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Aromatic hydrocarbons represent a large class of environmental contaminants 

that have a broad range of structures, physicochemical properties, and toxicities. 

Arising from the burning of organic matter, particularly fossil fuels, they are both 

widespread and abundant in all environmental compartments. Both monoaromatic 

hydrocarbons (BTEX) and polycyclic aromatic hydrocarbons (PAHs) are toxic to 

ecosystems and humans, with some exhibiting carcinogenic and mutagenic 

properties. As such, they are regulated by the EPA with maximum contaminant levels 

(MCLs) that reflect their toxicity and are often the target for remediation efforts at 

contaminated sites. This dissertation focuses on bioremediation, using bacteria to 

break down contaminants, as the primary remediation strategy. Although a valuable 

remediation method in terms of cost and required resources, bioremediation of 

aromatic hydrocarbons is not without its own unique set of challenges.  

Aromatic hydrocarbons exist as complex mixtures in the environment that can 

be difficult to biologically treat in their entirety. Finding microorganisms that can 

transform a wide range of aromatic hydrocarbon structures can be a bottleneck for 

bioremediation technology development. Furthermore, these mixtures are difficult to 



 
 

 

monitor analytically, particularly in a rapid manner. The ability to monitor treatment 

progress in real time is of great value for novel bioremediation strategy development, 

however this is not possible with traditional analytical techniques. Finally, aromatic 

hydrocarbon contaminants, particularly PAHs, present an interesting challenge where 

their transformation products can be more toxic that the parent compounds. This is a 

troublesome factor to consider in remediation studies, as it is typically only the parent 

compounds that are considered and regulated. The work presented in this dissertation 

was motivated by these challenges to support the progress of aromatic hydrocarbon 

bioremediation strategies and tools needed for their continued development.  

Chapter II presents an initial investigation of the ability of a bacterial pure 

culture, Rhodococcus rhodochrous ATCC 21198, to transform aromatic hydrocarbon 

contaminants using BTEX as model contaminants. Methyl-tertiary-butyl ether 

(MTBE) was studied as well, as it is a common co-contaminant of BTEX that can 

hinder biodegradation of the mixture. It was found that 21198 was able to degrade 

BTEX, and MTBE both individually and as a mixture, and that isobutane, 1-butanol, 

and 2-butanol all supported this activity. Furthermore, MTBE’s primary 

transformation product, tertiary-butyl alcohol (TBA), was also transformed by 21198, 

but at a slower rate compared to MTBE. This degradation was a combination of 

metabolic and cometabolic activity, as 21198 was observed to grow on benzene and 

toluene. This work supported further investigations of aromatic hydrocarbon 

treatment with 21198 and was the first demonstration of 21198’s ability to degrade 

and grow on aromatic hydrocarbon contaminants.  

Chapter III details the development of a rapid bioremediation monitoring tool 

using fluorescent spectroscopy and parallel factor analysis (PARAFAC). A 

microorganism previously studied for phenanthrene transformation, Mycobacterium 

Sp. Strain ELW1, was used to develop an experimental data set where phenanthrene 

was transformed to the primary transformation product trans-9,10-dihydroxy-9,10-

dihydrophenanthrene (P1). The transformation of phenanthrene and the formation of 

P1 were monitored and quantified with the novel fluorescent 

spectroscopy/PARAFAC method. Results were validated with an established GC-MS 

method, demonstrating comparable results in a fraction of the time. This was the first 



use of a fluorescent spectroscopy/PARAFAC method to monitor, identify, and 

quantify PAH biotransformation and product formation.  

Chapter IV adapts the method presented in Chapter III to a new biological 

system, embryonic zebrafish, with the same motivation: reduce time and resources 

required for monitoring aqueous PAH concentrations. Embryonic zebrafish have been 

used extensively for screening chemicals for toxicity and can be used in a high-

throughput system established at the Sinnhuber Aquatic Research Laboratory at 

Oregon State University. A fluorescent spectroscopy method was developed to 

accommodate a 96-well plate and measure PAH concentrations in embryo media over 

a 5-day incubation period. It was observed that measurements with a fluorescent plate 

reader did not impact embryo development, nor did normal embryo development 

significantly impact background fluorescence in the microwells. Chemical dose, 

uptake rate, and abiotic loss rates were all derived from fluorescent measurements for 

acridine and 2-hydroxynaphthalene, demonstrating the ability to use the fluorescent 

plate reader for rapid, non-destructive analysis of PAHs in high-throughput toxicity 

assays with embryonic zebrafish.  

Chapter V combined aspects from the previous three chapters to investigate 

21198’s ability to transform a mixture of phenanthrene, anthracene, fluorene, and 

pyrene on its own and in combination with the surfactant Tween ® 80 and cell 

immobilization techniques. Transformation of PAHs was observed in all batch tests, 

with cell immobilization in PVA/alginate beads generally improving the rate and 

extent of PAH transformation, especially when combined with the surfactant. 

However, toxicity to zebrafish embryos increased after bioremediation, indicating 

that transformation products contributed to toxicity more so than the parent PAHs. A 

complex mixture of hydroxylated products, ring fission products, and quinones, were 

putatively identified using UPLC-MS, many of which have been demonstrated to 

elicit toxic responses in embryonic zebrafish. Despite this, 21198’s ability to rapidly 

transform such a broad range of environmentally relevant aromatic hydrocarbon 

contaminants suggests that it is a valuable bacterium in treating these contaminants 

and is amenable to use in combined treatment strategies that can improve treatment 

outcomes.   
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Chapter I: Introduction 

1.0 Aromatic Hydrocarbons 

Aromatic hydrocarbons are a broad class of compounds that are produced 

from both abiotic and biotic sources. Aromatic in chemistry terminology means a 

compound with a ring-shaped structure with pi bonds in resonance, where electrons 

of the pi bonds are delocalized. Therefore, an aromatic compound can exist as one of 

many structures called resonance structures. Aromatic compounds are very stable 

compared to aliphatic compounds (non-aromatics) and thus are useful for molecules 

that are essential for life, including nucleotides in DNA and amino acids in proteins.  

In the environment, aromatic hydrocarbons are most associated with petroleum 

products (petrogenic) or the burning of organic material (pyrogenic) (Lawal, 2017). 

The extensive use of petroleum products in the industrial world has led to aromatic 

hydrocarbons becoming abundant and ubiquitous in the environment, prompting 

action on their regulation and removal (remediation) to deter their associated adverse 

ecological and health effects. Challenges related to their detection, remediation, and 

toxicity that informed the research direction for this dissertation are presented in the 

following sections.  

1.1 BTEX  

Benzene, toluene, ethylbenzene, and xylenes (BTEX) are monoaromatic 

hydrocarbons often found together in the environment from gasoline spills or fires 

(Barboni and Chiaramonti, 2010; Latif et al., 2019). The US Environmental 

Protection Agency (EPA) has listed priority pollutants (US EPA 2014) due to 

associated adverse health effects including carcinogenicity, neurotoxicity, and 

reproductive toxicity (Hazrati et al., 2016; Masih et al., 2016; Sairat et al., 2015). Due 

to their moderate volatility and water solubility, BTEX compounds can exist in the 

environment as vapors in the atmosphere and dissolved in surface and groundwaters, 

although they do not sorb strongly to soil and sediment and are not prone to 

bioaccumulation. Exposure to BTEX can occur through ingestion, dermal absorption, 

and inhalation (Li et al. 2020; Dobaradaran et al. 2021; Alfoldy et al. 2019). 

Maximum contaminant levels (MCLs) set by the EPA for BTEX in drinking water 
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are inversely proportional to their toxicity and range from 5 parts per billion (ppb) for 

benzene to 10 parts per million (ppm) for total xylenes (US EPA 2009). 

Methyl tertiary butyl ether (MTBE), although not an aromatic hydrocarbon, is a 

common co-contaminant of BTEX that also of concern for human and ecological 

health. In the late 20th century, MTBE replaced lead as a gasoline additive to increase 

the octane level of gasoline (Steffan et al. 1997; Hernandez-Perez et al. 2001). MTBE 

quickly became dispersed in the environment due to its extensive use before it was 

found to be a regrettable substitution for lead. Despite its elimination from gasoline, 

MTBE  continues to be a common surface water and groundwater pollutant in the US 

(Fiorenza and Rifai, 2003; Carter et al. 2006). MTBE is a suspected human 

carcinogen, and although no MCL has been established, an action level range of 20 

ppb to 40 ppb has been proposed by the EPA (US EPA 1997). 

1.2 PAHs  

Polycyclic aromatic hydrocarbons (PAHs) first gained interest in the 18th century 

as one of the first examples of an occupational exposure hazard. A high incidence of 

cancer was observed in chimney sweeps, who were typically young boys. This has 

since been linked to PAH exposure from the soot in chimneys (Hogstedt et al., 2013). 

PAHs are made up of fused benzene rings, and are generally categorized as 

petrogenic, originating from petroleum, or pyrogenic, originating from combustion 

processes (Abdel-Shafy and Mansour, 2016).  

PAHs vary widely in their molecular structures and weights, and trends of their 

physicochemical properties are closely related to these characteristics.  Because 

PAHs encompass a broad range of molecular structures and sizes, they have varying 

physicochemical properties. Compared to BTEX, PAHs have low water solubilities 

and low volatility. As a result, PAHs sorb strongly to soil and sediment in the 

environment, and are prone to bioaccumulation (Abdel-Shafy and Mansour, 2016; 

Cachada et al., 2012).  

Sixteen PAHs are listed as priority pollutants by the EPA (US EPA 2014) and 

although PAH exposure is more commonly associated with inhalation or food 

ingestion (Bansal and Kim, 2015; Patel et al., 2020; Phillips, 1999), the EPA has set 

an MCL of 0.2 ppb of benzo(a)pyrene, a model PAH, in drinking water (US EPA 
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2009). This order of magnitude difference in MCL compared to the lowest MCL for 

monoaromatic hydrocarbons (5 ppb for benzene) reflects the additional toxicity and 

persistence of PAHs. PAHs are associated with carcinogenic, mutagenic, and 

teratogenic health effects and have demonstrable bioaccumulative effects that can 

severely disrupt ecosystems (Ghosal et al., 2016; Krzyszczak and Czech, 2021; Tu et 

al., 2018).  

 

1.3 PAH Transformation Products  

Aromatic hydrocarbons can be degraded in the environment by a variety of 

chemical and biological means. Atmospheric transformation of these contaminants 

can be achieved with the UV radiation and oxidative species present in the 

atmosphere or surface waters, producing photodegradation products (Fasnacht and 

Blough, 2002; Perraudin et al., 2006). A significant amount of degradation can be 

attributed to biological degradation. Biodegradation of aromatic hydrocarbons can 

produce innumerable transformation products. Most aerobic processes will produce 

oxygenated intermediates that may be further degraded and even cleaved to form 

aliphatic products (Alegbeleye et al., 2017; Ghosal et al., 2016). Although complete 

oxidation of aromatic hydrocarbons would yield carbon dioxide and water, 

degradation to this extent is difficult to achieve, particularly for PAHs. Instead, the 

incomplete degradation products, also called dead-end products, can accumulate in 

environmental systems (Ghosal et al., 2016). This is of concern, as several studies 

have reported increases in toxicity after chemical or biological PAH treatment 

(Andersson et al., 2009; Chibwe et al., 2015; Schrlau et al., 2017), due to the 

formation of transformation products that are more bioavailable and more toxic that 

their parent compounds. 

 

2.0 Detection Technologies 

Because aromatic hydrocarbons typically exist as mixtures in relatively low 

concentrations in the environment, chemical analysis of environmental samples often 

require extraction and separation techniques before their identification and 

quantification (Gitipour et al., 2018). Common extraction methods for liquid matrices 
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are liquid-liquid extraction (LLE), and solid phase extraction (SPE) (Brum et al. 2008; 

Marcé and Borrull 2000), while those for solid matrices are Soxhlet extraction and 

ultrasonic assisted extraction (UAE) (Song et al. 2007). Chromatography using gas 

(GC) or liquid (LC) as the mobile phase allows for the separation of compounds based 

on their general physicochemical properties. Detection of aromatic hydrocarbons 

primarily relies on flame ionization detectors (FID), mass-selective detectors (MS), 

ultraviolet absorbance (UV), or fluorescent emission.  

Standard EPA methods have been developed for PAHs analysis in aqueous matrices 

such as methods 610, 625, 525, and 8310 (Gitipour et al., 2018) that use combinations 

of the aforementioned extraction, chromatography, and detection methods. PAHs are 

notoriously difficult to identify and quantify due to their physicochemical properties, 

and generally require more extensive analytical procedures than BTEX (Gitipour et al., 

2018). Thus, the resources and time required to analyze environmental samples for 

aromatic hydrocarbons are often a bottleneck for research progress.   

 

3.0 Bioremediation of Aromatic Hydrocarbons 

The remediation methods investigated in this dissertation focus on 

bioremediation, as it is generally less expensive and less invasive than physical and 

chemical removal strategies (Farhadian et al., 2008; Juwarkar et al., 2010). 

Microorganisms can transform BTEX and PAHs through metabolism, where the 

contaminants are used as carbon and energy sources, or cometabolism, where the 

contaminants are transformed fortuitously without any carbon or energy gain (Hazen 

2010.). Although many microorganisms have been isolated that degrade BTEX and 

PAHs via metabolic processes (Lu et al. 2011; Farhadian et al. 2008), the application 

of these microorganisms is limited, as they are dependent on the aromatic 

contaminants for their survival and are unable to degrade the contaminants to very 

low concentrations (Hazen 2010). Microorganisms that cometabolize contaminants 

are not limited in this way and are therefore better equipped to achieve remediation 

goal concentrations. Two bacterial pure cultures, introduced below, were used 

extensively in this dissertation research.  
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3.1 Rhodococcus rhodochrous ATCC 21198 

Rhodococcus rhodochrous ATCC 21198 (21198) is a gram-positive bacterium that 

has been deposited in the American Type Culture Collections as part of a patent for 

gaseous hydrocarbon utilizing bacteria (Rhodococcus rhodochrous (Zopf) Tsukamura 

emend. Rainey et al. (ATCC 21198); (MacMichael and Brown, 1987).  21198 has been 

studied for its effective energy storage and ability to degrade environmental 

contaminants, such as chlorinated solvents and 1,4-dioxane, via cometabolism 

(Murnane et al., 2021; Rasmussen et al., 2020; Rolston et al., 2019; Shields-Menard et 

al., 2015). 21198 expresses a short-chain alkane monooxygenase (SCAM) that is 

believed to catalyze the transformation of these contaminants, and it can be stimulated 

by growth on gaseous substrates such as propane and isobutane as well as alcohols such 

as 2-butanol (Murnane et al., 2021). Although other studies of Rhodococcus strains 

have demonstrated degradation of  BTEX and MTBE (Deeb et al. 2001; Kim et al. 

2002; Deeb and Alvarez-Cohen 1999) and PAHs (Wang et al., 2021a; Zampolli et al., 

2019), activity towards these contaminants has been shown to be highly variable at the 

genus level.   

 

3.2 Mycobacterium Sp. Strain ELW1  

Mycobacterium Sp. Strain ELW1 (ELW1) is a gram-positive aerobic bacterium that 

has been used in bioremediation studies for the cometabolism of chlorinated aliphatic 

hydrocarbons, and the low molecular weight PAH phenanthrene (Krippaehne 2018, 

Rich 2015, Schrlau et al., 2017). ELW1 was isolated from stream sediment in North 

Carolina using isobutene as the sole carbon and energy source (Kottegoda et al., 

2015a). Analogous to the SCAM 21198 expresses when grown on isobutane, ELW1 

expresses an alkene monooxygenase when grown on the gaseous substrate isobutene 

that putatively transforms contaminants (Kottegoda et al., 2015a). Previous work with 

ELW1 and phenanthrene demonstrated the accumulation of hydroxylated 

transformation products that were more toxic than phenanthrene alone (Schrlau et al., 

2017).  
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3.3 Bioremediation Challenges  

Both BTEX and PAHs predominantly exist as complex mixtures in the 

environment (Abdel-Shafy and Mansour, 2016; Latif et al., 2019). These mixtures 

can be difficult for microorganisms to treat in their entirety due to competition and 

inhibition mechanisms (Bielefeldt and Stensel, 1999a; Deeb and Alvarez-Cohen, 

1999). One of the biggest challenges of PAH bioremediation specifically is the 

bioavailability of PAHs. Sorbed PAHs are not accessible to microorganisms, 

therefore treatment is typically limited by the desorption rate of PAHs from the soil or 

sediment to the surrounding water (Mohan et al. 2006; Lamichhane et al. 2016).   

To reduce the desorption rate limitation, surfactants can be used to solubilize 

sorbed PAHs through a process known as “soil washing”. Surfactants at 

concentrations above their critical micelle concentration exist as micelles in solution 

that have a hydrophilic shell but a hydrophobic core that is capable of accumulating 

PAHs (Mulligan et al. 2001; Peng et al. 2011). Because soil washing creates a PAH-

rich effluent that must be treated further, many studies have investigated the treatment 

of this effluent with microorganisms (Jin et al., 2007; Pantsyrnaya et al., 2011). 

However, all surfactants are toxic to microorganisms at high enough concentrations 

via cellular membrane disruption (Gharibzadeh et al., 2016).  

