could also be a result from chemicals 

other than EPFRs presented on the surfaces of PM. To fully understand the effect of EPFRs, we 

conducted the cell viability test on surrogate MCP-230, DCB-230 particles and compared all the 

environmental samples that show linear relations to the cell exposure results of MCP-230 and 

DCB-230. The radical concentrations of environmental samples are generally 1-2 order magnitude 

higher than the surrogate samples. Figure 4.19 shows that the behavior on ambient air PM and the 

surrogate samples are very similar. However, the phytosampling samples show the least 

 
Figure 4.18. Comparison of dose-response relationship of fresh PM samples with aged PM 
samples from both HV PM sampler (A and B) and phytosampling methods (C and D). The 
slope of each dose-response curve is denoted as “a” in the figure.  
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toxicological effects with the highest g-factor and radical concentrations than HV samples and 

surrogate samples. The sampling methods did change the chemical composition of the PM, which 

will influence the toxicological effects of particles. Comparing phytosamples with surrogate 

samples that only contain EPFRs, there could be a possibility that some other mechanisms protect 

cells when exposed to phytosamples. But more replicated studies are needed to acquire more 

information to explain this phenomenon.  

  

 
Figure 4.19. Comparison of dose-response relationship of environmental PM samples with 
surrogate MCP-230 and DCB-230 particles. The slope of each dose-response curve is 
denoted as “a” in the figure.  
 

0 50 100 150 200 250 300 350
0

20

40

60

80

100

120

Particle Exposure (µg/cm2)

V
ia

bi
lit

y 
(%

)

a=-0.12

a=-0.06

a=-0.16

a=-0.07

 PM0.1

 DCB-230
 MCP-230
 P02

 P3

a=-0.19

Equation y = a + b*x
Plot MCP-230
Weight No Weighting
Intercept 102.32795 ± 4.7761
Slope -0.12246 ± 0.02975
Residual Sum of Squares 103.82906
Pearson's r -0.94574
R-Square (COD) 0.89443
Adj. R-Square 0.84164



 57 

CHAPTER 5. PHYTOSAMPLING APPLICATIONS IN THE FIELD 
STUDIES 

5.1. A Scalable Field Study in Memphis, Tennessee1 

In this study, the phytosampling method has been applied to investigate the spatial patterns 

of EPFRs g-factor and concentration in Memphis, TN. Due to the spatially heterogeneous over a 

wide study area, the two official PM2.5 monitoring sites (one in the downtown and the other in the 

east) set up by the Tennessee Department of Environment and Conservation could not capture the 

spatial variability of EPFRs g-factor and concentrations. So phytosampling was chosen to collected 

leaves contaminated by on-road mobile emissions to capture regional variability of the EPFRs and 

evaluate the community exposure in Memphis, TN. A field study was designed to measure the 

EPFRs on ambient PM collected by the phytosampling method and identify potential health risks 

to the Memphis community using Geographic Information System (GIS) and high spatial 

resolution Global Positioning System (GPS) technologies. 

5.1.1. Sampling Sites Description 

As the largest city in Tennessee, Memphis, located at Shelby County, is a major hub for 

river, highway, railroad, and air transportations, and several air pollutant emission hot spots have 

been identified in the north and south of the city129–131. This emission information was incorporated 

into the sampling site selection. Leaf samples were collected three days later following a rain from 

November 9th to 11th, 2015. A 32.9 × 28.4 km sampling grid with 188 samplings sites has been 

created with a link to the environmental characteristics, ambient pollution situation, and health 

 
1 Part of this chapter is reprinted with permission from Oyana, T. J., Lomnicki, S. M., Guo, C., & 
Cormier, S. A. (2017). A scalable field study protocol and rationale for passive ambient air 
sampling: a spatial phytosampling for leaf data collection. Environmental science & 
technology, 51(18), 10663-10673. Copyright 2017. American Chemical Society. 
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outcomes. Sampling sites were located randomly in the area so that the sample site distribution 

could be representative for emission hot spots and important exposure factors. The sampling sites 

are shown in Figure 5.1. Due to the unexpected rain on November 12th, which washed off particles 

in the air, leaves from various tree species were collected from 107 sites (60% coverage) for 

analysis. Samples were transferred to the lab, and PM smaller than 3.0 μm (P3) were retrieved from 

leaf surface by sonicating leaves in deionized water for 30 s and passing through a filtration 

assembly with 3.0 μm supported membrane filters followed by freeze drying as described before.  

 

 
Figure 5.1. Sampling sites for leaves collection in Memphis. Blue boxes indicate the areas 
with health outcomes.  
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5.1.2. Spatial EPFRs Profile Analysis 

EPFRs characteristics for all samples obtained by EPR were analyzed and presented on the 

map using a number of visualization techniques. All planned sampling sites were spread in seven 

geographical areas (downtown, midtown, east, north, northeast, south, and southeast Memphis) 

with five areas got samples collected (no samples in southeast and northeast). These collection 

sites involved key ambient pollution exposure factors, such as on-road mobile emissions, residence 

characteristics, and industrial sources. South Memphis is a major industrial area. The leaf capture 

efficiency for PM from different sampling sites varied a lot as we expected (0.3-41.7 μg/cm2), but 

there are no significant differences between any of five regions and the overall average collection 

efficiency across the areas is 6.81 μg/cm2. EPFRs concentrations were quantified in spins/g and 

also showed the variation across the areas with the range of 1.14×1017-3.68×1019. Based on the 

EPFRs concentration, samples are categorized into three bins: low EPFRs concentration (below 

7.99 × 1017 spins/g), medium (7.99 × 1017−1.99 × 1018), and high (1.99 × 1018 and above) 

corresponding to low, moderate and high EPFRs laden samples. These three categories were 

plotted in Figure 5.2. 

 

 
Figure 5.2. Three sample categories based on EPFRs concentration. 
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The g-factor indicating the radical species for these three categories are 2.00442, 2.00475, 

and 2.00482, respectively. And a trend between g-factor and radical concentration has been 

observed from Figure 5.3 that higher g-factor is associated with higher radical concentrations. The 

higher the g-factor, the more oxygen-centered radicals22, which are typical from PM produced 

under incomplete combustion conditions.  

 

Figure 5.4 mapped the three categories of data and color-coded them to show a spatial 

distribution pattern. The highest EPFRs concentrations are observed in the south, downtown, and 

north near major ambient pollution sources. And the top ten EPFRs concentrations are discovered 

in the south (5), downtown (3), and north (2) of Memphis while the lowest concentrations are 

found in some parts of midtown and the east. In the high EPFRs concentration areas, the main 

ambient sources are mobile emission and major industrial sites, but the land use characteristics 

also include commercial and residential areas. From this data, we can predict regional EPFRs 

concentration distributions. 

 
Figure 5.3. Correlation of g-factor and EPFRs concentration in three sample categories. 
Correlation parameters: R2=0.38, p=0.00006. 
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Based on the radical concentration of PM samples, four spatial profiles are derived from 

ordinary kriging techniques129,132–134 by Tonny J. Oyana, and the characteristics of each file are 

summarized in Table 5.1. Profile 2 is significantly different from profile 4 (p = 0.00000553) and 

profile 3 (p = 0.0075), but any other two profiles are not significantly from each other (p>0.05). 

The data summarized in Table 5.1 shows that PM pollution, here indicated by EPFRs concentration, 

is not uniformly distributed within the entire city, and our phytosampling method is practicable to 

identify local “hot spot” with potentially higher exposure risks, which can be later linked to PM 

concentration in the ambient air measured by other methods and integrated into health outcomes. 

 
Figure 5.4. Spatial distribution of EPFRs concentration on PM samples. 
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Figure 5.5 presents a color-coded map of four spatial profiles, a box plot of these spatial 

profiles, and a tile plot for PM2.5 Daily Air Quality Index in early November 2015 from EPA. From 

the map, south and north area, which have slightly over 52% of traffic burden, show higher 

concentrations of EPFRs on PM. Profile 4 indicates an EPFRs concentration “hot spot.”  

Table 5.1. Characteristics of the four spatial profiles. 