Because of the inherent toxicity of surfactants, protecting cells from the 

surfactants while still allowing them access to the PAH containing micelles is of 

interest. One method used to protect cells from surfactant toxicity is immobilizing 

cells in hydrogels matrices consisting of polymers such as sodium alginate, polyvinyl 

alcohol, chitosan, or gellan gum (Mehrotra et al., 2021). Cell immobilization not only 

protects cells from the outside environment, but can also increase biomass activity, 

improve mass transfer of contaminants, and retain biomass to extend treatment times 

(Mehrotra et al., 2021; Partovinia and Naeimpoor, 2013; Patel et al., 2020). Several 

studies have immobilized PAH degraders in hydrogel beads for the treatment of PAH 

contaminated soil washing effluent and have reported improved treatment with 

immobilized cells (Chen et al., 2021; Wen et al., 2021; Xu et al., 2019).  
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4.0 Toxicity Considerations  

Remediation goals typically take the form of a permissible concentration of the 

contaminants of interest, in accordance with state or federal regulations. However, 

inherent in these goals is the assumption that any transformation products produced 

from the remediation process are not as toxic as the parent compound(s). This 

assumption, while true for many contaminants, is not necessarily true for PAHs (Titaley 

et al., 2020). In the case of combined remediation strategies with surfactants and 

biological treatment, toxicity measurements become even more important, as 

surfactants can contribute to overall toxicity (Huguenot et al. 2015; Mousset et al. 

2013).  

Despite these findings, it is still uncommon for transformation products or toxicity 

to be monitored in remediation studies (Titaley et al., 2016). The complexity of 

identifying and quantifying PAH transformation products exceeds that of parent PAHs, 

therefore including toxicity assessments can aid in assessing the importance of the 

transformation products without the analytical chemistry undertaking. Although animal 

studies remain the gold standard for quantifying and reporting toxicity in regulatory 

environments (Ashton et al. 2013), cell-based assays are more attractive in research for 

which advising regulation is not the intent (Shukla et al., 2010).  

Cell-based assays require significantly less time and preparation and are more 

ethical (Shukla et al., 2010). Cell-based assays can be as simple as reporting cell death 

in terms of a live/dead ratio (Gan et al., 2018; Sun et al., 2018). Non-lethal endpoints 

such as mutagenicity with the Ames assay (Kim Oanh et al., 2002; Titaley et al., 2016) 

or the Comet Assay (Cotelle and Farard 1999), and respiration interference with the 

MicroTox assay (Brakstad et al., 2018; Kim Oanh et al., 2002) can been used as well.  

More sophisticated methods using genetically modified eukaryotic cells such as 

chemically activated luciferase expression (CALUX) assays have taken cell-based 

assays closer to being representative of complex organisms (Beitel et al., 2020; 

Filipkowska et al., 2018). However, extrapolation between organisms remains a 

significant barrier to confidently translating toxicity in single cells to toxicity in 

humans.   
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4.1 Zebrafish Toxicity Model  

A more complex system that has similar high-throughput capability to cell-based 

assays is the embryonic zebrafish assay. Zebrafish have approximately 80% genetic 

homology to humans, making extrapolation of results to humans more direct than 

aforementioned cell-based assays (Truong et al., 2011). Furthermore, toxicity testing 

in the embryonic phase allows for the study of nearly all potential cell types and 

expression of gene products, with toxicity manifesting as distinct phenotypes such as 

abnormalities of the heart, spine, and brain (Geier et al., 2018; Shankar et al., 2019). 

Embryonic zebrafish assays can be conducted in high-throughput 96-well microplates 

over the course of 5-days, during which embryos develop into zebrafish larva (Truong 

et al., 2016).  

However, studies in this format are limited analytically by the small amounts of 

material used. Another major limitation of the embryonic zebrafish assay is quantifying 

how much of the chemicals they are exposed to are taken up by the embryos. In other 

words, the dose of the chemical is not the same as the amount of chemical they are 

exposed to, and determining the uptake and dose of toxins often relies on sacrificing 

embryos and using significant sample preparation techniques to quantify toxins with 

sensitive instruments (Wang et al., 2020, 2018).  

 

5.0 Dissertation Contents and Objectives 

 This dissertation is composed of four manuscripts that investigate the 

detection, bioremediation, and toxicity of aromatic hydrocarbon contaminants. Each 

manuscript was motivated by addressing the aforementioned challenges in aromatic 

hydrocarbon bioremediation. The objectives of this research are summarized as the 

following:  

1) Determine suitability of a bacterial pure culture for aromatic hydrocarbon 

bioremediation using BTEX as model aromatic hydrocarbons 

Hypothesis: 21198 is an excellent candidate for aromatic hydrocarbon 

bioremediation due to its expression of enzymes with broad substrate ranges 

and previous demonstrations of aromatic hydrocarbon remediation within the 

Rhodococcus genera.  
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2) Develop rapid detection methods for monitoring aqueous PAH concentrations 

changing in response to biological activity  

Hypothesis: Fluorescent spectroscopy techniques can be adapted to various 

experimental designs to monitor aqueous PAHs without significant 

interference from biologically derived background fluorescence.    

3) Expand investigations in (1) to PAH remediation strategies using treatment 

and toxicity metrics to assess remediation success  

Hypothesis: The transformation of PAHs by 21198 can occur but is aided by 

combined methods to protect cells and solubilize PAHs. Using multiple 

analytical techniques to monitor parent PAHs, PAH-TPs, and toxicity 

provides a better assessment of remediation success than monitoring parent 

PAHs alone.  

Chapter II demonstrated the bioremediation of BTEX and MTBE by the bacterial 

culture 21198 as individual contaminants and contaminant mixtures in both high and 

low biomass batch experiments. Investigation of 21198 growth substrates and 

metabolic pathways were also included in this work. Chapter III reports the 

development of a novel analytical technique to monitor and quantify PAHs and PAH 

transformation products in controlled laboratory conditions using ELW1 as the model 

organism and phenanthrene as the model PAH. Measured concentrations and kinetic 

parameters derived from this method were compared to those derived from an 

established GC-MS method. Chapter IV adapts the methods developed in Chapter III 

to high-throughput embryonic zebrafish toxicity assays, where a fluorescent plate 

reader was used to quantify PAH concentrations in the embryo media and relate 

changes in aqueous PAH concentrations to PAH uptake by the zebrafish with kinetic 

models. Chapter V combines the knowledge gained in Chapter II and the techniques 

developed in Chapter III to study the bioremediation of a PAH mixture with 21198. 

This study compares the impact of cell immobilization and surfactants on overall 

treatment of PAHs, production of PAH transformation products, and the toxicity of 

remediated material.  Chapter VI summarizes the conclusions of the preceding 

chapters and provides recommendations for future work.  
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Chapter II: Influence of Growth Substrate and Contaminant Mixtures on the 

Degradation of BTEX and MTBE by Rhodococcus rhodochrous ATCC Strain 

21198  

Abstract 

The degradation of the prevalent environmental contaminants benzene, 

toluene, ethylbenzene, and xylenes (BTEX) along with a common co-contaminant 

methyl tert-butyl ether (MTBE) by Rhodococcus rhodochrous ATCC Strain 21198 

was investigated. The ability of 21198 to degrade these contaminants individually and 

in mixtures was evaluated with resting cells grown on isobutane, 1-butanol, and 2-

butanol. Growth of 21198 in the presence of BTEX and MTBE was also studied to 

determine the growth substrate that best supports simultaneous microbial growth and 

contaminants degradation. Cells grown on isobutane, 1-butanol, and 2-butanol were 

all capable of degrading the contaminants, with isobutane grown cells exhibiting the 

most rapid degradation rates and 1-butanol grown cells exhibiting the slowest. 

However, in conditions where BTEX and MTBE were present during microbial 

growth, 1-butanol was determined to be an effective substrate for supporting 

concurrent growth and contaminant degradation. Contaminant degradation was found 

to be a combination of metabolic and cometabolic processes. Evidence for growth of 

21198 on benzene and toluene is presented along with a possible transformation 

pathway. MTBE was cometabolically transformed to tertiary butyl alcohol, which 

was also observed to be transformed by 21198. This work demonstrates the possible 

utility of primary and secondary alcohols to support biodegradation of monoaromatic 

hydrocarbons and MTBE. Furthermore, the utility of 21198 for bioremediation 

applications has been expanded to include BTEX and MTBE.  

 

1.0 Introduction  

Benzene, toluene, ethylbenzene, and xylenes (BTEX) are ubiquitous 

environmental contaminants introduced to the environment from both natural and 

anthropogenic sources such as forest fires, the combustion and spills of petroleum 

products, and manufacturing industries including solvent, paint, and rubber industries 

(Latif et al. 2019; Shim et al. 2002; Barboni and Chiaramonti 2010). The US 
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Environmental Protection Agency (EPA) recognizes BTEX as priority pollutants (US 

EPA 2014), as they are associated with a multitude of adverse health effects including 

carcinogenicity, neurotoxicity, and reproductive toxicity (Hazrati et al., 2016; Masih 

et al., 2016; Sairat et al., 2015). Despite their known toxicity, BTEX continue to have 

a significant presence in atmospheric and aquatic environments leading to regular 

human exposures (Y. Li et al. 2020; Dobaradaran et al. 2021; Alfoldy et al. 2019). Of 

particular concern is drinking water BTEX contamination, as even trace levels of 

BTEX in drinking water are considered hazardous. Maximum contaminant levels 

(MCLs) for benzene, toluene, ethylbenzene, and total xylenes are 0.005, 1, 0.7, and 

10 mg/L, respectively (US EPA 2009).  

Methyl tert-butyl ether (MTBE) was a common gasoline additive in the late 20th 

century used to increase the octane level of gasoline and thus promote more complete 

fuel combustion in automobiles (Steffan et al. 1997; Hernandez-Perez et al. 2001). 

MTBE quickly became dispersed in the environment due to its extensive use, and 

despite its replacement in gasoline by ethanol in the 2000s, it continues to be a 

common surface water and groundwater contaminant in the US (Fiorenza and Rifai 

2003.; Carter et al. 2006). Furthermore, MTBE is still used as a gasoline additive in 

many countries, such as China and Mexico (González et al., 2018; Li et al., 2019a). 

MTBE is a suspected human carcinogen, and although no MCL has been established 

for it, an action level range of 20 µg/L to 40 μg/L has been proposed by the EPA (US 

EPA 1997). 

Although BTEX is suitable for physical removal strategies such as air stripping or 

adsorption for treatment of contaminated water, a less invasive and inexpensive 

method of BTEX remediation is bioremediation (Farhadian et al. 2008; Juwarkar et 

al. 2010). Many microorganisms are capable of degrading BTEX as carbon and 

energy sources via metabolism, or in conjunction with an alternative carbon and 

energy source via cometabolism. Despite initially being considered recalcitrant to 

microorganisms, MTBE has also been demonstrated to be biodegradable by many 

microorganisms (Chen et al., 2011; Hristova et al., 2003; Mahmoodsaleh and Roayaei 

Ardakani, 2021). However, MTBE is most often found in the environment with 
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hydrocarbon co-contaminants such as BTEX, and BTEX contamination itself 

typically occurs as a mixture.  

Thus, bioremediation efforts for BTEX and MTBE (BTEXM) must account for 

mixture interactions that occur within BTEX and between BTEX and MTBE. 

Contaminant mixtures often introduce complexities such as competition and 

inhibition that can reduce the success of bioremediation efforts (Bielefeldt and 

Stensel, 1999b; Deeb and Alvarez-Cohen, 1999). To overcome the negative impacts 

of mixtures on biodegradation, microorganisms have been isolated using BTEX 

mixtures as enrichment substrates in pursuit of microbes that can degrade, or at 

minimum tolerate, all components of BTEX (Benedek et al., 2021; Hocinat et al., 

2020; Kasi et al., 2013; Wongbunmak et al., 2020).  

Similar methods have also been used for enriching BTEXM degrading 

microorganisms using MTBE as the enrichment substrate (Lin et al. 2007; Raynal and 

Pruden 2008; Pruden and Suidan 2004). In doing so, isolates usually require BTEX or 

MTBE to sustain growth and activity, limiting their ability to degrade contaminants to 

remediation goal concentrations. Cometabolic processes avoid this issue, as 

microorganisms that cometabolize BTEXM are not dependent on the contaminants 

for their survival. Additionally, enzymes involved in MTBE oxidation typically have 

a low affinity for MTBE (high Ks), thus increasing the difficulty of achieving low 

concentrations in the environment (House and Hyman, 2010; Smith and Hyman, 

2004).  

Rhodococcus rhodochrous ATCC 21198 (21198) is a gram-positive bacterium 

with many qualities attractive for bioremediation applications such as planktonic 

growth, metabolic diversity, and expression of a short chain alkane monooxygenase 

(SCAM) that can transform chlorinated aliphatic hydrocarbons (CAHs) as well the 

cyclic ether 1,4-dioxane (1,4-D) (Rasmussen et al. 2020;  Rolston et al.,  2022). High 

expression of SCAM has been observed when 21198 is grown on alkanes such as 

propane and isobutane, however SCAM expression has also been shown to be 

supported by alcohols such as 2-butanol (Chen 2016).  The Rhodococcus genera has 

an established relevance in bioremediation for n-alkanes and aromatic hydrocarbons 

(Brzeszcz and Kaszycki, 2018). Although other studies of Rhodococcus strains with 
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BTEXM have been conducted (Deeb et al. 2001; Jung and Park 2004; Kim et al. 

2002; Deeb and Alvarez-Cohen 1999), including studies using aliphatic hydrocarbons 

as growth substrates (Auffret et al., 2009; Lee and Cho, 2009), alcohols have not been 

investigated as potential growth substrates to support degradation of BTEXM.  

The objectives of this research were to establish the ability of 21198 to degrade 

BTEX and MTBE both individually and in mixtures, distinguish between metabolic 

and cometabolic processes involved in BTEXM degradation, and demonstrate the 

utility of alcohol growth substrates to support the degradation of BTEXM in settings 

of resting cell biomass and proliferating cell biomass.  

 

2.0 Materials and Methods  

2.1 Chemicals  

All chemicals used were analytical grade purity: benzene (99%, Beantown 

Chemical, New Hampshire), toluene (99.8%, Sigma Aldrich, Missouri), ethylbenzene 

(99.8%, Acros Organics, Massachusetts), o-xylene, m-xylene, p-xylene (99%, Alfa 

Aesar, Massachusetts), MTBE, TBA (99%, TCI America, Oregon), isobutane 

(99.99%, Gas Innovations, Texas), 1-butanol (99.4%, Acros Organics, 

Massachusetts), 2-butanol (99%, Sigma Aldrich, Missouri).  
 

2.2 Rhodococcus rhodochrous ATCC 21198 Culture Methods  

The pure culture Rhodococcus rhodochrous ATCC 21198 (21198) was 

provided by Dr. Michael Hyman from North Carolina State University. 21198 was 

maintained as a pure culture on minimal salt media (MSM) agar plates in a sterile 

airtight jar with isobutane supplied as the sole carbon and energy source. Growth 

reactors were prepared as described in Rolston et al. (2019). Briefly, an inoculum 

scraped from a minimal plate was added to a 500 mL Wheaton glass media bottle 

containing 300 mL of sterile MSM (Kottegoda et al. 2015) amended with either 

isobutane, 1-butanol, or 2-butanol in excess based on the oxygen content of a sealed 

bottle. Growth reactors were incubated in the dark at 30 oC on a 150 RPM shaker 

table.  
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Microbial growth was monitored via optical density absorption at 600 nm 

(OD600) using a Thermo Scientific Orion Aquamate 8000 UV–Vis 

Spectrophotometer. When an OD600 of approximately 0.3 was reached, growth 

reactors were refreshed to enhance biomass growth. During refreshment, reactors 

were opened in a laminar flow hood to equilibrate with atmospheric oxygen and 

streaked on a tryptic soy glucose agar (TSGA) plate to confirm culture purity. A 

second addition of growth substrate was added to growth reactors before reclosing 

them. Cells in late exponential growth phase were concentrated into a 50 mM sodium 

phosphate buffer via centrifugation the day after refreshing as described in Murnane 

et al. (2021). TSS analysis on the cell concentrate was performed according to 

AWWA standard protocol (Baird et al. 2017) to determine the biomass concentration. 

Concentrated cell solutions were stored at 4 oC and used within 2 days of harvesting.  

 

2.3 Analytical Methods  

2.3.1 Headspace Analysis 

Volatile compounds were analyzed using gas chromatography (GC). For all 

headspace GC analyses, a Hamilton 1710 Series gas-tight syringe was used to inject 

100 µL of headspace sample from the batch reactors into the gas chromatograph. 

BTEX and isobutane were measured using a Series 6890 Hewlett Packard Gas 

Chromatograph equipped with a flame ionization detector (FID). Helium flowed 

through the capillary column (Agilent DB-624 UI 30m x 0.53mm) at 15 mL/minute. 

The detector temperature and oven temperature were held constant at 250 oC and 220 
oC, respectively. Chromatographic separation of all volatile hydrocarbons was 

achieved with the exception of m-X and p-X, which coeluted.  

Oxygen was measured using a Hewlet Packard 5890 Series Gas 

Chromatograph equipped with thermal conductivity detector (GC-TCD) and capillary 

column (Supelco 60/80 Caroboxen 1000). Helium flowing at 30 mL/minute was used 

as the carrier gas, with the oven temperature held constant at 40 oC. All headspace 

methods were calibrated using external standards, with good linear fit (R2> 0.99) 

achieved for all calibration curves. Henry’s coefficients for each compound were used 
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to calculate the total mass of contaminants in bottles based on the headspace 

measurements. A list of Henry’s coefficients used is reported in Table A4.  