 Profile 1 Profile 2 Profile 3 Profile 4 

Conc. range 1.14×1017 -
7.36×1017 

7.36×1017 -
1.23×1018 

1.2×1018 -
3.29×1018 

3.29×1018-
1.2×1019  

Mean conc. 5.11×1017 ± 
3.83×1017 SD 

1.02×1018 ± 
8.74×1017 SD 

3.09×1018 ± 
5.44×1018 SD 

6.61×1018 ± 
8.23×1018 SD 

Land use Mainly vacant, 
recreational/golf 
course, roadways, 
and a few 
industrial 
facilities 

Mainly 
commercial, 
roadways, 
residential, and 
industrial 
facilities 

Mainly 
commercial, 
roadways, 
residential, and 
industrial 
facilities 

Mainly 
roadways, major 
transportation 
hub, and 
industrial 
facilities 

Population Total: ~50,000, 
about 20.2% 
white, 79.6% 
African 
Americans (AA), 
and others 0.2% 

Total: ~240,000, 
about 35.8% 
white, 62.5% 
AA, and others 
1.7% 

Total: 
~220,000, about 
21.5% white, 
78.3% AA, and 
others 0.2% 

Total: ~17,000, 
about 7.1% 
white, 82.2% 
AA, and others 
0.7% 

Area and 
population 
density 

12.9 km2, 3900 
people/km2 

100.8 km2, 2400 
people/km2 

146.6 km2, 
1500 
people/km2 

2.8 km2, 6100 
people/km2 

Cover areas Parts of 
downtown, 
northeast, 
midtown, and 
southeast 

A large portion 
of midtown, east, 
and portions in 
northeast 

A large portion 
of the south, 
north, and small 
portions in 
midtown 

Mainly situated 
in the south 

2015 annual 
average 
daily traffic 
(AADT) 

357,510 vehicles 1,839,273 
vehicles 

3,275,950 
vehicles 

153,159 vehicles 
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Phytosampling cannot assess the PM concentration in the air at a specific site because it is 

a static deposition, namely, the PM is the accumulation of a period of time. (However, if refer to 

known PM concentration data, e.g., by satellite, and when integrating data together, we found that 

the PM concentration in ambient air does not necessarily follow the overall concentration of these 

radicals in the air). The PM concentration in the whole city does not have too much difference, but 

radical concentration varies a lot. These differences can cause a potential epidemiological effect. 

This combined map shows that there is an area in the city (marking red) that the population lives 

there has a much higher exposure risk to PM-associated EPFRs. This area is an industrial area, as 

well as a heavy transportation area. Correlations have been found between g-factor and the 

concentration of the EPFRs that more oxygen-centered radicals, the higher the radical 

 
Figure 5.5. Predicted spatial profiles of EPFRs in Memphis, Tennessee derived from the 
ordinary kriging technique. (a) is the spatial patterns of 4 profiles. (b) is the box plot of EPFRs 
concentration for each profile. (c) is the tile plot for EPA PM2.5 Daily Air Quality Index in early 
November 2015. 
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concentrations. This study is the first effort to apply the phytosampling method to acquire spatial 

distributions of EPFRs in a city. Although there still exist some limitations such as limited 

sampling sites and some inherent drawbacks of the method, the study reveals the EPFRs spatial 

variations and potential exposure risk, especially in the “hotspots” area, which in turn, provides 

important information for a possibly better epidemiological understanding.  
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5.2. Field Study Concerning PM Emissions from a Ship Cargo Terminal in New Orleans, 
LA 

5.2.1. Introduction  

The ship cargo terminal in midstream next to the River Ridge area in New Orleans has 

raised the concern of PM exposure to the residents in this area. A Tisch high volume air sampler 

has been set up in the residential area to collect PM2.5 and PM10. The phytosampling method has 

also been applied. Leaves from Pittosporum tobira in the front yard have been collected four times 

and PM smaller than 3.0 µm (P3) and PM larger than 3.0µm (P>3) have been retrieved. Retrieved 

PM from both sampler and leaves have been weighed, and the signal of EPFRs, element 

composition, metal concentration, and polycyclic aromatic hydrocarbons (PAHs) concentration 

have been analyzed. PM10 are coarse particles that can be filtered out by nose, so it is not a big 

concern while the fine particles PM2.5 and P3, in this case, can reach lower parts of the respiratory 

tract, thus are more dangerous. PM10 and P>3 were analyzed for references.  

5.2.2. Sample Collection 

A Tisch High Volume Air Sampler (TE-6070V, Tisch Environmental, Inc. Figure 5.6.) was set up 

in the backyard of 133 Rex Dr., River Ridge, LA, 70123, (29.945889, -90.215581). The sampler 

could be operated in the flow rate range 1000-1700 L/min. This sampler is also a cascade impactor 

for PM10 collection, but the substrate for PM10 collection makes a filter size cutoff for PM2.5 

collection. We used cellulose slotted collection substrates for PM10 collections and polyurethane 

filters (PUF) for PM2.5 collections. Figure 5.7 shows the sampling location in Google Earth. A 6-

day continuous collection and a total 5-day 24 hrs on and off shift collection had been done in June 

and July. And at both start time and finish time of each sampler collection, 300 leaves (13.5-14 

cm2/leaf) from Pittosporum tobira in the front yard had been collected. 
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The collection dates are summarized in Table 5.2. High volume PM samples are indicated 

by HV and phytosamples are indicated by SP. And the numbers in the sample ID are the order of 

collection time.  

 
Figure 5.6. Tisch high volume air sampler on site. 

           
Figure 5.7. Sampling location for the field study in New Orleans showed in Google Earth. 
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After collections, PM from leaves was retrieved using the method described before. 

Particles that cannot be filtered through 3.0 µm were also freeze dried to retrieve P>3. PUF filter 

with PM2.5 was cut into 1 cm2 pieces and sonicated in deionized water for 20 mins, and water 

suspension was freeze dried to retrieve PM2.5. Cellulose slotted substrates were cut into single slots 

and froze separately for further analysis. Table 5.3 is a mass summary of all retrievable particles. 

Table 5.4 estimates the concentration of PM10 and PM2.5 in the air based on the mass change of 

the collection substrates and the sampled air volume in second collection by HV PM sampler. 

Comparing the calculated PM concentration in the air from this study to the NAAQS (PM2.5:12 

µg/m3 (annual), 35 µg/m3 (24 hr), and PM10: 150 µg/m3 (24 hr))14, concentrations of both PM2.5 

and PM10 are within the standards. 

 

Table 5.2. Summary of sample collection dates. 
 Start Finish Collection Pattern 

HV #NOLA-1 05/01/19 05/07/19 Continuous 
HV #NOLA-2 06/11/19 06/22/19 24-hr on/off shift 
SP # NOLA-1 05/01/19 / 
SP # NOLA-2 05/07/19 / 
SP # NOLA-3 06/11/19 / 
SP # NOLA-4 06/22/19 / 

 

Table 5.3. Mass summary of retrievable PM. 
Sample ID PM size Mass(mg) 

HV #NOLA-1 PM2.5 1.4 
HV #NOLA-2 PM2.5 2 
SP # NOLA-1 P3 6.7 

P>3 17 
SP # NOLA-2 P3 7 

P>3 20 
SP # NOLA-3 P3 9.7 

P>3 22 
SP # NOLA-4 P3 10 

P>3 26 
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5.2.3. Environmentally Persistent Free Radicals Analysis 

Retrieved PM samples from both HV PM sampler and phytosampling were measured by 

EPR for EPFRs signals. The results of EPFRs measurements from all retrievable samples are 

summarized in Figure 5.8. Phytosamples SP 050119 and SP 050719 are corresponding to HV PM 

sample HV 050719, while phytosamples SP 061119 and SP 062219 are corresponding to HV PM 

sample HV 062219. Panel A shows the g-factor of radicals and phytosamples turn to have higher 

g-factor than HV PM sampler samples, which indicates more oxygen-centered radicals in 

phytosamples. This finding is consistent with the results showed in radicals on PM collected from 

Baton Rouge. Panel B shows the peak width of the radical spectra. The peak width of HV PM 

sampler samples has a big difference between the two collections, so the data is not reliable to 

represent the sampling area. But the very narrow peak is indicative of a more specific radical 

species. Within the phytosampling group, P3 shows broader peaks than corresponding P>3 in all 

collections indicating that smaller PM, which is mainly from combustion processes, contains more 

radical species. In panel C, P>3 carries around ten times higher concentration of radicals than the 

corresponding P3 from phytosampling and PM2.5 from the sampler. P>3 counted all bigger particles 

that are in the non-respirable range on the surface of leaves, and the detection of such high EPFRs 

concentration is abnormal in bigger particles. 