 

2.3.2 Liquid Sample Analysis  

Non-volatile compounds, namely MTBE, tert-butyl alcohol (TBA), 1-butanol, 

and 2-butanol, were analyzed in liquid samples from batch reactors. 1 mL liquid 

samples were taken throughout the course of batch experiments through the cap septa 

using a sterile syringe. These samples were filtered through 0.2 µm polyvinylidene 

difluoride (PVDF) filters to remove cells and stored at 4 oC until analysis. MTBE, 

TBA, 1-butanol, and 2-butanol were analyzed using a Hewlet Packard 6890 Series 

Gas Chromatograph equipped with a Hewlet Packard 5873 mass selective detector 

(GC-MS) and capillary column (Restk Rtx-VMS). Filtered liquid samples were 

diluted in 40 mL VOA vials filled with 25 mL deionized water to concentrations 

below 20 µg/L. 5 mL of diluted sample was taken from each VOA via a Teledyne 

Tekmar AQUATek100 autosampler and run through a Teledyne Tekmar Lumin PTC 

purge and trap. Details on the heated purge and trap method are provided in Rolston 

et al. (2019). The mass detector was operated in selective ion monitoring mode to 

quantify ion fragments associated with MTBE (m/z 73), TBA (m/z 59), 1-butanol (m/z 

56), and 2-butanol (m/z 45). This method was calibrated with external standards and 

standards were included in sample analyses runs to monitor instrument sensitivity 

fluctuations.  
 

2.4 Batch Reactor Experiment Design  

2.4.1 Resting Cell Experiments  

Resting cell batch reactor tests with single contaminants and contaminant 

mixtures were conducted in 125 mL Wheaton serum bottles with butyl septa caps. 

Each bottle contained 100 mL of MSM and approximately 1 mg of the 

contaminant(s) added as neat liquids. Actual masses of contaminants added in each 

experiment are reported in Table A5. Bottles were allowed to reach liquid-gas phase 
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equilibrium at 30 oC on a 150 RPM shaker table, and these conditions were 

maintained for the duration of the experiments.  

Initial headspace measurements were taken before 5 mg of cells were added to 

bottles through the septa using a sterile syringe. Headspace and liquid samples were 

taken periodically to monitor contaminant concentrations. Control bottles were 

prepared without cells to monitor abiotic losses of analytes. Active bottles were 

prepared in triplicates, while control bottles were prepared in duplicates.  

Zero-order rates were derived from the calculated total contaminant mass 

using the linear regression model “fitlm” in MATLAB. The linear regions used to 

calculate rates and goodness of fit are reported in Figure S2. Initial periods of 

minimal transformation, referred to hereafter as lag periods, were estimated by the 

length of time between the first measurement and the beginning of the defined linear 

region. On occasion, the initial timepoint was omitted from the linear portion to 

improve goodness of fit. Such situations were not considered to be part of the lag 

period if this was the only data point omitted.  

 

2.4.2 Growth Batch Reactor Experiments  

Four sets of batch reactors were prepared to investigate 21198 growth in the 

presence of BTEXM. Each set was prepared in 125 mL sterilized Wheaton serum 

bottles with butyl septa caps with 100 mL MSM, ~1 mg of each contaminant, and a 

low initial biomass, 0.05 mg of isobutane grown cells, compared to the resting cell 

tests. Batch reactors were amended with approximately 1 mg of growth substrate, 

with the exception of set 1, which did not receive any additional growth substrate. 

Isobutane, 1-butanol, and 2-butanol were added to sets 2, 3, and 4, respectively as 

growth substrates. As oxygen was depleted from the headspace air, pure gaseous 

oxygen was added to the headspace through the cap septa. Control bottles were 

prepared without cells to monitor abiotic losses of analytes. Batch reactors were 

prepared in triplicates, while control bottles were prepared in duplicates. All bottles 

were incubated in the dark on a 100 RPM shaker table at 20 oC for the duration of the 

experiments.  
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2.4.3 Growth Substrate Experiments  

To explore the range of growth substrates for 21198, growth substrate 

experiments were conducted in 125 mL Wheaton serum bottles (nominal volume 155 

mL) with butyl septa caps and 25 mL MSM. Potential growth substrates were added 

to from neat stocks in excess based on the amount of available oxygen in the air 

headspace. Specific volumes of each substrate added are reported in Table S1. 

Growth bottles were inoculated with ~0.1 mg isobutane grown cells from a cell 

concentrate, and cell growth was monitored periodically using OD600 measurements. 

Bottles were incubated in the dark at 30 oC on a 150 RPM shaker table for the 

duration of the experiments.  

 

3.0 Results and Discussion  

3.1 Individual Contaminant Batch Experiments   

3.1.1 BTEX Compounds  

The influence of growth substrate on 21198’s BTEXM degradative capability 

was investigated using resting 21198 cells grown on either isobutane, 1-butanol, or 2-

butanol. Degradation was first studied in individual contaminant tests shown in 

Figure II-1.  
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Fig. II-1 Degradation of benzene (A), toluene (B), ethylbenzene(C), o-Xylene (D), 
m-Xylene (E), and p-Xylene (F) in individual contaminant tests by 21198 grown on 
isobutane (circles), 1-butanol (diamonds), or 2-butanol (squares). Error bars represent 
standard deviation between triplicates 

Isobutane grown cells consistently exhibited the most rapid transformation rates for 

all contaminants tested, followed by 2-butanol grown cells and 1-butanol grown cells. 

Lag periods were only observed with alcohol grown cells, as reported in Table II-1. A 

lag period for benzene transformation was observed with 1- and 2-butanol grown 

21198, while a lag period for toluene was only observed with 1-butanol grown cells. 

The incidence of lag periods with alcohol grown cells indicated a potential induction 

period, during which the cells produced the enzyme required to transform the 

contaminants. 
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Table II-1. Zero-order transformation rates and lag periods associated with batch 
experiments. Error associated with transformation rates is the standard deviation 
among triplicates. 

 

Because transformation of these contaminants commenced following this 

period, enzyme(s) required for these transformations are potentially inducible by the 

presence of BTEX. Among the aromatic compounds, T and m-X were transformed 

most rapidly, while o-X was transformed slowly. Based on the significant differences 

in transformation rates reported in Table II-1 among the BTEX components, it 

appears that a single methyl or ethyl substitution on the ring makes the compound 

more susceptible to enzymatic attack by 21198. However, as demonstrated by the 

range of degradation rates between xylene isomers, a second methyl substitution on 

the ring can have negative impacts on degradability. Of the three xylene isomers, o-X 

is commonly observed to be the most difficult to degrade microbially (Auffret et al. 

2009; Taki et al. 2006; Jeong et al. 2008). Because of this, o-X has been used as an 

enrichment substrate to isolate o-X degrading Rhodococcus strains. Rhodococcus 

isolates that preferentially degrade o-X over the other isomers have been 

Contaminant 
Batch 

Experiment 

Isobutane Grown Cells 1-Butanol Grown Cells 2-Butanol Grown Cells 

Rate 

(µmol/hour/mg 

biomass) 

Lag 

Time 

(hours) 

Rate 

(µmol/hour/mg 

biomass) 

Lag 

Time 

(hours) 

Rate 

(µmol/hour/mg 

biomass) 

Lag 

Time 

(hours) 

Benzene 
 

Individual 

BTEX 

BTEXM 

0.43 ± 0.04 

0.48 ± 0.06 

0.50 ± 0.05 

0 

1.3 

0 

0.16 ± 0.02 

0.10 ± 0.01 

0.11 ± 0.01 

11 

10 

23 

0.25 ± 0.01 

0.24 ± 0.06 

0.25 ± 0.04 

3.9 

4.6 

6.5 

Toluene Individual 

BTEX 

BTEXM 

5.83 ± 0.04 

1.35 ± 0.06 

2.17 ± 0.14 

0 

0 

0 

0.31 ± 0.001 

0.25 ± 0.02 

0.13 ± 0.01 

7 

5.9 

6.4 

0.84 ± 0.04 

0.30 ± 0.01 

0.29 ± 0.01 

0 

0 

0 

Ethylbenzene Individual 

BTEX 

BTEXM 

0.86 ± 0.02 

0.73 ± 0.04 

1.11 ± 0.05 

0 

0 

0 

0.10 ± 0.01 

0.10 ± 0.02 

0.08 ± 0.01 

0 

5.9 

6.4 

0.34 ± 0.004 

0.18 ± 0.01 

0.20 ± 0.01 

0 

0 

0 

o-Xylene Individual 

BTEX 

BTEXM 

0.33 ± 0.02 

0.29 ± 0.01 

0.47 ± 0.04 

0 

0 

0 

0.04 ± 0.01 

0.12 ± 0.01 

0.08 ± 0.01 

0 

10 

10 

0.34 ± 0.004 

0.18 ± 0.01 

0.20 ± 0.01 

0 

3.0 

2.0 

m-Xylene Individual 7.17 ± 0.16 0 0.17 ± 0.01 0 0.58 ± 0.04 0 

p-Xylene Individual 1.56 ± 0.11 0 0.07 ± 0.003 0 0.18 ± 0.01 0 

MTBE Individual 

BTEXM 

0.16 ± 0.02 

0.25 ± 0.04 

0 

0 

0.03 ± 0.01 

0.03 ± 0.008 

0 

26 

0.16 ± 0.03 

0.08 ± 0.01 

0 

0 
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characterized (Jeong et al. 2008; You et al. 2018). The same was achieved by Auffret 

et al. (2009) using a BTEX and aliphatic hydrocarbon mixture to isolate a 

Rhodococcus wratislaviensis strain. However, Taki et al. (2006) reported the same 

xylene isomer preference as 21198 (m-X > p-X > o-X) with a Rhodococcus consortia 

despite using o-X as the consortia’s enrichment substrate. 21198’s ability to 

cometabolically degrade all xylene isomers, while not requiring their presence during 

its growth phase, indicates the relaxed substrate specificity of the enzyme(s) involved 

in their degradation. Abiotic losses in these experiments were minimal compared to 

transformation of contaminants observed in active bottles, and are reported in Table 

S2.  

Along with the rate of contaminant degradation, the extent of degradation was 

impacted by growth substrate. While complete contaminant degradation was achieved 

by isobutane grown cells for all BTEX components, 1-butanol and 2-butanol grown 

cells were unable to fully degrade o-X in the duration of the experiment. 1-butanol 

grown cells were also unable to fully degrade p-X. A lower transformation capacity, 

or mass of contaminant able to be transformed by a certain resting cell mass, for o-X 

and p-X may be the result of stress to the microbes such as transformation product 

toxicity or depletion of the cells’ energy reserves.  

 

3.1.2 MTBE and TBA 

MTBE transformation progressed slower than the BTEX compounds across 

all growth substrates, as shown in Figure II-2A. However, the relative rate and extent 

of degradation followed the same pattern amongst the growth substrates as observed 

with BTEX (isobutane > 2-butanol > 1-butanol). 
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Fig. II-2 Transformation of MTBE by 21198 grown on isobutane (circles), 1-butanol 
(diamonds), or 2-butanol (squares) shown in A. Simultaneous MTBE (filled circle) 
transformation and TBA (open circle) production by isobutane grown 21198 shown 
in B. Error bars represent standard deviation between triplicates in A and duplicates 
in B 

No lag period was observed for MTBE transformation by cells grown on either 

isobutane or butanol. Isobutane grown cells achieved MTBE concentrations below 

the EPA action level concentration (20 µg/L) after 76 hours of incubation, while 1-

butanol and 2-butanol grown cells reached concentrations of 1.2 mg/L and 0.12 mg/L, 

respectively, after 100 hours of incubation. TBA was identified as the major 

transformation product of MTBE produced by 21198. TBA is the most common 

intermediate reported in MTBE aerobic degradation pathways (Nava et al. 2007; 

Fiorenza and Rifai, 2003). Some microorganisms such as Arthrobacter ATCC 27778 

(Liu et al., 2001), Acinetobacter Sp. Strain SL3 (Li et al. 2019b) and ENV425 ATCC 

55798 (Steffan et al., 1997) are able to utilize the same enzyme for MTBE and TBA 

oxidation, producing precursors for intermediates, such as 2-hydroxyisobutyric acid 

(HIBA). Other microorganisms utilize different enzymes for MTBE and TBA 

oxidation, such as Mycobacterium austroafricanum IFP 2012 (François et al., 2002) 

and Methylibium petroleiphilum strain PM1 (Deeb and Alvarez-Cohen, 2000). 

However, many MTBE oxidizing organisms are unable to further oxidize TBA, 

including Pseudomonas mendocina KR-1 (Smith et al. 2003), Pseudomonas putida 

GPo1 (Smith and Hyman, 2004), and Gordonia terrae IFP 2001 (Hernandez-Perez et 



23 
 

 

al. 2001). Accumulation of TBA is not desirable, as TBA has similar properties, 

including toxicity, to MTBE (Nava et al.2007).  

The transformation of TBA was observed in MTBE batch tests with resting 

isobutane grown 21198 cells as shown in Figure II-2B, indicating that the 

transformation of MTBE does not end at TBA, however the transformation of TBA 

occurs more slowly than that of MTBE. House and Hyman (2010) observed slower 

TBA oxidation rates compared to MTBE as well with Mycobacterium 

austroafricanum JOB5. It was concluded that TBA and MTBE compete for the same 

monooxygenase, and that the lower TBA transformation rate is due to a higher Ks 

value for TBA compared to MTBE. Catalytic similarities between 21198 and JOB5 

with regards to both BTEX and MTBE degradation suggest that this phenomenon 

documented in JOB5 may also be occurring in 21198.  

 

3.1.3 Connections to Additional Contaminants of Concern 

The relative activity of 21198 grown on different substrates towards BTEXM 

follows trends observed with 21198 transforming CAHs and 1,4-D reported 

previously (Bealessio 2021).  This trend is reflective of the extent of expression of 

enzyme(s) capable of cometabolizing these contaminants. Murnane et al. (2021) used 

activity-based profiling to demonstrate that the alkane monooxygenase responsible 

for oxidizing CAHs and 1,4-D is expressed highly in isobutane grown 21198, 

moderately in 2-butanol grown cells, and minimally in 1-butanol grown cells. This is 

presumably due to the need for the alkane monooxygenase to initiate isobutane 

metabolism, but not butanol metabolism. Rather, butanol metabolism is initiated by 

an alcohol dehydrogenase, which cannot initiate cometabolism of BTEXM. A similar 

explanation for lag periods has been suggested with a Rhodococcus aetherivorans 

strain grown on 1-butanol (Inoue et al., 2018).  

Murnane et al. (2021) also observed an acceleration in rates of 1,4-D 

cometabolism with time for 1-butanol grown cells, which is consistent with 

observations in B and T individual tests shown in Figure II-1A and B and indicative 

of increased monooxygenase production with time. The similarity in trends observed 
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across growth substrates for BTEXM, CAHs, and 1,4-D indicates that the alkane 

monooxygenase involved in CAH and 1,4-D oxidation may also be involved in the 

oxidation of BTEXM. 

 

3.2 Contaminant Mixture Batch Experiments  

3.2.1 BTEX Mixture 

Contaminant mixtures were tested with 21198 after confirming its ability to 

degrade all components of BTEXM individually. The order of contaminant 

degradation and emergence of lag periods shown in Figure II-3 illustrate the impact 

of contaminant mixtures on 21198, and how that impact differs based on the substrate 

used to grow the cells.

 
Fig. II-3 Degradation of BTEX in resting cell mixture batch tests by isobutane (A), 1-
butanol (B), or 2-butanol (C) grown 21198. Error bars represent standard deviation 
between triplicates. Data normalized to initial masses for each contaminant. Initial 
mass of each contaminant is reported in Table S4 

The order of contaminant transformation followed the relative rates of transformation 

established in the individual contaminant tests, with contaminant degradation 

commencing as T > E > B > o-X for all growth substrates. As observed in the 

individual contaminant tests, there was no lag period in TEX transformation with 

isobutane grown cells, however a short lag period of 1.3 hours was observed for B. A 
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lag period was observed for B, T, and o-X in tests conducted with 1-butanol grown 

cells, and B and o-X in tests conducted with 2-butanol grown cells (Table II-1).  For 

1-butanol grown cells, this lag period may be representative of combined effects of 

inhibition and induction.  

Lag periods were observed for B and T in individual contaminant tests and 

were therefore expected to be observed in mixture tests as well. The lag periods 

observed in BTEX mixture tests were similar in length to those observed in individual 

tests, however the presence of lag periods for contaminants in mixture tests that were 

not observed in individual tests indicate that other factors, such as inhibition, may be 

contributing to the lag in transformation. Inhibition by the presence of T and E is a 

commonly reported phenomenon among BTEX mixture transformation (Jung and 

Park 2004; Deeb and Alvarez-Cohen 1999). This hypothesis is further supported by 

the fact that significant B and o-X transformation progressed only after T and E 

concentrations were significantly reduced.  

These interactions were also observed with 2-butanol grown cells. For 1-

butanol and 2-butanol grown cells, the presence of other aromatic compounds had a 

positive effect on the extent of o-X degradation, as they were able to fully transform 

o-X in the mixture tests. Enhanced degradation when BTEX compounds are present 

in a mixture has been reported for other microorganisms as well (Benedek et al., 

2021; Khodaei et al., 2017; Wongbunmak et al., 2020), with authors attributing this 

observation to microbial growth supported by components of BTEX and/or enhanced 

expression of enzymes required for BTEX transformation.  

3.2.2 BTEXM Mixture  

 The order of BTEX degradation followed the same pattern as described in the 

previous section, with MTBE transformation occurring slower than all BTEX 

components as shown in Figure II-4. Abiotic losses in these experiments were 

minimal and are reported in Table A3. The presence of MTBE in the BTEX mixture 

impacted transformation rates differently depending on the substrate the cells were 

grown on, although the rate of B transformation for all growth substrates was not 

significantly impacted by the presence of MTBE in the BTEX mixture. 
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Fig. II-4 Degradation of BTEXM in resting cell mixture batch tests by isobutane (A), 
1-butanol (B), or 2-butanol (C) grown 21198. Error bars represent standard deviation 
between triplicates. Data normalized to initial masses for each contaminant. Initial 
mass of each contaminant is reported in Table S4 

For isobutane grown cells, an increase in zero-order transformation rate was observed 

for T, E, and o-X in the presence of MTBE. The opposite was observed for 1-butanol 

grown cells, with T, E, and o-X degradation rates decreasing in the presence of 

MTBE. Interestingly, for 2-butanol grown cells, no significant impact on BTEX 

transformation rate was observed with the presence of MTBE in the BTEX mixture 

(Table II-1). No lag periods were observed for isobutane grown cells, while B and o-

X lag periods observed for 2-butanol grown cells were consistent with observations 

from the BTEX mixture test. An extended lag period for B and MTBE were observed 

for 1-butanol grown cells, which was twice as long as that observed in the BTEX 

mixture test. MTBE degradation commenced once significant transformation of 

BTEX was achieved by 1-butanol grown cells, suggesting that BTEX inhibits the 

transformation of MTBE. MTBE inhibition by BTEX is a commonly reported 

phenomenon (Deeb and Alvarez-Cohen, 2000; Lee and Cho, 2009; Raynal and 

Pruden, 2008). Similar lag periods were also observed by Zhou et al. (2016) with 
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BTEX and 1,4-dioxane mixtures, with lag being attributed to enzyme competition, 

intermediate toxicity, and/or energy deficits.  

Despite the initial inhibition of MTBE transformation, as BTEX 

concentrations decreased, rapid transformation of MTBE was observed. What’s more, 

lower concentrations of MTBE were achieved in BTEXM mixture tests than in tests 

conducted with MTBE alone as shown in Figure II-5, despite there being a greater 

mass of contaminants for 21198 to transform. 

Fig. II-5 Comparison of MTBE transformation by isobutane (A), 1-butanol (B), and 

2-
butanol (C) grown 21198 in individual contaminant tests (diamonds/solid) and 
BTEXM mixture tests (circles/dashed). Note the y-axis is in log scale. The red line 
represents the 20 µg/L EPA advisory concentration of MTBE. Error bars represent 
standard deviation among triplicates 

For microorganisms that are able to transform MTBE in the presence of BTEX, 

several studies have reported no detrimental effect to MTBE transformation ( Pruden 

et al. 2003; Pruden and Suidan 2004; Sedran et al. 2002). However, it is uncommon 

for MTBE transformation to be enhanced by the presence of BTEX. Aufrett et al. 

(2009) reported that MTBE could only be degraded by a novel Rhodococcus 

wratislaviensis isolate when present in a mixture of aromatic and aliphatic 

hydrocarbons. It was suggested that this is due to enhanced cometabolic activity 

towards MTBE when present in a mixture with other hydrocarbons. This enhanced 

activity observed with 21198 could be due to BTEX acting as stronger inducers of 

relevant enzymes than MTBE alone, or due to the additional energy provided from 

hydrocarbon metabolism. 
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3.3 Growth Batch Reactors   

A low initial biomass loading, one hundredth of what was added to the resting 

cell batch reactors, was studied in the growth batch reactors. Startup time, defined as 

the time required to transform the initial mass of BTEX in the batch reactors, was 

influenced by the absence or presence of an added growth substrate. Progression of 

BTEXM degradation followed the same order as observed in BTEXM mixture tests 

with resting cells. Oxygen consumption and microbial growth, reported in Table A6, 

support the contaminant transformation and growth substrate utilization trends shown 

in Figure II-6. 

 

 
Fig. II-6 Degradation of BTEXM and consumption of growth substrate in no 
substrate (A), isobutane (B), 1-butanol (C), or 2-butanol (D) microcosms in first 7 
days post-inoculation. Error bars represent standard deviation among triplicates. Data 
normalized to initial masses for each contaminant. Initial mass of each contaminant is 
reported in Table S4  

1-butanol was most rapidly utilized, followed by 2-butanol, and then isobutane. O2 

consumption in the no substrate added batch bottles is representative of the oxygen 

demand of the resting cells and their oxidation of the added contaminants, while the 
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increases in oxygen consumption for isobutane, 1-butanol, and 2-butanol amended 

batch bottles demonstrate the oxygen demand associated with the resting cells, 

BTEXM transformation and growth substrate utilization.  

As expected, optical density increased slightly more in batch bottles with 

added growth substrate compared to those without substrate. Increases in OD600 for 

all batch bottles indicate that 21198’s growth is not inhibited by the presence of 

BTEXM. Additionally, an increase in the OD600 in bottles that did not receive any 

additional substrate alluded to the possibility that contaminant metabolism, rather 

than exclusively cometabolism, was occurring. This was further investigated in 

individual substrate growth tests described in Section 3.4.  

Isobutane and 2-butanol amended batch bottles transformed BTEXM similarly 

to the batch bottles with no added growth substrate. A lag period in isobutane 

consumption was observed for the first 4 days, during which time T and E were 

transformed. This preferential transformation of T and E over isobutane utilization 

may be a result of the lower aqueous concentration of isobutane compared to T and E 

due to its higher volatility, and/or competition between the compounds for the same 

enzyme (Deeb et al., 2001). Despite 1-butanol grown cells consistently exhibiting the 

lowest transformation rates and capacities towards BTEXM in resting cell tests, the 1-

butanol amended batch bottles required the shortest start up time for growth substrate 

utilization and contaminant transformation.  

The 1-butanol amended batch bottles indicated the combined advantage of 

rapid substrate utilization, cell growth, the presumed high enzyme expression 

associated with the initial addition of isobutane grown cells and maintained enzyme 

expression, possibly due to the potential inductive effects of BTEX, to promote 

cometabolic transformation of MTBE. The use of alcohols to support growth and 

BTEXM transformation also avoids introducing competition between the growth 

substrate and contaminants, as 1-and 2-butanol do not require initial oxidation by a 

monooxygenase. The high performance of the 1-butanol amended batch bottles and 

the increase in OD600 in batch bottles without growth substrate prompted further 

investigation into the potential for utilization of BTEXM as carbon and energy 

sources by 21198.  
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3.4 21198 Growth Experiments  

ATCC Strain 21198’s ability to utilize a wide range of aliphatic growth 

substrates, including isobutane, 1-butanol, and 2-butanol, has been established 

previously (Chen 2016). A summary of these results is reported in Table II-2. 

 

Table II-2.  OD600 measurements from 21198 growth experiments reported as OD600 
< 0.1 (-), OD600 > 0.1 (+), OD600 > 0.3 (++), OD600 > 0.6 (+++) among triplicates or 
duplicates (denoted with an asterisk). Substrates that supported 21198 growth are 
bolded.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Growth tests conducted with BTEX and MTBE revealed that B and T can be 

used as the sole carbon and energy source by 21198, but E, X, and MTBE cannot. 

Therefore, transformations of E, X, and MTBE observed with 21198 cells are 

Growth Substrate Day 3 Day 7 Day 14 

Isobutane + +++ +++ 

1-Butanol ++ ++ ++ 

2-Butanol - +  +++ 

Benzene - ++ ++ 

Toluene - + ++ 

Ethylbenzene - - - 

o-Xylene - - - 

m-Xylene* - - - 

p-Xylene* - - - 

Phenol + ++ ++ 

m-Cresol - - - 

p-Cresol* - - - 

Benzyl Alcohol ++ ++ ++ 

Benzyl Aldehyde - - + 

Benzoic Acid* + ++ ++ 

MTBE* - - - 

Control - - -  
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indicative of cometabolic processes, whereas those observed with B and T are 

representative of utilization through metabolic processes. Results from the growth 

experiments along with KEGG pathways for B and T and the annotated genome of 

21198 sequenced previously (Shields-Menard et al., 2014) were used to construct 

possible metabolic pathways for 21198’s metabolism of B and T, shown in Figure S1. 

Initial oxidation with a monooxygenase is proposed for B and T, however T 

metabolism may also be initiated with a toluene hydroxylase. It is hypothesized that T 

oxidation must be initiated at the methyl group, as growth was observed on benzyl 

alcohol but not p- or m- cresol. B and T metabolic pathways merge at a catechol 

intermediate, however it requires several more enzymatic steps for T to be 

transformed into catechol than B, which is supported by the faster growth observed 

on B compared to T.  

21198 has genes for both a catechol-1,2-dioxygenase and catechol-2,3-

dioxygenase, therefore catechol ring cleavage may occur in either the 1,2 or 2,3 

position. Enzymes required to breakdown products of either catechol dioxygenase to 

substrates for glycolysis or the TCA cycle were found to be present in 21198’s 

genome. Tools such as proteomics, differential gene expression analysis, or gene 

knockout studies are needed to confirm the proposed metabolic pathways.  

Growth on B was delayed compared to substrates such as isobutane, 1-

butanol, phenol, and benzyl alcohol, which all supported observable growth (OD600 > 

0.1) within 3 days of incubation. Generally, faster growth was observed with the more 

oxidized substrates. For example, growth on 1-butanol commenced more rapidly than 

growth on isobutane. Similarly, growth on phenol or benzyl alcohol was more rapid 

than growth on B or T. Exceptions are 2-butanol and benzyl aldehyde, which took 

longer to grow cells than isobutane and T.  

Growth on B and T by Rhodococcus rhodochrous strains has been reported 

previously (Deeb and Alvarez-Cohen 1999; Vanderberg et al. 2000; Warhurst et al. 

1994), but to the authors’ knowledge this is the first demonstration of B and T 

metabolism by 21198. Cometabolism of E, X, and MTBE likely involves the same 

enzymes used in the beginning steps of the B and T metabolic pathways shown in 

Figure A1. However, because growth was not observed on these substrates, the 
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cometabolic transformations likely lead to dead end products. Identifying dead end 

products that accumulate during BTEXM degradation would inform the extent of 

transformation and enzymes involved in the cometabolism of E, X, and MTBE.   

The identification of these novel growth substrates corroborates the findings 

of enhanced contaminant transformation in BTEX and BTEXM mixture tests. Energy 

gained from B and T metabolism likely supported the cometabolism of cometabolic 

substrates such as o-X and MTBE. This is reflected in the greater transformation 

capacity of o-X and MTBE observed in mixture tests compared to the individual 

contaminant tests. 

These findings also explain the increase in optical density in the growth batch 

reactors that were not supplied additional growth substrates (Table A6). The increase 

in OD600 measured in these bottles is the result of growth from B and T metabolism, 

while the greater OD600 in the growth substrate amended bottles is the result of the 

combined growth on B, T, and either isobutane, 1-butanol, or 2-butanol.  

 

4.0 Conclusions 

The results demonstrate that 21198 is capable of degrading all components of 

BTEXM individually and in mixtures using a combination of metabolic and 

cometabolic processes. While isobutane, 1-butanol, and 2-butanol all supported 

21198’s growth and degradation of BTEXM, resting 21198 cells’ performance was 

optimized by growth on isobutane and minimized by growth on 1-butanol. However, 

1-butanol was found to be an effective substrate for supporting the growth of 21198 

in the presence of BTEXM as it is most rapidly utilized by 21198 compared to 

isobutane and 2-butanol, and likely does not compete for enzymes involved in 

BTEXM oxidation. Positive outcomes such as increased rate and extent of 

degradation followed the initial lag periods that were observed in BTEX and BTEXM 

mixture tests. 21198’s ability to degrade all components of BTEXM, particularly B 

and T, allows for more rapid and complete MTBE transformation. This work 

demonstrates the possible utility of primary and secondary alcohols to support 

biodegradation of BTEXM in batch studies that can be expanded to continuous flow 

treatment studies in the future. The results also illustrate complex interactions of B 
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and T metabolism and cometabolic transformation of MTBE that require further 

investigation. Finally, the utility of 21198 for bioremediation applications has been 

expanded to include MTBE, TBA, and monoaromatic hydrocarbons. 
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Chapter III: Fluorescent spectroscopy paired with parallel factor analysis for 

quantitative monitoring of phenanthrene biodegradation and metabolite 

formation 

 

Abstract    

 Polycyclic aromatic hydrocarbons (PAHs) are a class of environmental 

contaminants released into the environment from both natural and anthropogenic 

sources that are associated with carcinogenic, mutagenic, and teratogenic health 

effects. Many remediation strategies for the treatment of PAH contaminated material, 

including bioremediation, can lead to the formation of toxic transformation products. 

Analytical techniques for PAHs and PAH transformation products often require 

extensive sample preparation including solvent extraction and concentration, 

chromatographic separation, and mass spectrometry to identify and quantify 

compounds of interest. Excitation-emission matrix (EEM) fluorescent spectroscopy 

paired with parallel factor analysis (PARAFAC) is an approach for analyzing PAHs 

that eliminates the need for extensive sample preparation and separation techniques 

before analysis. However, this technique has rarely been applied to monitoring PAH 

biotransformation and formation of PAH metabolites. The objectives of this research 

were to compare an established targeted analytical method to two-dimensional 

fluorescent spectroscopy and combined EEM-PARAFAC methods to monitor 

phenanthrene degradation by a bacterial pure culture, Mycobacterium Strain ELW1, 

identify and quantify phenanthrene transformation products, and derive kinetic 

constants for phenanthrene degradation and metabolite formation. Both phenanthrene 

and its primary transformation product, trans-9,10-dihydroxy-9,10-

dihydrophenanthrene, were identified and quantified with the EEM-PARAFAC 

method. The value of the EEM-PARAFAC method was demonstrated in the 

superiority of sensitivity and accuracy of quantification to two-dimensional 

fluorescent spectroscopy. Quantification of targets and derivation of kinetic constants 

using the EEM-PARAFAC method were validated with an established gas 

chromatography-mass spectrometry (GC-MS) method. To the authors’ knowledge, 

this is the first study to use an EEM-PARAFAC method to monitor, identify, and 
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quantify both PAH biodegradation and PAH metabolite formation by a bacterial pure 

culture. 

 

1.0 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a class of environmental 

contaminants released into the environment from both natural and anthropogenic 

sources, such as forest fires and the use of petroleum products (Patel et al. 2020; 

Alegbeleye et al. 2017), that are associated with carcinogenic, mutagenic, and 

teratogenic health effects (Ghosal et al., 2016; Krzyszczak and Czech, 2021). Sixteen 

PAHs are listed as priority pollutants by the EPA (US EPA 2014) and although PAH 

exposure is more commonly associated with inhalation or food ingestion over 

drinking water (Bansal and Kim, 2015; Patel et al., 2020; Phillips, 1999), the EPA has 

set a maximum contaminant level (MCL) of 0.2 μg/L for benzo(a)pyrene in drinking 

water (US EPA 2009). In addition, many regulations exist in the US and other 

countries for PAH content in industrial soils (Chibwe et al., 2015).  

Common remediation techniques for PAHs include soil washing, 

photooxidation, chemical oxidation, and biodegradation (Gan et al. 2009; Sakshi and 

Haritash 2020; Kumar et al. 2021). PAH transformation products are often produced 

during chemical or biological remediation processes, with several studies finding 

these products to be equally, if not more, toxic than their parent compounds 

(Andersson et al. 2009; Trine et al. 2019; Titaley et al. 2020). Therefore, monitoring 

both PAHs and their transformation products during and after treatment is of interest 

in remediation studies.  

PAHs typically exist as mixtures in relatively low concentrations in the 

environment, thus chemical analysis of environmental samples often require 

extraction, concentration, and separation techniques before identification and 

quantification of compounds of interest. Several standard methods have been 

developed by the US-EPA for analysis of PAHs in aqueous matrices such as methods 

610, 625, 525, and 8310 that use combinations of extraction, chromatography, and 

detection techniques (Gitipour et al., 2018). When considering PAH transformation 

products, more sophisticated analytical techniques are generally required to resolve a 
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complex mixture of PAH transformation products that can have great diversity in 

structure and chemical properties (Titaley et al., 2020). The time, materials, and costs 

associated with these techniques has motivated the development of more rapid and 

less expensive analyses for PAHs and PAH transformation products.  

One such analytical technique that forgoes extraction and separation before 

analysis is fluorescent spectroscopy. Fluorescent spectroscopic analysis can be 

conducted in 2 dimensions, where fluorescent emissions are measured for one 

excitation wavelength (λex) and a range of emission wavelengths (λem), or three 

dimensions, where fluorescent emissions are measured for a range of λex and λem. 

Excitation-emission matrices (EEMs) are data sets produced by three dimensional 

scans that are a common tool for environmental monitoring studies, as they are non-

destructive, rapidly collectable, and require minimal sample preparation (Yang et al., 

2016). While EEMs provide qualitative information of sample composition, 

decomposition of the fluorescent spectra produced from a bulk sample is often 

necessary to interpret EEMs (Rutherford et al., 2020) .  

A tool commonly used to accomplish this decomposition is parallel factor 

analysis (PARAFAC), a statistical technique that models EEMs as combinations of 

components with specific excitation and emission spectra (Bro, 1997). Advantages of 

PARAFAC decomposition include uniqueness, such that pure spectra are obtained 

from the model (Nahorniak and Booksh, 2006), as well as a second-order advantage, 

which enables concentrations to be measured even in the presence of unexpected 

interferences (Gómez and Callao, 2008; Olivieri et al., 2004). As such, components 

obtained from PARAFAC models can be identified and quantified using external 

standard calibration.  