Table 5.4. Estimation of PM concentration of PM in the air based on the mass change of 
collection substrates.  
 Flow rate Duration Weight PM concentration in air 
PM10 1m3 /min 7787 mins 50mg 0.006mg/m3 
PM2.5 1m3 /min 7787 mins 10mg 0.001mg/m3 
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Figure 5.9 compares the average EPFRs characteristics on PM from New Orleans (NOLA) 

with the same size PM samples from Baton Rouge (BTR). P3 is collected by the phytosampling 

method, while PM2.5 is from HV PM samplers. Panel A shows that g-factor from samples in BTR 

is significantly higher than in NOLA (p=0.01 for PM2.5 and p=0.001 for P3 from ANOVA). The 

higher g-factor, which characterizes more oxygen-centered radicals found in the samples from 

BTR, could be due to the different sources of PM in two cities. In BTR, the main source is vehicle 

emissions while in NOLA, the source we were monitoring for the PM is the ship cargo terminal 

and potentially some industrial factories, and the particle types depend on it. The range of peak 

width (Panel B) of samples from NOLA is comparable with data collected in BTR. More samples 

in BTR results in wider EPFRs concentration ranges in both PM2.5 and P3. The results of ANOVA 

show that there is no significant difference in radical concentrations between samples in NOLA 

and BTR. 

 
Figure 5.8. Comparisons of EPFRs g-factor (A), ∆Hp-p (B) and spins concentration (C) 
between PM collected by phytosampling and HV PM sampler in New Orleans. 
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5.2.4. PM Surface Element Analysis 

Retrieved PM samples and a 1 cm2 piece of cellulose slotted substrates with PM10 were 

analyzed by the SEM-EDS. Figure 5.10 shows the typical aggregated morphology of PM. 

 
Figure 5.9. Comparison of EPFRs’ average g-factor (A), ∆Hp-p (B) and spins concentration 
(C) on PM with same sizes collected from New Orleans (NOLA) and Baton Rouge (BTR).   
* is indicating the significant difference by ANOVA (p<0.01). 
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Figure 5.11 shows the EDS spectra from PM samples with different sizes. Elemental 

carbon and oxygen accounted for the majority of elements in the samples, and the atomic 

percentage of other elements are normalized without C and O and are shown in the histograms 

with the average from several samples in analysis areas. PM10 shows a very high content of copper; 

PM2.5 shows a high content of fluorine; and P3 contains a lot of nitrogen. The difference of the 

relative element contents would be a result of PM source of different sizes, and higher nitrogen in 

 
Figure 5.10. SEM images of PM10, PM2.5 from HV PM sampler and P3, P>3 from 
phytosampling. 

PM2.5 P3 

PM10 on filter P>3
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phytosampling PM is related to the nitrate deposition. The results are in line with what we saw in 

phytosamples from Baton Rouge. 

 
5.2.5. Polycyclic Aromatic Hydrocarbons Analysis 

Due to the limited sample size of PM retrieved from HV air sampler, only PM from two 

phytosampling collection and a slot of cellulose collection substrate with PM10 were extracted for 

PAHs analysis. A blank cellulose collection substrate slot was subjected to the PAHs extraction 

 
Figure 5.11. The EDS spectra and the normalized relative elements contents from PM samples 
with different sizes (PM10, P>3, PM2.5 and P3). 
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and analyzed for references. Samples were extracted by the vortex-sonication method introduced 

before, and the cellulose filter slot was cut into small pieces to ensure the immersion to the 

extraction solvent (DCM, (³99.9%, MilliporeSigma)). 27 PAHs in extracted PM solutions have 

been analyzed by GC-MS/MS (Agilent 7980B GC system/ Agilent 7000C GC/MS Triple Quad 

system) to obtain PAHs data. Figure 5.12 shows the concentration percentage of individual PAH 

to the total PAHs in the sample. A spike of Phenanthrene in one of the two phytosamples and PM10 

was detected. This value is more than five times higher than the other PAHs, but since 

Phenanthrene was only present in one sample, it is not reliable to draw any conclusion from it, and 

more data is needed. Considering about all other PAHs, only Fluoranthene and Pyrene from two 

phytosamples shows the concentration percentage over 10% of total PAHs while all other PAHs 

have a nearly even distribution.  

 

 
Figure 5.12. PAH concentration percentages in P3 and PM10 collected from NOLA. 
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Figure 5.13 compares the total PAHs concentration in P3 from NOLA to P3 from BTR. 

PAHs concentration in NOLA samples is much lower than in BTR samples. Since combustion 

processes are important sources of PAHs generation, these results also support our speculation that 

the PM sources from two cities are not the same. 