EEM-PARAFAC methods have been used in monitoring studies to investigate 

the PAH content of oils (Alostaz et al., 2008; Christensen et al., 2005), seawater 

(Driskill et al., 2018; Ferretto et al., 2014), and freshwater (Yang et al., 2016) 

samples. PARAFAC components can be identified based on characteristics such as 

Stokes shift that can be compared with standards or literature values. Targeted 

chemical analyses such as gas chromatography-mass spectrometry (GC-MS) can also 

be used to validate sample composition.  Aside from environmental monitoring, 
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EEM-PARAFAC analysis has also been used in kinetic experiments to monitor the 

degradation of PAHs. Several studies have used EEM-PARAFAC to monitor PAHs 

undergoing photodegradation, Fenton oxidation, biodegradation, and combined 

treatment techniques. A summary of these studies is provided in Table III-1.  

Varying success has been reported in identifying PARAFAC components. 

Often, components were reported as a collection of compounds, such as humic-like 

substances or amino acid-like substances. This is due in part to the complexity of the 

compound mixtures investigated in studies included in Table III-1. As the number of 

initial fluorescent compounds increases, so does the possibility of overlapping 

fluorescent spectra and similar degradation kinetics. Thus, it is more likely that the 

spectra of compounds will be modeled together as one component that will not match 

the spectrum of any one compound. Because fluorescent degradation products can be 

produced in these PAH degradation experiments, such compounds can also be 

represented in PARAFAC components, although few studies have made these 

observations. For example, in PAH photodegradation experiments, Seopela et al. 

identified a single fluoranthene photodegradation product, 2-(3,4)-

dihydronaphthalene-1-yl acetic acid, with EEM-PARAFAC analysis, however 

remaining PARAFAC components were defined as unresolved photoproduct mixtures 

(Seopela et al., 2021a). 
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Table III-1. Compilation of literature investigating PAH degradation kinetics and 
using EEM-PARAFAC monitoring methods 

 

 

Very few studies have applied an EEM-PARAFAC approach to monitor PAH 

biodegradation and identify biological transformation products. Those that have 

investigated biological transformation have been conducted using biostimulation or 

natural attenuation methods, rather than a bioaugmentation method with known 

microorganisms.  

Compounds 
Studied Matrix Treatment 

Component 
Identification 

Method 

Components 
Identified Citation 

naphthalene, 
anthracene, 

benzo(a)anthracen
ce, 

benzo(a)pyrene, 
benzo(ghi)perylene 

Water with NOM Photo-degradation 
Literature 

Comparison, GC-
MS Validation 

2-(3,4)-
dihydronaphthalen
e-1-yl acetic acid, 

unresolved 
photoproduct 

mixtures 

(Seopela 
et al., 

2021a) 

dibenz(a,h)anthrac
ene, 

benz(a)anthrancen
ce, 

benzo(a)pyrene, 
benzo(k)fluoranthe

ne 

Water/alcohol/solv
ent mixture Photo-degradation Standard 

Comparison 

dibenz(a,h)anthrac
ene, 

benz(a)anthrancen
ce, 

benzo(a)pyrene, 
benzo(k)fluoranthe

ne 

(Bosco 
et al., 
2006) 

Benzo(a)pyrene, 
dibenz(a,h)anthrac

ene, 
benzo(b)fluoranthe

ne, 
benzo(k)fluoranthe

ne, 
benz(a)anthracene 

Methyl-β -
cyclodextrin, 
acetic/acetate 

buffer solution 

Fenton degradation Standard 
Comparison 

Benzo(a)pyrene, 
dibenz(a,h)anthrac

ene, 
benzo(b)fluoranthe

ne, 
benzo(k)fluoranthe

ne, 
benz(a)anthracene 

(Carabaj
al et al., 
2017) 

Diesel Ultra-pure 
water/Tween 80 

Electro-Fenton and 
Electrochemical 

degradation 

Literature 
Comparison 

Fluorene-like, 
naphthalene/methy
lnaphthalene-like, 

BTEX 

(Liu et 
al., 

2020) 

PAH Mixture Biochar amended 
sediment Biodegradation Literature 

Comparison 

Tyrosine-like, 
tryptophan- and 

soluble microbial 
byproduct-like, 

fulvic-like, humic-
like 

(Hung et 
al., 

2022a) 

Crude oil DI water/seawater 
Samples 

Photo-degradation 
and biodegradation 

GC-FID/GC-MS 
Validation 

Oil-related, 
Natural DOM 

(Zhou et 
al., 

2013) 

Complex Mixture Coal mining 
wastewater 

Fenton 
degradation, 

biodegradation, 
ozonation 

Literature 
Comparison, GC-

MS Validation 

Humic-like, PAHs, 
organic acids, 

phenolic 
compounds, 

quinones, ketones 

(Peng et 
al., 

2018a) 
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When cellular material is present in the samples, sample turbidity becomes a 

challenge in detecting fluorescent emissions. Various solutions have been proposed to 

account for the effect of sample turbidity on fluorescent emissions. Several 

mathematical models have been developed to model and correct the effects of 

turbidity on fluorescent measurements (Chen et al., 2013; Kanick et al., 2012; Wu et 

al., 1993), however in controlled situations where sample turbidity is consistent 

across samples, less extensive measures can be taken to account for interreferences. 

The inclusion of standard scans in data sets used to develop PARAFAC models has 

been demonstrated to aid in the quantification of target compounds (Elcoroaristizabel 

et al, 2014; Maggio et al., 2010), as it has been demonstrated that accuracy of 

quantitation is inversely related to the presence of interfering compounds (Ferretto et 

al., 2014).  

Mycobacterium Sp. Strain ELW1 (ELW1) was the aerobic bacterium used in 

this investigation. ELW1 was isolated from stream sediment using isobutene as the 

sole carbon and energy source (Kottegoda et al., 2015b). ELW1’s cometabolic 

potential has been probed for both chlorinated aliphatic hydrocarbons (Krippaehne 

2018, Rich 2015) and phenanthrene (Schrlau et al., 2017). Previous work with ELW1 

demonstrated the cometabolism of phenanthrene to a mixture of hydroxylated 

products, as identified by GC-MS analysis, but the full composition of the metabolite 

mixture was not resolved. The primary metabolite observed in this work was trans-

9,10-dihydroxy-9,10-dihydrophenathrene (P1) (Schrlau et al., 2017). The objectives 

of this research were to compare an established targeted analytical method using solid 

phase extraction and GC-MS analysis to 2D fluorescent spectroscopy (2D) and EEM-

PARAFAC methods to monitor, quantify, and derive kinetic parameters for 

phenanthrene degradation and P1 formation by ELW1. 

 

2.0 Materials and Methods  

2.1 Chemicals  

A list of the purity and vendors of phenanthrene, seven hydroxylated 

phenanthrenes, and three isotope labeled PAHs is provided in Table S1. All solvents 

used in solid phase extraction and GC-MS analysis: methanol, dichloromethane, 
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acetone, ethyl acetate, acetonitrile, and toluene, were analytical grade purity and 

purchased from various vendors. Isobutene (99%), 1-octyne (98%) and the 

derivatizing agent N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (>97%) were 

purchased from Sigma-Aldrich (Milwaukee, WI). 

 

2.2 Experimental Set Up   

ELW1 was provided by Dr. Michael Hyman from North Carolina State 

University and was grown on isobutene as the sole carbon and energy source. 

Detailed methods on cell culturing are provided in Appendix B. Cells were harvested 

during the late exponential growth phase for use in phenanthrene transformation 

studies. Resting cell transformation studies were performed in batch bottles prepared 

in baked Wheaton 500 mL media bottles (nominal volume 720 mL) with solvent 

washed butyl septa caps. All batch bottles were prepared in a laminar flow hood to 

maintain aseptic conditions.  

Active bottles, prepared in triplicate, contained 300 mL of mineral salt media, 

90 mg of isobutene grown ELW1 cells, and approximately 1 mg/L phenanthrene 

added from a concentrated methanol stock. Cells were added to active bottles after the 

initial liquid samples were taken. Enzyme inhibited bottles were prepared in duplicate 

as active bottles, but with 45 mg of cells and 1-octyne, a monooxygenase inhibitor, 

present to block the transformation of phenanthrene. 1-octyne was added from a 1 

mM gaseous stock prepared according to (Taylor et al., 2013) at a 3.5% (v/v) 

headspace concentration. Both active and enzyme inhibited bottles were incubated at 

30 oC on a 150 RPM shaker table for the 76-hour duration of the experiment.  

Liquid samples were taken through the cap septa at set times throughout the 

experiment with a sterile glass syringe. 8 mL of liquid sample was removed at each 

sampling time, with 2.5 mL analyzed immediately with fluorescent spectroscopy. 

Cells were not removed from samples prior to fluorescent spectroscopic analysis. The 

remaining 5.5 mL sample was spiked with a labeled surrogate standard mix (Table 

B2) and extracted with solid phase extraction (SPE) with a previously published 
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extraction method (Schrlau et al. 2017) using Bond Elut Plexa (60 mg, 3 mL) 

cartridges (Agilent Technologies, New Castle, DE). 

 

2.3 Targeted Analysis  

 Extracts analyzed for phenanthrene (PPAH samples) were nitrogen line dried 

to 225 µL in 300 µL autosampler vials. Seventy-five µL of an internal standard 

mixture (Table B3) was added to reach a final sample volume of 300 µL. Preparation 

of hydroxylated PAHs (OHPAHs) samples was carried out with a modified published 

method (Schrlau et al., 2017) . Briefly, 50 µL of prepared PPAH sample was added to 

a 300 µL spring insert containing 120 µL of a 5:1 acetonitrile: toluene solvent 

mixture. This mixture was dried under a nitrogen stream to 20 µL. 30 µL of BSTFA 

was then added as a derivatizing agent, and the sample was incubated at 60 oC for 25 

minutes. PPAH and OHPAH samples were analyzed using an Agilent 6890 GC 

equipped with an Agilent DB-5ms (30m x 0.25 mm x 0.25 µm) capillary column 

coupled to an Agilent 5977A mass spectrometer detector with electron impact 

ionization operated in SIM mode. GC-MS instrument parameters are provided in 

Appendix B.  

 

2.4 Fluorescent Spectroscopy  

All samples were analyzed with a Varian Cary Eclipse fluorescent 

spectrophotometer operated in emission (2D) or 3D mode. Samples were scanned in a 

4-sided quartz cuvette. 2D scans were conducted with a λex of 250 nm and 270 nm, 

optimized for phenanthrene and P1 respectively, for a λem range of 300 nm to 450 nm. 

EEMs were collected for an λex range of 200 nm to 300 nm with a 10 nm increment 

and an emission wavelength range of 300 nm to 600 nm with a 1 nm increment. 

Excitation and emission slit widths were each 5 nm, and the scan rate was 600 

nm/minute, resulting in a 3D scan time of 5 minutes per sample. It should be noted 

that the scan time was very short in comparison to the rate of reaction observed, 

therefore changes in sample composition during scanning were considered negligible. 

The instrument was zeroed with a deionized water blank in between scans.  
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2.5 PARAFAC Model Development  

 PARAFAC models were developed using the drEEM v0.6.2 MATLAB 

toolbox developed by Murphy et al. (Murphy et al., 2013). The data set used to 

develop the final PARAFAC models consisted of an experimental data set that 

included EEMs from active triplicates (n=24) and enzyme inhibited controls (n=16), 

and a calibration data set that included EEMs for phenanthrene standards (n=18) and 

P1 standards (n =15). Additional PARAFAC models were developed without the 

calibration data set to assess the influence of the calibration set on model output. A 

convergence constraint of 10-6 for relative change of fit was used to develop all 

models.  

 

2.5.1 Data Pre-Processing  

First order Raman scattering was corrected by subtracting a matrix blank 

spectrum from each sample’s spectrum. First and second order Rayleigh scattering 

was corrected by excision of scattering within tolerances defined in the drEEM 

toolbox. Scattering was replaced with missing values (NaN), rather than zeros, as it 

has been demonstrated that the inclusion of zeros can negatively impact the tri-

linearity of the data set (Anderson and Bro 2003). No other adjustments were made to 

the EEMs. A non-negativity constraint was applied when generating PARAFAC 

models, as negative values in spectroscopy do not have physical meaning. The data 

set was inspected for outliers by identifying samples with excessively high leverages 

and removing them from the data set before it was read into the drEEM toolbox.   

 

2.5.2 Model Component Determination  

Several metrics can be used to determine the appropriate number of 

PARAFAC components for a given data set. First, visual inspection of the 

components’ excitation and emission loadings can be used to identify components 

resembling noise rather than fluorescent compounds. Three numerical metrics, sum of 

squared error (SSE), percent explained, and core consistency, are reported by the 
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drEEM toolbox for each model. While SSE is ideally minimized and the latter metrics 

are ideally maximized by the proper number of components, analyzing the trends of 

these metrics as the number of components used increases also provides valuable 

information. Diminishing returns on percent explained and SSE reduction as 

components are added to the model can indicate that the appropriate number of 

components has been exceeded (Stedmon and Markager, 2005). Similarly, a steep 

decline in core consistency as components are added to the model can also indicate 

overfitting (Bro and Kiers, 2003). These trends, rather than the values of these metrics 

exclusively, can inform the appropriate number of components for the model.  

 

2.5.3 Model Validation  

 The PARAFAC model was validated mathematically with split-half analysis, 

as it is a common validation tool used for PARAFAC models and the tool of choice 

for the drEEM toolbox developers (Murphy et al., 2013). Details of the split-half 

analysis are provided in Appendix B. When possible, comparisons between 

PARAFAC component Stokes shift and spectra and those of standard scans and 

literature values were used to further validate the model and identify compounds that 

corresponded to the PARAFAC components.  

 

2.6 Fluorescent Target Quantification 

 Standards of phenanthrene and P1 were prepared in mineral salt media and 

scanned as described in Section 2.5. ELW1 cells were added to the appropriate 

concentration corresponding with active or inhibited bottles immediately before 

scanning each standard to accommodate the influence of turbid media on instrument 

response. Standard curves with varying concentrations of ELW1 cells were produced 

from 2D scans as shown in Figure S1 and were used to correlate 2D maximum 

fluorescent emission (Fmax) measurements with target concentrations. 3D scans of 

these standards, referred to as the calibration data set, were included with the 

experimental data set in the development of PARAFAC models. The Fmax of 

PARAFAC components corresponding to phenanthrene or P1 were used to develop 
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standard curves shown in Figure S1. Estimated method detection limits (MDLs) for 

2D and EEM-PARAFAC methods were derived by dividing the standard deviation of 

the lowest standard by the slope of the calibration curve (Elcoroaristizabal et al., 

2014) and are reported in Table B4.  

 

2.7 Kinetic Models 

Pseudo-first order models for phenanthrene degradation and P1 formation 

were fit to quantitated phenanthrene measurements. Cometabolism generally follows 

pseudo-first order kinetics, as supported by previous PAH cometabolism monitoring 

studies (Barret et al., 2010; Brimo et al., 2016).  Phenanthrene degradation was 

modeled using the first order kinetic equation CPAH = Coexp(-kPAHt) where CPAH is the 

concentration of phenanthrene (mg/L) at time t (hour), Co is the initial phenanthrene 

concentration (mg/L), and kPAH is the first order phenanthrene degradation rate 

constant (hour-1). Rate of product formation constants was modeled with the 

following equation: CP1 = CoF(1-exp(-kP1t)) where CP1 is P1 concentration (mg/L) at 

time t (hours), Co is the initial phenanthrene concentration (mg/L), F is the fraction of 

phenanthrene transformed into P1 (-), and kP1 is the P1 first order formation rate 

constant (hour-1). MATLAB’s “fitlm” and “coefCI” functions were used to generate 

pseudo-first order models and confidence intervals.  

 

3.0 Results and Discussion  

3.1 GC-MS  

The degradation of phenanthrene and formation of one di-hydroxylated 

metabolite, P1, and 3 mono-hydroxylated metabolites: 1-, 4-, and 9-

hydroxyphenanthrene were quantified with GC-MS, as shown in Figure B2. 

Phenanthrene degradation and formation of hydroxylated metabolites agreed well 

with the initial study of phenanthrene degradation by ELW1 (Schrlau et al., 2017). 3-

hydroxyphenanthrene and 1,9-dihydroxyphenanthrene, however, were not detected 

above background in active samples as they were in the former study. This may be 

due to lower sensitivity of the GC-MS instrument used in the present study, as they 
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were measured in very low concentrations previously (<70 µg/L). Recoveries of 

phenanthrene and the hydroxylated metabolites, estimated by the recovery of the 

labelled surrogate compounds, were 43.2 ± 10.1 and 53.7 ± 16.7 percent, 

respectively.  

Minor degradation of phenanthrene and accumulation of phenanthrene 

metabolites was observed in the 1-octyne controls, indicating that near, but not 

complete, inhibition was achieved. Approximately 58% of the total mass of initial 

phenanthrene was accounted for with the GC-MS quantified metabolites on a molar 

basis, demonstrating that the composition of the metabolite mixture was not fully 

characterized with this method. P1 and mono-hydroxylated metabolites accounted for 

approximately 96% and 4% of the total metabolite mass, respectively. 

 

3.2 Fluorescent Spectroscopy  

 EEMs and 2D scans collected from active samples revealed a shift in 

fluorescent spectra over time, providing qualitative information on reaction progress, 

as shown in Figure III-1. 

 
Fig. III-1 EEMs and 2D fluorescent scans (λex = 250 nm) from an active bottle after 0 
(a, d), 12 (b, e), and 28 (c, f) hours of incubation with phenanthrene 
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Spectra did not change significantly after 28 hours of incubation, indicating that 

most of the transformation occurred in the first 28 hours of incubation with the cells. 

Furthermore, minor changes to spectra after this time indicated the accumulation of a 

fluorescent metabolite. 

 

3.2.1 PARAFAC Model Development  

EEMs used to generate the PARAFAC models were reduced to a λem range of 

300 nm to 450 nm, as the 450 nm to 600 nm range did not include signals above 

background for experimental samples and standard scans. PARAFAC models with 3 

to 7 components were developed with the experimental and calibration data set and 

compared for over- or underfitting using visual inspection of the component emission 

spectra, percent explained, core consistency, and SSE. A summary of the latter three 

metrics is provided in Table B5. A 5-component model was determined to be the 

most appropriate model based on these criteria, with 98.41% explained and 87.60% 

core consistency. This model was validated with split-half analysis, details of which 

are provided in Appendix B.  

 

3.2.2 Component Identification 

Comparisons of the modeled component EEMs as well as their Stokes shifts 

were compared to standard scans of phenanthrene, phenanthrene metabolites, and 

controls to identify what compound(s) were represented by each component, as 

shown in Figure III-2. Component 1 (C1) was identified to be phenanthrene, and 

component 5 (C5) was identified as P1. Components 2 (C2) and 3 (C3) originated 

from the ELW1 cells present in the samples, with C2 matching literature values for 

the Stokes shift of the amino acid tryptophan (Hu et al., 2021; Hung et al., 2022a).  

Component 4 (C4) was unable to be identified and may represent more than 

one compound. Comparisons to standard scans of what was identified by GC-MS 

eliminated mono-hydroxylated phenanthrene products as the source of this 

component. However, the total composition of the metabolite mixture produced by 

ELW1 is not resolved, as evidenced by the unknown metabolites identified in the 
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previous study and incomplete mass balance in the present study. These compounds, 

or other unknowns, may be contributing to C4.   

 
Fig. III-2 Comparison of PARAFAC components’ EEMs (top row) to standard 
EEMs (bottom row). Fluorescent intensities of EEMs shown are arbitrary and only 
reflect trends in intensity as excitation wavelength changes. Text in EEMs represent 
Stokes shift associated with components and standards 

Further investigation of the composition of components was carried out by 

considering their temporal variation.  Fmax values were plotted against the time of 

sample collection to discern temporal trends in component abundance, shown in 

Figure III-3.  

 
Fig. III-3 Temporal variation of PARAFAC components for active (a) and inhibited 
(b) bottles. Error bars represent standard deviation among triplicates in (a) and range 
between duplicates in (b)  
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The trends of reduction of C1 and production of the C5 mirror the degradation of 

phenanthrene and formation of P1 over time. The association of C2 and C3 with the 

ELW1 cells present in the sample is supported by their presence in active samples 

with minor temporal variation and inhibited samples with no discernable temporal 

variation. Additionally, these components were absent in the initial samples of active 

bottles that were taken prior to cell addition. The same was observed with C4, 

indicating that C4 may be representative of cellular material as well, rather than 

exclusively metabolites.  

C4’s Stokes shift was compared to that of common fluorophores associated with 

biological material reported in the literature. Fluorophores associated with cellular 

respiration, NADH and FAD, absorb and emit longer wavelengths of light that fall 

outside the scan parameters of this study (Gröning et al., 2014; Mayevsky and 

Rogatsky, 2007). Stokes shifts associated with the fluorescent amino acids tyrosine 

and phenylalanine (Hu et al., 2021) and fulvic and humic material (Alberts and 

Takács, 2004; Hung et al., 2022; Peng et al., 2018) do fall within the measured 

experimental range of λex and λem, but do not match the Stokes shift of C4. Low 

amounts of C5 in inhibited controls compared to active samples support that these 

compounds are associated with the biological transformation of phenanthrene by 

ELW1.  

A second PARAFAC model was generated without the calibration data set to test 

the influence of the calibration data on the components and model fit. As before, 5 

components were needed to model the data set, and the spectra of the components 

were nearly identical to the model generated with the calibration data set included, 

indicating that the PARAFAC model could extract the pure spectra for phenanthrene 

and P1 without the inclusion of standards. Details of this model are provided in 

Figure B4.  

 

3.2.3 Target Quantification 

 An inverse relationship was found for sample turbidity and sensitivity of the 

analysis, thus the more turbid the sample, the less sensitive the analysis. While a 
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significant improvement in MDL was observed for EEM-PARAFAC compared to 2D 

fluorescence, the EEM-PARAFAC MDLs were one to two orders of magnitude 

higher than the GC-MS method (Table B4). The loss of sensitivity with cell addition 

is likely due to fluorescent quenching from the cellular material, a phenomenon in 

which fluorescent emissions are reduced due to mechanisms such as absorption by 

other molecules (Lakowicz et al., 2002). Because of the high turbidity of samples in 

this study, the inclusion of interfering compounds, in this case cellular material, was 

critical to achieving accurate quantitation of the target compounds. Linear regression 

constants and goodness of fit for each standard curve developed are reported in 

Figure B1.  

Phenanthrene and P1 quantitation by EEM-PARAFAC generally matched 

GC-MS quantitation within one standard deviation, as shown in Figure III-4, 

indicating that the impact of turbidity could be accounted for with the standard curve 

adjustment. Phenanthrene measurements in the 1-octyne controls matched the GC-

MS results within one standard deviation as well, with more consistent measurements 

observed in EEM-PARAFAC samples compared to the GC-MS samples. P1 in 1-

octyne controls was not measured by either fluorescent method, suggesting that 

concentrations may have been below the limits of detection of the fluorescent 

methods.   

 



51 
 

 

 
Fig. III-4 Comparison of phenanthrene (a) and trans-9,10-dihydroxy-9,10-
dihydrophenathrene (b) quantitation for GC-MS (circle), EEM-PARAFAC (triangle), 
and 2D fluorescent spectroscopy (squares) methods. Error bars represent standard 
deviation among triplicates for active bottles (filled markers) and duplicates for 
inhibited bottles (open markers)  

Results from 2D fluorescent scans on active and inhibited samples elucidate the 

benefits of PARAFAC modeling for fluorophore mixtures. Phenanthrene quantitation 

was overestimated in the first 12 hours of the experiment to a higher degree than the 

PARAFAC quantitation for active samples and appeared to reach an asymptote starting 

at hour 28. This asymptote is likely the resulting fluorescent signal of the other 

fluorophores in the mixture, such as the P1, that were in higher concentrations than 

phenanthrene at that time in the experiment. This is supported by the change in the 

shape of the fluorescent spectra observed in the 2D scans starting at 28 hours, as seen 

in Figure B6. 2D quantitation of phenanthrene in the 1-octyne controls generally fell 

within one standard deviation of GC-MS results, however these measurements were 

consistently higher than EEM-PARAFAC measurements. Quantitation of P1 was 

statistically indistinguishable to the quantitation with the EEM-PARAFAC method, 

and therefore is subject to the same comparison to GC-MS as described previously.  
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3.3 Kinetics   

Phenanthrene transformation and P1 formation both followed first-order 

kinetics well, as shown in Figure III-5. The pseudo-first order rate constants for 

phenanthrene degradation and P1 formation derived from quantitated GC-MS data 

and PARAFAC C1 data have no statistically significant difference, demonstrating 

that the EEM-PARAFAC method provided comparable kinetic information to the 

GC-MS method. The initial measurement of phenanthrene was omitted from the 

model, as phenanthrene was not fully dissolved at this time.  

 
Fig. III-5 Comparison of empirical and modeled concentrations of phenanthrene and 
P1 derived from GC-MS (a), EEM-PARAFAC (b) and 2D fluorescent methods 

This result was expected based on the good agreement of phenanthrene quantification 

shown in Figure III-3. Similarly, because of the poor agreement between 2D 

fluorescent sample phenanthrene quantitation and the other two methods, the model 

fit of phenanthrene degradation derived from the 2D fluorescent quantitation did not 

fit empirical measurements well, nor did the rate constant compared to that derived 

from the alternative methods. The rate of P1 formation is also significantly different 

than what was derived with the other methods, however, it is faster. This is due to the 

asymptote reached in 2D quantitated phenanthrene data, which inaccurately indicated 

that significantly less phenanthrene was transformed compared to what was indicated 

by EEM-PARAFAC or GC-MS data.  

Thus, the fraction of phenanthrene transformed that was accounted for as P1 

was impacted, leading to the appearance of faster product formation kinetics. This 
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further demonstrates the limitations of techniques such as the 2D fluorescent method 

that does not include separation techniques before or after analysis.  Linear regions 

used, rate constants and goodness of fit are reported in Figure B7. 

 

4.0 Conclusions 

The method developed in this research is a rapid analytical technique that 

forgoes extensive sample preparation and separation techniques to monitor 

phenanthrene biodegradation and product formation that is comparable to an 

established method relying on solid-phase extraction, chromatographic separation, 

and mass spectrometry. The value of three-dimensional fluorescent spectroscopy 

paired with parallel factor analysis (EEM-PARAFAC) was demonstrated in the 

superiority of sensitivity and accuracy in quantification to two-dimensional 

fluorescent spectroscopy. A five component PARAFAC model appropriately 

modeled the experimental data with and without additional calibration data, from 

which four components were identified: phenanthrene, trans-9,10-dihydroxy-9,10-

dihydrophenanthrene, one tryptophan-like cellular material, and one general cellular 

material. The unidentified component likely represents a mixture of compounds that 

are of cellular material origin, however based on the incomplete mass balance it is 

possible that unidentified phenanthrene metabolites are also associated with this 

component. The interference of the cellular material in the samples was accounted for 

with the use of standards prepared with corresponding cellular interference that were 

included in the PARAFAC model.  

While the inclusion of standards in developing the PARAFAC models was not 

necessary to identify the components, it was necessary quantify the compounds of 

interest. Individual compounds were able to be identified with the EEM-PARAFAC 

method due in part to this being a single compound study. It should be noted that the 

complexity of component identification and quantification reflects the complexity of 

the initial contaminant(s) present in a study, limiting the application of this method 

for quantitative applications.  

Quantification of targets and the development of pseudo-first order models 

using the EEM-PARAFAC method were validated with the established GC-MS 
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method. Sensitivity was enhanced with the use of the EEM-PARAFAC method 

compared to the 2D fluorescent method, however, it was still one to two orders of 

magnitude higher than the GC-MS method, highlighting the tradeoff between ease 

and speed of sample analysis and sensitivity of analysis. Greater sensitivity can be 

achieved in the EEM-PARAFAC method with additional sample preparation steps to 

remove cells and thus reduce sample turbidity. However, any sample preparation 

steps can result in losses of compounds of interest due to phenomena such as 

volatilization or adsorption to materials that can be difficult to account for in 

quantitative analyses.  

The advantages of the EEM-PARAFAC method do not lie in its sensitivity, 

but rather in its ease and rapidity, allowing for real time monitoring of biological 

PAH transformation with no sample preparation steps required. To the authors’ 

knowledge, this is the first study to use an EEM-PARAFAC method to monitor, 

identify, and quantify both PAH biodegradation and PAH metabolite formation by a 

bacterial pure culture.  
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Chapter IV: Monitoring PAH Dose and Uptake Kinetics in Embryonic 

Zebrafish Using Fluorescent Spectroscopy 

Abstract  

Embryonic zebrafish (Danio rerio) have many qualities that make them excellent 

candidates for high-throughput toxicity assays and have been used extensively for 

screening chemicals for toxicity impacts that manifest as abnormal phenotypes, 

behavior, or mortality. However, knowledge of the chemical uptake in embryonic 

zebrafish is often minimal, as such assays are limited by the amount of material that 

can be sampled for chemical analyses. Typical studies of the pharmacokinetics of 

chemicals at this life stage require extensive sample preparation and sensitive 

instruments to quantify and model chemical uptake by the embryos. In this study, a 

fluorescent spectroscopy method was developed for monitoring the aqueous 

concentrations of two environmentally relevant toxicants, 2-hydroxynaphthalene and 

acridine, in a high-throughput (96-well plate) embryonic zebrafish toxicity assay. It 

was demonstrated that zebrafish embryos are tolerant to daily measurements with a 

fluorescent plate reader, and that background fluorescence is not impacted by normal 

embryo development from 6 to 120 hours post-fertilization. Abnormal embryo 

development, however, was found to impact background fluorescence by creating 

sharp peaks in background fluorescent intensity. The decreases in PAH 

concentrations over time were attributed to combined losses of sorption, 

photodegradation, and biotic uptake, models of which fit well with empirical 

measurements. Chemical dose, uptake rate, and abiotic loss rates were all derived 

from fluorescent measurements. Unexpected cranial deformities were observed in this 

study, suggesting further investigation of potential additive toxicity of the UV 

exposure from plate reader measurements and chemical exposure is needed. 

Nonetheless, this method provides a rapid, non-destructive tool for assessing uptake 

and dose of chemicals in embryonic zebrafish that can accommodate any 

autofluorescent chemicals of interest.  
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1.0 Introduction 

Zebrafish (Danio rerio) embryos are among the top choices of model organisms 

for toxicity screening (Bugel et al., 2014; Li et al., 2023). Zebrafish have a high 

degree of homology to humans in relevant aspects such as genetics and physiology, 

which has positioned them as the standard experimental fish by the Organization for 

Economic Cooperation and Development (OECD) (Li et al., 2023; Dubey et al. 

2022). Furthermore, their rapid development, small size, and transparency has made it 

possible to adapt zebrafish screening to high-throughput formats (Truong et al., 

2016). Although toxicity assessments can be done with embryonic, larval, or adult 

zebrafish, embryonic zebrafish assays have the advantage of the developmental life 

stage, during which disturbances to the cell signaling involved in cell proliferation 

and differentiation can manifest as distinct phenotypes (Truong et al., 2011). In 

addition, embryonic zebrafish assays can be carried out in a 96-well microplate with 

very small embryo media (EM) volumes and chemical doses, which aid in the assay 

rapidity but hinder the ability to monitor the concentration of the chemical of interest.   

The most common method for toxicant exposure in embryonic zebrafish assays is 

immersion, where the embryos reside in media that is dosed with a certain 

concentration of chemical (Guarin et al., 2021b). Chemical dose to the zebrafish 

embryos is typically reported as this nominal water concentration, however the 

nominal concentration is an overestimate of the actual dose to the zebrafish embryos 

(Geier et al., 2018; Knecht et al., 2013). Zebrafish embryos do not have gill function 

and exclusively feed on their yolk sac until ~5 days post fertilization (dpf), therefore 

exposure routes for chemical exposure occurring 0-5 dpf relies on dermal exposure, 

or diffusion into the yolk sac and subsequent ingestion (Sipes et al., 2011).  

Thus, the uptake of chemicals is heavily dependent on its physicochemical 

properties and can lead to a large discrepancy between exposure and dose 

concentrations that is difficult to estimate. Furthermore, small embryo sizes, aqueous 

volumes, and chemical concentrations limit in the ability to measure chemical 

concentrations in EM and embryos that would inform the pharmacokinetics of 

toxicant exposures. Studies that investigate pharmacokinetics in zebrafish embryos 

typically rely on sacrificial samples in which embryos are dissected, extracted, and 
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analyzed with combinations of chromatographic separation and detection (Brox et al., 

2016; El-Amrani et al., 2013; Halbach et al., 2020).   

Aside from whole body digestion and molecular techniques, fluorescent 

spectroscopy is a popular, non-destructive tool used in embryonic zebrafish 

screening, as zebrafish embryos are translucent and therefore contribute little 

disruption to fluorescent signals (Ko et al., 2011; Lubin et al., 2021). A suite of 

fluorescent dyes and probes have been developed and used to target specific organs 

and enzymes in embryos (Bugel et al., 2014; Ko et al., 2011; Patton and Zon, 2001). 

However, the target for fluorescent spectroscopy in embryonic zebrafish assays is 

rarely the chemical itself, despite many relevant environmental contaminants 

exhibiting autofluorescent properties.  

Furthermore, previous research has exclusively focused on measuring 

concentrations of a given toxicant in the embryonic body. For example, Guarin et al. 

(2021a) used 7 fluorescent dyes to investigate the impact of physicochemical 

properties on uptake of these compounds in zebrafish, however these dyes are not 

toxic or environmentally relevant. In this study, a rapid method is presented for 

studying the uptake of two environmentally relevant polycyclic aromatic compounds, 

2-hydroxynapthalene (2-OHNAP), and acridine, using microwell media 

concentrations measured with a fluorescent plate reader. Additionally, the impact of 

fluorescent spectroscopy measurements on zebrafish embryo viability and 

background autofluorescence of developing embryos was investigated.  

 

2.0 Materials and Methods 

2.1 Chemicals  

 Acridine (99.6%) (CAS: 260-94-6) and 2-hydroxynapthalene (99.7%) (CAS: 

135-19-3) and dimethyl sulfoxide (DMSO) (CAS: 67-68-5) (99.5%) were purchased 

from Sigma Aldrich (St. Louis, MO). Acridine and 2-hydroxynaphthalene stocks 

were prepared in DMSO at a concentration of 10 mM for use in zebrafish studies.  
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2.2 Zebrafish Husbandry  

Tropical 5D wild-type zebrafish were maintained at the Sinnhuber Aquatic 

Research Laboratory under previously described conditions (Shankar et al., 2019). 

Fertilized embryos were collected at ~4 hpf and enzymatically dechorionated 

(Mandrell et al., 2012). One dechorionated embryo per well was hand-pipetted at ~6 

hpf. Plates were placed on a 250 RPM shaker for the first 24 hours of incubation, and 

then transferred to a stable shelf for the remainder of the experiment. Plates were kept 

in a dark 30 oC room for the duration of the experiment, removed only for fluorescent 

measurements and morphology screening. Following the 5-day incubation period, 

animals were assessed for mortality and 8 developmental endpoints pertaining to: 

cranium (eye/snout/jaw), axis, edema (heart/yolk sac), swim bladder/somites, lower 

trunk/caudal fin, brain, skin, and notochord development described in Truong et al. 