 

5.2.6. Metal and Element Analysis 

Samples were also subjected to metal and element analysis. Due to limited retrieved PM2.5 

mass, only PM10 on cellulose filter, retrieved P3 and P>3 were treated and analyzed (two samples 

each). Samples were digested with a mixture of HNO3 and H2O2 in a microwave digester (MDS-

6G, Sineo) and analyzed by VISTA-MPS CCD Simultaneous ICP-OES. 

Figure 5.14 shows the distribution of each element in the P3, P>3 and PM10 samples. Al, Ca, 

Fe, K, Mg, Na, Si are relative high concentration elements in PM10, P3 and P>3 samples that we 

analyzed. However, Cu is very high on the PM10 but low on P3 and P>3. This result indicates that 

Cu is mainly carried by particles that are bigger than 3.0 µm and smaller than 10 µm. 

 
Figure 5.13. Comparison of total PAHs concentrations on P3 between NOLA and BTR. 
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Figure 5.15 compares the individual concentration of these eight elements individually 

among P3, P>3 and PM10 samples. Except for Cu, which is almost exclusively present in PM10 

samples, Al, Fe, Mg, Na and Si are elements with relatively higher contents carried on PM10. 

Comparing P3 with P>3 samples, two metals, Al and Fe, have a much higher concentration on P>3, 

while Ca, K, Mg and Na are dominant in P3 samples. This result could be partially attributed to 

soluble components carried on the particles. When retrieving PM by washing and sonicating leaves 

in water, soluble components would dissolve in water and concentrate on P3 once the sample gets 

dried. So, this may lead to an overestimation of soluble compounds on smaller particles collected 

from the phytosampling, and extra caution is needed when reporting such results. The abnormally 

high concentration of Cu and Fe observed in PM10 samples could be an indicator that it is possible 

that particles from the refinery factory were blown away to reach this residential area. Considering 

the high EPFRs concentration in the P>3 and the high Cu and Fe contents in PM10, the exposure 

risk in this study area is mainly from non-respirable particles. Although the inhalation risk of the 

residents living in this area to EPFRs and metals are low, the chance of exposure through other 

routes, such as ingestion, are increased and should draw more attention. 

 

 
Figure 5.14. Element concentration distribution in the P3, P>3 (A) and PM10 (B) collected in 
NOLA. 
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Figure 5.15. Comparison of individual element concentrations among P3, P>3 and PM10 
collected in NOLA. 
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CHAPTER 6. TAILGATE-ASSOCIATED PM EMISSION ANALYSIS 

As a university with unique football culture, the tailgate party before games is an important 

part of football seasons. Tailgating usually takes place in the parking lot around the stadium before 

a game and involves a lot of meat grilling and using of gasoline generator, which will contribute 

to the PM-associated pollutant emissions.   

6.1. Sample Collections 

In the 2019 football season, five PM sample collections had been done during the home 

game on the campus of Louisiana State University. The phytosampling method was not applied 

due to the reasons that there is limited availability of leaves, and the sampling period cannot be 

specified to tailgating. The Tisch High Volume Air sampler (TE-6070V, Tisch Environmental, 

Inc.) was set up near the parking lots (location is shown in Figure 6.1.). Since the game is on 

Saturdays, sample collections started at 6:00 pm on Friday evenings and stopped at 8:00 am on 

Sunday mornings (38 hrs in total) to cover the whole game period. Four collections had been 

conducted during gamedays with one collection that had been done when there was no game, and 

the data was used as a background control. Cellulose slotted collection substrates were used for 

PM10 collections, while polyurethane foam (PUF) filters were cleaned and used for PM2.5 

collections. Filters were weighed before and after the collections. Table 6.1 summarized the mass 

change on the filters, estimated PM concentrations in the air (based on the mass change and 

collection air volume), and the mass of retrievable PM. 
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Figure 6.1. Sampling location for tailgating in Google Earth. 
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The first two collections (#1&#2) were done at a regular football kickoff schedule 

(08/31/19 kickoff at 6:30 pm and 09/14/19 kickoff at 6:39 pm). The third collection (#3) was done 

at the weekend without football games as a collection control. The kickoff time for the fourth 

collection (#4) was earlier (10/05/19 kickoff at 11:00 am). The earlier kickoff results in decreased 

incidents and short time for meat grilling and using gasoline generators. The last collection was 

done during a game with regular kickoff time, but there was a heavy rain last for around 1 hr right 

before the collection started. From Table 6.1, #1 and #2 collections show similar mass change on 