(2011). 

 

2.3 Fluorescent Plate Reader  

 All fluorescent spectroscopy methods were conducted with the BioTek 

Synergy Mx microplate reader in black-walled 96-well plates purchased from Life 

Technologies Corporation (Carlsbad, CA). All measurements were taken from the top 

of the plate with sensitivity and filter width settings of 75 and 20, respectively. The 

plate reader was validated for fluorescent measurements with the corners, sensitivity, 

and linearity tests per the operator manual. All measurements were corrected for 

Raman scattering by subtracting media blank measurements.  

Detection methods for acridine and 2-OHNAP were developed for each 

compounds’ specific Stokes shift; 350/429 and 270/355, respectively. Standard 

curves and method detection limits (MDLs) were determined according to EPA 

procedure 40 CFR 136 Appendix B. Because these measurements rely on the 

autofluorescence of the compounds, sensitivity is highly variable. Acridine was found 

to yield higher fluorescent emission intensity than 2-OHNAP, thus the MDL for 

acridine (452 nM) is an order of magnitude lower than that of 2-OHNAP (5 µM). 

However, the MDL for 2-OHNAP is still an order of magnitude lower than the initial 
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concentrations used in exposure tests, therefore its low sensitivity does not impede 

accurate measurements in exposure tests. The coefficient of determination for 

calibration curves of both compounds exceeded 0.99.  

 

2.4 Abiotic Loss Experiments  

 PAHs are known to undergo photodegradation with exposure to UV light 

(Fasnacht and Blough, 2002; Nadal et al., 2006). Photodegradation experiments were 

carried out with the plate reader methods used in the PAH exposure experiment to 

determine the contribution of photodegradation to the overall abiotic losses. 

Experimental wells containing 100 µL of ~35 µM of 2-OHNAP or acridine were 

prepared in the 96-well plates, along with control wells containing 100 µL EM. 

Fluorescent measurements were taken in rapid succession, approximately one minute 

apart, to minimize the impacts of sorption of the chemicals to the well walls. Thus, 

the PAH losses observed with each subsequent measurement was assumed to be due 

to photodegradation.  

  PAHs are also known to adsorb to the well walls of 96-well plates due to their 

hydrophobicity. Chlebowski et al. (2016) investigated the adsorption losses of a suite 

of PAHs and nitrogen containing PAHs with polystyrene 96-well plates and reported 

losses up to 43% due to sorption. Acridine and 2-OHNAP have estimated koc values 

of 12910 and 390, respectively. Therefore, sorption losses were expected in the PAH 

exposure studies, particularly for acridine. To determine the impact of agitation on 

adsorption of the chemicals, a set of microplates were prepared as with experimental 

wells containing 100 µL of ~35 µM of 2-OHNAP and control wells containing 100 

µL EM. Plates were measured for initial PAH concentrations with the fluorescent 

plate reader before being sealed with parafilm and allowed to equilibrate for 24 hours 

either on a 225 RPM shaker table or on a stagnant shelf in the dark. After 24 hours, 

plates were measured again with the fluorescent plate reader.  
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2.5 Exposure Tests  

2.5.1 UV Only Exposure Test 

 The measurement wavelengths used for the compounds specific methods fall 

in the UVA and UVC range, which are potentially damaging to zebrafish embryos 

(Dong et al., 2007). However, the exposure to UV radiation is very brief 

(approximately 100 µs), thus it was important to determine if the UV radiation doses 

the embryos received were lethal or disrupted development. Zebrafish embryos were 

incubated in microplates with 100 µL EM per well, and one plate per measurement 

method. Embryos were divided into 7 groups with n=10 embryos per group. The 

control group (group 7) were not exposed to UV, while groups 1-6 received one UV 

dose/day for 1-6 days, with group number corresponding to number of days the 

embryos were dosed. A microwell map for this experiment is provided in Figure C1. 

Mortality and morphological defects were assessed at ~120 hours post-fertilization 

(hpf). 

 

2.5.2 PAH Exposure Test  

 Duplicate 96-well microplates were prepared for PAH exposure tests, with all 

wells containing 100 µL of liquid volume. The target initial concentration of 2-

OHNAP and acridine was 35 µM, the lowest observed adverse effect level (LOAEL) 

reported in a previous study (Geier et al., 2018). A combination of spectroscopy and 

toxicity controls were present on the plates along with the experimental zebrafish 

groups. A summary of these well groups is shown in Table IV-1. Aqueous solutions 

were hand-pipetted into microwells, and initial PAH measurements were taken with 

the plate reader before embryos were added. Embryos were then added to plates via 

hand-pipetting. Embryos were checked under a microscope for any anomalies before 

plates were measured again with the plate reader. Plates were sealed with parafilm in 

between plate reader measurements; however, these covers were temporarily removed 

for plate reader measurements each day. Plates were placed on a 225 RPM shaker 

table for the first 24 hours of the experiment, and then removed and stored on a 

stagnant shelf for the remainder of the experiment. 
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Table IV-1. Control and experimental well groups in PAH exposure test. Bolded 
groups were prepared as two sets, one for 2-OHNAP and one for acridine. Group 
name indicated if zebrafish embryos are present (Z) and if wells were measured with 
the plate reader (UV). A well map showing the organization of these groups on the 
plates is provided in Figure C3. 

Group 
Zebrafish 

Present 

Fluorescent 

Measurement 

Chemical 

Addition (in 100 

µL EM) 

n/plate 

+ Control/Z Y N 25 µM Parathion 8 

- Control/Z Y N N/A 8 

UV/Z Y Y N/A 8 

PAH/UV/Z Y Y 35 µM PAH 16 

PAH/UV N Y 35 µM PAH 8 

Media/UV N Y N/A 8 

 

Positive and negative control groups served as toxicity controls for embryo responses 

and were not measured with the plate reader. Parathion was selected as the chemical 

for the positive control group as standard for this experiment  (Gosline et al., 2023). 

UV/Z groups were used to assess the effect of UV exposure on the embryos. 

PAH/UV/Z groups monitored changes in aqueous PAH concentrations due to embryo 

development, while PAH/UV groups monitored abiotic losses of PAHs. Media/UV 

groups served as spectroscopic controls for background fluorescence. Fluorescent 

measurements were collected before and after zebrafish embryos were added to the 

appropriate wells, followed by daily measurements for the 5-day incubation period. 

At ~120 hpf, zebrafish embryos were assessed for mortality and morphological 

abnormalities.  

 

2.6 Data Analysis and Modeling  

Statistical significance was determined with one-way ANOVA and Fisher’s 

LSD test carried out in MATLAB.  
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A pseudo-first order model for the aqueous PAH concentrations over the 

course of the PAH exposure tests. Net uptake by zebrafish embryos, adsorption to the 

microwells, and photodegradation were considered in the development of the model. 

Volatilization of the compounds was assumed to be negligible based on their Henry’s 

coefficients; 4E-07 atm-m3/mol and 2.7E-08 atm-m3/mol for acridine and 2-

hydroxynapthalene, respectively. Thus, the pseudo-first order model can be described 

with the following equation:  

                           [1]   C(t) = Ci*exp(-(kphoto + ksorption + kuptake)*t) 

where C is the concentration of the PAH in the aqueous phase (µM), Ci is the initial 

aqueous PAH concentration (µM), ksorption is the rate of PAH sorption to well walls, 

kuptake is the rate of PAH net uptake into the zebrafish embryos, and kphoto is the rate of 

PAH photodegradation. All rate constants have units of inverse hours, and were 

derived sequentially (kphoto, ksorption, kuptake).  

 Photodegradation rate was derived from photodegradation experiments 

described in section 2.4.3. Because the timeline of this experiment did not match the 

timeline of the PAH exposure test, the photodegradation rate was derived first as a 

function of the number of measurements taken. This rate was then converted to 

inverse hours with the ratio of measurements per hour; one measurement per 24 hours 

to match the daily measurement strategy in the PAH exposure test. Sorption and 

uptake loss rates were assumed to be negligible due to the short timescale of the 

experiment and absence of zebrafish embryos in the wells. Therefore, equation 1 can 

was simplified to the following equation:  

                                       [2]   C(t) = Ci*exp(-(kphoto *t) 

Sorption rate was derived from the losses in the abiotic wells of the PAH 

exposure test. Uptake losses were assumed to be zero because of the absence of 

zebrafish embryos in the wells, simplifying equation 1 to equation 3: 	

                                            [3]   C(t) = Ci*exp(-(kphoto + ksorption)*t) 

where kphoto is a known constant, leaving ksorption as the only unknown. Finally, kuptake 

was derived with the data collected from zebrafish embryo-containing wells in the 

PAH exposure test and the known values for kphoto and ksorption in equation 1.   
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3.0 Results and Discussion  

3.1 Abiotic Loss Experiments  

Results from the abiotic loss experiments revealed that sorption was a major 

contributor to abiotic losses, whereas photodegradation was a minor contributor. 

Photodegradation of acridine and 2-OHNAP fit first-order kinetics reasonably well as 

shown in Figure IV-1A and B, with fit coefficients greater than 0.8 for both 

compounds. 

 

 
Figure IV-1. Abiotic losses from photodegradation (A, B) and sorption (C, D) for 
acridine (orange) and 2-OHNAP (blue). Linear regression of the average losses is 
shown in black in A and B. Sorption on and off the shaker table are compared as 
ratios of their initial concentration. Asterisks represent statistical significance with p < 
0.05 

As expected, the shaker table significantly impacted sorption losses, as shown in 

Figure IV-1C and D. Thus, it was necessary to consider the initial 24 hours on the 

shaker table when modeling data for the PAH exposure test. 
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3.2 UV Exposure Test  

The UV exposure test produced three important findings. Primarily, the 

placement of zebrafish embryos resulted in a 13 ± 3 percent and 13 ± 7 percent 

decrease in fluorescent emission intensity for 2-OHNAP and acridine, respectively. 

This decrease is potentially due absorption of the excitation wavelength radiation by 

the embryo. However, after normalizing measurements to the initial fluorescence 

readings of the wells, it was observed that the development of viable embryos did not 

impact background fluorescence for the duration of the experiment.  This is illustrated 

by the overlap in background fluorescence of media and embryo wells in Figure IV-

2B and D.  

 
Fig. IV-2 Difference in initial fluorescent measurements for wells with and without 
embryos for acridine (A) and 2-OHNAP (C) methods, and changes in background 
fluorescence over time, normalized to initial measurements using acridine (B) and 2-
OHNAP (D) methods. Asterisks represent statistical significance with p < 0.05  

 

These results demonstrate that fluorescent measurements of acridine and 2-OHNAP 

are not obscured by the zebrafish embryos as they develop in the microwells. 

However, in order to account for the difference in background fluorescence shown in 

A and C, the matrix blank used for Raman scattering correction should match the 
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embryo presence in each well. Thus, a media control should be subtracted from wells 

that do not contain embryos, whereas a media control with an embryo should be 

subtracted from wells that contain embryos for the following PAH exposure study. 

The second finding of importance from the UV exposure study was that 

embryo mortality and development was not significantly impacted by the acridine and 

2-OHNAP measurement methods, as incidence of adverse effects for UV exposed 

embryos was not statistically significantly different than the control embryos that 

were not exposed to UV light, as reported in Tables C4 and C5. Therefore, the UV 

radiation dose the embryos received during their 5-day incubation did not lead to 

adverse health effects for the wavelengths used.  

While there has been documentation of adverse outcomes for UV exposed 

zebrafish embryos, including mortality, developmental abnormalities, decreases in 

hatch rate, and increased inflammation, the UV doses in these studies are orders of 

magnitude higher than the doses received by embryos in the present study, which was 

estimated to be 6.1 mJ/cm2 (Andrade et al., 2017; Dong et al., 2007; Wang et al., 

2010). Banerjee and Leptin (2014) reported no significant difference in outcome for 

zebrafish embryos exposed to 6 mJ/cm2, however these outcomes were reported for a 

single dose, whereas the present study entails 6 UV doses (one dose per day).  

Previous studies are limited to UVA/UVB radiation, the region in which the 

excitation wavelength of acridine resides. There is minimal research pertaining to 

UVC radiation exposures in zebrafish, the range in which the excitation wavelength 

for 2-OHNAP resides, presumably because UVC radiation is filtered out of sunlight 

by the atmosphere, and therefore has little environmental relevance (Tziortzioti, 

2016).   

The final compelling finding from the UV exposure study is that the death of 

zebrafish embryos, as well as cranial deformities, had a significant impact on the 

fluorescent emissions measured using acridine and 2-OHNAP methods. The 

incidence of these endpoints was no greater than 20% of the total number of zebrafish 

embryos, as reported in Tables C4 and C5. A sharp increase (>20% for 2-OHNAP 

and >100% for acridine) in fluorescent emission was observed in all embryos that 

developed cranial deformities or were not alive at the time of the 120 hpf screening, 
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as shown in Figure C2. The increase in fluorescence in the wells that contained dead 

or abnormal embryos may be due to cell/yolk sac lysis and release of fluorescent 

material into the aqueous phase. Similar reports of increased autofluorescence 

following cell death have been reported for a range of biological systems, including 

plant cells (Koga et al., 1988), human eosinophils (Stern et al., 1992), and indeed 

zebrafish embryos, where increased fluorescent emissions were attributed to 

lipofuscin-like autofluorescence (Yan et al., 2023).  

These results indicate that measurements for the target compounds may be 

obscured by embryo death. Therefore, in the following PAH/UV experiments, sharp 

increases in fluorescence, defined as an inflection point in the first derivative of the 

measured PAH concentrations, were considered to indicate embryo abnormality. 

Subsequent measurements from those wells were removed from further data analysis. 

Criteria used to evaluate embryo mortality with the fluorescent data is provided in 

Appendix C. Embryo mortality predictions with fluorescent inflections were 90% and 

97% accurate for 2-OHNAP and acridine, respectively (Table C6).  

 

3.3 PAH Exposure Test 

3.3.1 PAH Quantification 

Although less than 0.5 hours separated initial measurements of the 

microplates before and after embryo addition, a significant decrease in PAH 

concentrations was measured in all PAH containing wells, shown in Figure C4. In 

control wells that did not receive an embryo, this difference amounted to 9.4 ± 1.5 

percent loss in 2-OHNAP and 6.5 ± 0.7 percent loss in acridine, whereas the loss in 

wells that did receive an embryo was 31.4 ± 5.5 percent for 2-OHNAP and 18.7 ± 3 

percent loss in acridine.  

As discussed previously, background fluorescence decreased in wells after 

embryo addition in the UV exposure test, however this decrease was ~ 13% for both 

methods. Thus, the losses observed in the PAH exposure study cannot be fully 

attributed to absorbance of the excitation radiation by the embryos and abiotic losses 

of the chemical for 2-OHNAP, but this may account for the losses observed for wells 
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containing embryos exposed to acridine. This may indicate the potential for a 

significant influx of 2-OHNAP into the zebrafish embryos immediately upon 

exposure to 2-OHNAP.  

An important factor to consider in the diffusion of the chemicals into the 

embryos is the proportion of the 2 main embryo compartments: embryonic body and 

yolk sac. The yolk sac comprises the majority of embryo volume and weight until 

approximately 48 hpf, at which point the embryotic body volume overtakes the yolk 

sac volume, followed by overtaking the dry weight at 72 hpf (Halbach et al., 2020). 

Diffusion into the yolk sac may be favorable to the PAHs due to its high lipid content 

compared to the embryonic body, therefore the prevalence of the yolk sac in the first 

48 hpf may contribute to the prominent initial influx of PAHs into the embryos.  

Following the initial decrease in contaminant mass, contaminant concentrations 

continued to decrease over the 5-day incubation period, as illustrated in Figure IV-3.  

 
Fig. IV-3 Experimental data for wells containing zebrafish embryos (filled circles), 
control wells (open circles), and modeled concentrations (black dotted lines) for 2-
OHNAP (A) and acridine (B). Standard deviations of modeled concentrations are 
shown in grey dotted lines 

Although chemical concentrations decreased in controls for both PAHs in the 

first 24 hours, 2-OHNAP control concentrations stabilized after 24 hours of 

incubation, whereas acridine control concentrations continued to decline. Agitation of 

the plates on the shaker table played a significant role in the movement of PAHs, as 

has been well documented, thus rates of sorption and uptake in the first 24 hours of 
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incubation were significantly higher than those after 24 hours. Furthermore, acridine 

is expected to adsorb to the well walls to a greater extent than 2-OHNAP due to its 

higher koc value, therefore it is expected that more abiotic losses attributed to sorption 

occurred even after plates were removed from the shaker table.  

While aqueous PAH concentrations in embryo containing wells decreased 

significantly in the first 24 hours of incubation compared to controls for both PAHs, 

2-OHNAP concentrations continued to decline for the entire experiment duration 

compared to controls, whereas acridine concentrations did not decrease more than 

controls after 24 hours of incubation (32 hpf). Total uptake mass, corrected for abiotic 

losses, was 1.83 ± 0.85 nmol and 1.99 ± 0.30 nmol for 2-OHNAP and acridine, 

respectively, both of which are significantly lower than the respective exposure 

masses of 4.56 ± 0.16 nmol and 3.18 ± 0.09 nmol.   

 

3.3.2 Kinetics  

Changes in PAH concentrations for both control wells and embryo wells fit 

first order kinetics well, as shown in Figure IV-3. This supports that the assumption 

of chemical movement following first-order kinetics was reasonable for this system. 