Table 6.1. Sample mass summary. 
Collection 

# 
Collection Date Filter type Mass 

Change 
(mg) 

Average PM 
Concentration 
in Air (µg/m3) 

Retrieved 
Mass(mg) 

1 8/30/19-9/1/19 
(kickoff: 6: 30pm) 

Cellulose 
Slotted 
(PM10) 

42 18 / 

PUF 
(PM2.5) 

51 22 3.3 

2 9/13/19-9/15/19 
(kickoff: 6: 39pm) 

Cellulose 
Slotted 
(PM10) 

47.44 21 / 

PUF 
(PM2.5) 

41.38 18 2.6 

3* 9/27/19-9/29/19  
(no game) 

Cellulose 
Slotted 
(PM10) 

52.5 23 / 

PUF 
(PM2.5) 

22.02 10 2 

4† 10/4/19-10/6/19  
(kickoff: 11: 

00am) 

Cellulose 
Slotted 
(PM10) 

43.48 19 / 

PUF 
(PM2.5) 

25 11 1.2 

5‡ 10/11/19-10/13/19 
(kickoff: 7: 00pm) 

Cellulose 
Slotted 
(PM10) 

17.34 8 / 

PUF 
(PM2.5) 

1.52 0.7 N/A 

*This collection was done in a weekend without football game as a control experiment. 
†This  collection was done in a football game weekend with early kickoff  time (11:00 am). 
‡There was a heavy rain lasted for around 1 hr right before this collection started. 
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both PM10 and PM2.5 collection filters. Collections #3 and #4 show around half of the mass for 

PM2.5 collection compared to #1 and #2 but similar mass change for PM10. Figure 6.2 plotted the 

PM concentration in air of these five collections based on the sampled air volume and the mass 

change of collection matrixes. This result indicates that activities during a regular gameday tailgate 

contribute to almost twice more PM2.5 concentration in the air, and the PM10 were not mainly 

generated from these activities. The distinct mass drop on PM10 and PM2.5 collection in #5 refer to 

the significant influence of rain on washing off to the accumulated PM in the ambient air. 

Comparing the PM concentration in the air from this study to the NAAQS (PM2.5:12 µg/m3 

(annual), 35 µg/m3 (24 hr) and PM10: 150 µg/m3 (24 hr))14, no collection exceeded the 24 hr 

standard for PM2.5 and PM10. 

 
*This collection was done in a weekend without football game as a control experiment. 
†This  collection was done in a football game weekend with early kickoff  time (11:00 am). 
‡There was a heavy rain that lasted for around 1hr right before this collection started. 

 
Figure 6.2. Calculated PM concentration in the air for five collections. 
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6.2. Environmentally Persistent Free Radicals Analysis 

Retrieved PM2.5 samples from PUF filters were subjected to EPR measurement for EPFRs 

signal, and the characteristics of EPFRs for four collections (two regular collections, one collection 

with early kickoff and one control collection) were summarized in Figure 6.3.  

 

 
Figure 6.3. EPFRs g-factor (A), ∆Hp-p (B) and spins concentration (C) of four PM collections 
in the 2019 football season. The collection site numbers are corresponding to the details 
showed in Table 6.1. 

†This collection was done in a football game weekend with early kickoff.
*This collection was done in a weekend without football game as a control experiment.
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The g-factors of EPFRs from four collections are in the range of 2.0036-2.0042, showing 

a carbon-centered radical dominated feature, which is consistent with the g-factor range measured 

from samples in previous studies. The peak width of the radical spectra from samples collected 

during game day weekends are higher than in the control, and #2 shows an even higher peak width 

indicating more radical species. And this sample also shows the highest radical concentrations than 

other samples, but the correlations between peak width and the concentration cannot be identified 

due to the limited replicates. Samples collected on a regular game day (#1 & #2) contain a high 

concentration of EPFRs than the sample in an early game day and control. It is noticed that the 

control sample (#3) shows the lowest number in all three characteristics, namely, it contains more 

carbon-centered radicals, less radical species, and lower radical concentration compared to all 

other samples.  

6.3. PAHs Extraction and Analysis 

Since meat grilling is an important source for the general public exposure to PAHs135, we 

assume that our samples collected during tailgating would contain a high PAHs concentration. Due 

to the limited retrievable PM2.5, we adapted our PM vertex-sonication method for PAHs extraction 

and applied direct PUF filter extraction. After retrieving for PM by cutting PUF filters into 2 cm2 

pieces and sonicated in deionized water, PUF filters were merged into 150 mL of dichloromethane 

(³99.9%, MilliporeSigma) and sonicate for 1hr (FS-20 ultrasonic, Fisher Sci.). PUF filter pieces 

were removed, and the extracted solvent was dried under a gentle flow of nitrogen and redissolved 

in 1 mL of DCM. A 0.2 µm DCM resistant filter was used to remove any particles in the analyte. 

Because the extraction was applied to the whole piece of PUF filter, using the mass change 

as the final mass of PM to calculate the concentration of PAHs on PM could cause a big error and 

make the results misleading, we report the concentration data based on the air volume (shown in 
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Figure 6.4.). The result shows that the total PAHs concentration in the air during the tailgating in 

a regular kickoff gameday (#1 & 2) is higher than in early kickoff day (#4) and no game day (#3). 

The same trend has been observed in the individual PAHs concentration shown in Figure 6.5 

among collections. And Pyrene, Phenanthrene, and Fluoranthene are the dominant PAHs among 

the whole sample. 

 

 
Figure 6.4. Total PAHs concentration from tailgate samples based on sampled air volume. 
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Figure 6.5. Individual PAH concentration from tailgate PM samples. 
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CHAPTER 7. CONCLUSIONS 

In summary, this new “phytosampling” method is an effective method to collect particulate 

matter from ambient air. And such particles could be retrieved for analysis without compromising 

the integrity of the leaf surface. After comparing the results from several analyses on the PM 

collected by the phytosampling method and high volume PM sampler, we found that the sampling 

method affects the composition of PM. Higher Na, Si, Al, S, and Cl are detected on the HV PM 

sampler samples, while K, Ca, N, and S were higher in phytosampled samples. This is a result 

from the different sources of particles collected by two methods and concentrating soluble 

compounds to smaller particles. The overall g-factor of EPFRs on PM accumulated in natural 

conditions is higher (g>2.0045), indicating that phytosampled PM is dominated by oxygen-

centered EPFRs while particles collected from air sampler (g < 2.0040) are dominated by carbon-

centered radicals. The simulated aging study indicates a long-time high persistency of EPFRs on 

all samples. The increasing trend of radical concentration at the early stage and the decreasing 

trend of g-factor for phytosamples provide a valuable direction for studying and understanding 

EPFRs dynamic changing in the ambient air. However, the HV PM sampler was not able to capture 

this changing phase. Spin trapping data confirmed the capacity of hydroxyl radical generation in 

PBS solution by EPFRs-associated PM. Different PAHs profiles between methods and PM sizes 

were observed, indicating the source distinctions between collection methods and possible analyte 

loss during sampling. The photosamples tend to induce less toxicological stress than surrogate 

radical-containing particles and the HV PM samples to the BEAS-2B cells. Although the 

mechanism behind this phenomenon cannot be interpreted from the limited data in this research, 

one can speculate that it is related to the composition differences and even components interaction 

effects between HV PM samples and phytosamples. 
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There is no perfect method for collecting ambient air PM samples. The proposed 

phytosampling method shows advantages in the analysis and evaluation of chemical speciation 

associated with PM. The deposited samples are exposed to natural conditions that prevent the 

unpredictable changes on some organic fractions of PM during the collection phase in samplers. 

In particular, this method is very useful to evaluate the EPFRs speciation and content on PM, which 

are very sensitive to changing conditions and elapsed time from the moment they are removed 

from ambient. Also, other chemicals (for example, PAHs) present a more accurate description of 

both their speciation and content in respirable particles. Besides, this method is cheaper and can 

be handled easily. The major challenge of applying this method is the translation of the results into 

the ambient air concentration, as phytosamples cannot be used to evaluate an absolute air 

concentration of PM and their components in the air, but rather relative content of chemicals on 

PM. This can be overcome by supplementing phytosampling data with other monitoring methods 

that can provide a local concentration of PM in the air (for example, PurpleAir samplers). 

One of the biggest advantages of phytosampling is the ability to sample at almost any 

location and to create a dense network of sampling sites to achieve a high-resolution data on 

chemical distribution without high cost of HV samplers. 
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APPENDIX. COPYRIGHT INFORMATION 

Copyright information for materials used in 5.1. Reproduction of published paper as a co-author 
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