This is in agreeance with previous diffusion modeling of similar compounds (Li et al., 

2018; Wang et al., 2020, 2018). As discussed previously, agitation via shaker table 

played a significant role in the rate of mass transport, therefore kinetic rate constants 

were derived in a piecewise manner. Initial sorption rate in the first 24 hours of 

incubation (6-32 hpf) were significantly faster than the following 96 hours (32-120 

hpf) for both compounds. However, uptake rate was significantly faster in the first 24 

hours for acridine, whereas uptake rate was not significantly different for 2-OHNAP 

for incubation on and off the shaker table, as shown in Table IV-2. 
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Table IV-2. Summary of kinetic constants derived from experimental data and used 
to model PAH concentrations in controls well and embryo wells. Error represents 
standard deviation. 

Time  

Acridine 2-OHNAP 

ksorption 

(hour-1) 

kuptake 

(hour-1) 

kphoto 

(hour-1) 

ksorption 

(hour-1) 

kuptake 

(hour-1) 

kphoto 

(hour-1) 

t ≤ 32 

hpf 

0.016 ± 

0.0005 

0.014 ± 

0.002 

0.0003 ± 

5E-04 

0.009 ± 

0.0004 

0.012 ± 

0.009 

0.0005 ± 

8E-04 

t > 32 

hpf 

0.008 ± 

0.0007 

-0.001 ± 

0.002 

0.0003 ± 

5E-04 

0.001 ± 

0.0002 

0.009 ± 

0.003 

0.0005 ± 

8E-04 

 

Photodegradation contributed minorly to the overall abiotic losses, seen in the 

order of magnitude difference with ksorption. Greater error associated with the models 

for embryo wells reflects the heterogeneity of PAH uptake kinetics by individual 

embryos. This is especially prominent for 2-OHNAP shown in Figure IV-2A, where 

embryos generally lived longer and thus developed more completely than those 

exposed to acridine. The number of zebrafish embryos included in model 

development for each time point is reported in Table C7.  

A limitation of this study is the inability to distinguish between PAH 

accumulation and PAH metabolism. PAH metabolism is predominantly carried out by 

CYP enzymes, which are both expressed and active in embryonic zebrafish 

(Loerracher and Braunbeck, 2021). Therefore, uptake rate cannot be equated to 

bioaccumulation rate, as this would overestimate bioaccumulation by neglecting 

metabolism. Further work on the analysis of PAH content in the embryos, as well as 

PAH metabolites, would help differentiate between diffusion, metabolism, and 

bioaccumulation.  
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3.3.3 Toxicity Results  

 Endpoints that were observed in a previous report of toxic effects of exposures 

to acridine and 2-OHNAP in embryonic zebrafish were also observed in the PAH 

exposure studies in this work (Geier et al., 2018). Several endpoints were observed 

for embryos exposed to acridine or 2-OHNAP, namely mortality, yolk sac and 

pericardial edema, and pectoral fin malformation. Axis and cranial deformities were 

also observed in embryos exposed to acridine.  A summary of the endpoints observed 

in the previous and present studies is provided in Table C8. All measured endpoints 

for acridine matched the expected endpoints, however we report additional endpoints 

that were not observed previously for 2-OHNAP exposure.  

While both studies of 2-OHNAP show consistent results for mortality and 

edema endpoints, cranial deformities were observed only in the present study. These 

additional deformities may reflect additive toxicity effects from the 2-OHNAP and 

UV co-exposure that could not be accounted for by individual exposures. Almeida et 

al. (2015) reported similar phenomena for zebrafish embryos exposed to UV and 

triclosan, denoting that increases in toxicity may also be due to photodegradation of 

the compound. However, further work is needed to elucidate potential products of 

photodegradation, and their toxicity to zebrafish embryos. A comparison of mortality 

predictions based of fluorescent inflection and results from morphology screening, 

presented in detail in SI, showed 83% and 81% agreement between acridine and 2-

OHNAP exposed embryos (Table C6). 

 

4.0 Conclusions  

The fluorescent spectroscopy method developed in this study provided 

insights into the uptake of 2-hydroxynaphthalene and acridine by embryonic zebrafish 

with rapid measurements of toxicant concentrations in the embryo media. No 

significant impact on embryo viability and development was observed in response to 

the irradiation of the embryos from the plate reader measurements. Furthermore, 

embryo development did not impact background fluorescence except in the instance 

of cranial deformation or embryo mortality, where a significant increase in 

fluorescent emission was observed. This observation prompted the development of a 
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technique for predicting embryo mortality based on inflection of the first derivative of 

the fluorescent emissions that was 81% to 97% accurate. Significant decreases in 

aqueous PAH concentrations were monitored for both chemicals from the combined 

losses of abiotic and biotic losses. Pseudo-first order kinetic models considering 

embryo uptake, photodegradation, and sorption fit well with empirical measurements, 

with uptake and sorption being the major contributors to overall PAH losses. 

Phenotypic outcomes and embryo mortality were consistent with previous reports, 

except for additional cranial deformities observed in the present study with 2-

OHNAP. This cautions potential additive toxicity of the UV exposure and chemical 

exposure that this plate reader method entails, necessitating further investigation with 

a larger suite of chemicals. Nevertheless, this rapid, non-destructive technique is 

novel tool that is suitable for adaptation to any autofluorescent compound of interest.  
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Chapter V: PAH Bioremediation with Rhodococcus rhodochrous ATCC 21198: 

Impact of Cell Immobilization and Surfactant Use on PAH Treatment and Post-

Remediation Toxicity 

Abstract  

 Polycyclic aromatic hydrocarbons (PAHs) are prevalent environmental 

contaminants that are harmful to ecological and human health. Bioremediation is a 

promising technique for remediating PAHs in the environment because of low costs, 

chemical, and energy inputs. However, bioremediation often results in the 

accumulation of PAH transformation products that can be more toxic than their parent 

compounds. Therefore, transformation product accumulation and post-remediation 

toxicity are important metrics for interpreting remediation success that are currently 

underutilized in remediation studies. The objectives of this research were to first 

demonstrate the cometabolic treatment of a mixture of PAHs by a pure bacterial 

culture, Rhodococcus rhodochrous ATCC 21198, and investigate transformation 

product formation and toxicity. Additionally, the surfactant Tween ® 80 and cell 

immobilization techniques were investigated to enhance bioremediation, compared to 

suspended cells alone. Several tools were used to monitor remediation progress and 

assess its success, namely fluorescent spectroscopy for rapid monitoring of PAH 

biotransformation, GC-MS for parent PAHs, UPLC-HRMS for PAH transformation 

products, and embryonic zebrafish toxicity assays for pre- and post-remediation 

toxicity. Transformation of all four PAHs was observed in batch tests, with cell 

immobilization generally improving the rate and extent of PAH transformation, 

especially when combined with the surfactant. Toxicity was only observed in extracts 

from remediated material, manifesting as mortality and developmental effects in 

embryonic zebrafish. Identification of PAH metabolites produced by 21198 revealed a 

complex mixture of hydroxylated compounds, quinones, and ring-fission products, 

among many other unidentified compounds. While this study highlights the importance 

of investigating transformation products and post-remediation toxicity, nevertheless, 

21198’s ability to rapidly transform PAHs of a variety of molecular structures and sizes 

suggests that 21198 can be a valuable microorganism for catalyzing the transformation 

of PAHs. Implementing further downstream processes to treat the PAH transformation 
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products produced by 21198 should be pursued to help lower post-treatment toxicity in 

future studies. 

1.0 Introduction  

Polycyclic aromatic hydrocarbons (PAHs) are a class of ubiquitous 

environmental contaminants that arise from both natural and anthropogenic sources and 

exhibit mutagenic, teratogenic, and carcinogenic properties (Gitipour et al., 2018; 

Mojiri et al., 2019). The broad range of physicochemical properties of PAHs reflects 

their range of molecular structures and sizes. A variety of characteristics can be used 

to organize PAHs into categories, including: molecular weight (low molecular weight 

(LMW) for three fused benzene rings or fewer, high molecular weight (HMW) for more 

than three fused benzene rings), structure (linear, angular, cluster), and aromaticity 

(alternant and non-alternant) (Patel et al., 2020; Sakshi and Haritash, 2020).  

Remediation goals typically take the form of a permissible concentration of the 

contaminants of interest (Yu et al., 2023). However, this relies on the assumption that 

any transformation products produced from the remediation process are not as toxic as 

the parent compound(s). This assumption, while true for many contaminants, is not 

necessarily true for PAHs. Several studies have reported increases in toxicity after 

chemical or biological treatment (Andersson et al., 2009; Chibwe et al., 2015; Schrlau 

et al., 2017; Wang et al., 2021b), due to the formation of transformation products that 

are more bioavailable and more toxic that their parent compounds. Despite these 

findings, it is still very uncommon for transformation products or toxicity to be 

monitored in PAH remediation studies (Titaley et al. 2020).   

An attractive option for the remediation of PAH contaminated material is 

bioremediation, as it is less expensive and less invasive than physical and chemical 

removal strategies (Kuppusamy et al., 2017; Thacharodi et al. 2023). However, 

bioremediation can lead to the formation and accumulation of toxic transformation 

products (Andersson et al., 2009; Schrlau et al., 2017). Microorganisms can transform 

PAHs through metabolism, where the contaminants are used as carbon and energy 

sources, or cometabolism, where the contaminants are transformed fortuitously without 

any carbon or energy gain (Hazen 2010).  
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Although many microorganisms have been isolated that degrade PAHs via 

metabolic processes (Ghosal et al., 2016; Imam et al., 2022; Lu et al., 2011), the 

application of these microorganisms is limited, as they are dependent on PAHs for their 

survival and are unable to degrade the contaminants to very low concentrations (Hazen 

2010). Microorganisms that cometabolize contaminants are not limited in this way and 

are therefore better equipped to degrade PAHs to remediation goal concentrations. 

However, complete mineralization is difficult to achieve with cometabolism, thus the 

potential to accumulate toxic PAH transformation products should be considered. 

 Whether a process is metabolic or cometabolic, one of the biggest challenges 

in PAH bioremediation is the bioavailability of PAHs (Duan et al., 2015). PAHs sorb 

strongly to soil and sediment in the environment due to their hydrophobicity. Sorbed 

PAHs are not accessible to microorganisms, therefore treatment is often limited by the 

desorption rate of PAHs from the solid phase to the aqueous phase, as concentrations 

are only reduced by microorganisms in the aqueous phase (Lamichhane et al., 2016; 

Mohan et al., 2006).  A common method used to overcome the bioavailability barrier 

is the use of surfactants to solubilize sorbed PAHs through a process known as soil 

washing (Cheng et al., 2018; Mulligan et al., 2001). Surfactants aid in the solubilization 

of PAHs by creating micelles that are suspended in the aqueous phase but have 

hydrophobic centers capable of accumulating PAHs (Mulligan et al., 2001; Peng et al., 

2011).  

Surfactants are typically categorized as cationic, anionic, or nonionic. Nonionic 

surfactants are most commonly used for soil washing, as cationic surfactants are prone 

to adsorption to soil and anionic surfactants prone to precipitation out of the aqueous 

phase (Bai et al., 2019; Zhang and Zhu, 2010). The nonionic surfactant Tween ® 80 

(T80) has been studied extensively for soil washing applications, particularly in 

combination with bioremediation, as it has been shown to have minimal toxicity and 

disruption to its areas of use, including minimal to no impacts to fungal communities, 

plants, and soil microbiome (Cheng et al., 2017). However, all surfactants, including 

T80, are toxic to microorganisms at high enough concentrations, as they can disrupt 

cellular membranes and cause cell lysis (Gharibzadeh et al., 2016). Because of the 



77 
 

 

inherent toxicity of surfactants, protecting cells from surfactants is necessary for 

extending the lifetime of bacteria used for bioremediation.  

One approach used to protect cells from surfactant toxicity is immobilizing cells 

in hydrogels made from biocompatible polymers such as alginate, polyvinyl alcohol, 

or chitosan (Mehrotra et al., 2021). The benefits of using immobilized cells in 

bioremediation applications has been discussed extensively in a variety of reviews, and 

include advantages such as increasing the activity and viability of biomass, providing 

opportunities for cell recovery and reuse, and protecting cells from harsh environmental 

conditions (Bayat etl a. 2015; Mehrotra et al., 2021; Partovinia and Rasekh, 2018; Patel 

et al., 2020). Of studies that have investigated PAH bioremediation using surfactants 

and immobilized cells, improved PAH treatment with immobilized cells compared to 

suspended cells has consistently been demonstrated and attributed to increased 

resistance to surfactant toxicity, improved mass transfer performance, bacterial growth 

retention in the hydrogel matrix, and sorption of PAHs to hydrogels (Chen et al., 2021; 

Wen et al., 2021; Xu et al., 2019).   

Rhodococcus rhodochrous ATCC 21198 (21198) was the gram-positive pure 

bacterial culture used in the present bioremediation study. The genera Rhodococcus is 

very popular in remediation applications because of its many useful qualities such as 

its tolerance of harsh environments, metabolic diversity, and expression of enzymes 

that can transform a wide range of relevant environmental contaminants (Krivoruchko 

et al., 2019; Nazari et al., 2022). Indeed, 21198 has been used for the remediation of 

chlorinated solvents (Rolston et al., 2022), 1,4-dioxane (Rasmussen et al., 2020), 

monoaromatic hydrocarbons, and MTBE (Huizenga and Semprini, 2023a), however 

21198 has not yet been studied for the remediation of PAHs.  

The objectives of this research were to demonstrate the cometabolic treatment 

of a mixture of four PAHs, each representing a different structural class: fluorene (non-

alternant), phenanthrene (bent), anthracene (linear), and pyrene (cluster), by 21198.  

The impact of T80 and cell immobilization on PAH treatment, formation of PAH 

transformation products, and post-remediation toxicity were evaluated using a variety 

of tools. Gas chromatography-mass spectrometry (GC-MS) was used to measure parent 

PAHs, while ultra-high performance liquid chromatography coupled with high 
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resolution mass spectrometry (UPLC-HRMS) was used to identify PAH transformation 

products. Fluorescent spectroscopy was used to monitor PAH degradation and 

metabolite formation in real-time, and finally, embryonic zebrafish assays were used 

to assess toxicity before and after remediation.  

 

2.0 Materials and Methods  

2.1 Chemicals  

 A full list of the PAHs, isotope labelled PAHs, and PAH transformation 

products included in this study is provided in Appendix D. Compressed gases were 

purchased from Gas Innovations (La Porte, TX): Isobutane (99.99%) and Airgas Inc. 

(Radnor, PA): Oxygen (100%). 1-Butanol (99.4%) was purchased from Acros 

Organics (MA). Polymers were purchased from Sigma Aldrich (St. Louis, MO): 

polyvinyl alcohol (>99%) with a molecular weight distribution of 85,000-124,000 

and Cape Crystal Brands (Summit, NJ): sodium alginate of food grade purity. 

Crosslinkers were purchased from Honeywell (Charlotte, NC): Boric acid (>99.8%) 

and Millipore Sigma (Burlington, MA): Calcium chloride dihydrate (>95%). Tween 

® 80 (T80) was purchased from Sigma Aldrich (St. Louis, MO). All solvents used 

were of analytical grade purity and purchased from various vendors.  

 

2.2 Cell Culturing  

The pure culture Rhodococcus rhodochrous ATCC 21198 (21198) was 

obtained from Dr. Michael Hyman at North Carolina State University. 21198 was 

maintained as a pure culture on minimal agar plates in a sterile airtight container with 

1.5% v/v isobutane supplied as the sole carbon and energy source. Batch growth 

reactors were prepared as described in (Huizenga and Semprini, 2023a). Briefly, an 

inoculum scraped from a minimal plate was added to a 500 mL Wheaton glass media 

bottle containing 300 mL of sterile mineral salt media (MSM) (Kottegoda et al. 2015) 

amended with 10% v/v isobutane in excess based on the oxygen content of a sealed 

bottle.  
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Growth reactors were incubated in the dark at 30 oC on a 150 RPM shaker 

table. After 5 days of incubation, cells in late exponential growth phase were 

concentrated via centrifugation as described in Murnane et al. (2021), and biomass 

content of the concentrate was measured using a total suspended solids (TSS) analysis 

(Baird et al. 2017). Concentrated cell solutions were stored at 4 oC for no longer than 

two days before use in experiments.   

 

2.3 Cell Immobilization  

 21198 cells were immobilized in sodium alginate (NaAlg)/polyvinyl alcohol 

(PVA) beads using a modified version of the technique described in Harris et al. 

(2022). Briefly, isobutane grown 21198 cells were added to a 2% w/v NaAlg/3% w/v 

PVA mixture at a concentration of 0.5 mg cells/mL. This mixture was transferred to 

60 mL sterile syringes and dropped into a 500 mL crosslinking solution consisting of 

boric acid (3% w/v) and calcium chloride (1.5% w/v) with a syringe pump to create 

spherical hydrogel beads. Beads were crosslinked for 1 hour before being rinsed with 

autoclaved water.  

In order to increase the biomass concentration and activity in the beads, rinsed 

beads were transferred to growth reactors prepared as described in section 2.1; 

however, the beads were present in the reactors (~20 g per reactor) rather than a 

suspended cell inoculum. This process was repeated without the addition of cells to 

produce abiotic control beads. Abiotic and active beads were prepared at the same 

time to maximize consistency between bead batches.  

Isobutane consumption, shown in Figure D1, was monitored during 

incubation with a previously established gas chromatography-flame ionization 

detection (GC-FID) method using a Series 6890 Hewlett Packard gas chromatograph 

equipped with a capillary column (Agilent DB-624 UI 30m x 0.53mm) and a flame 

ionization detector operating under conditions described in Huizenga and Semprini 

(2023a). Beads were removed from growth reactors following the five-day incubation 

period, rinsed with autoclaved DI water, and stored in an autoclaved 50 mM 

phosphate buffer (pH = 7) for approximately 24 hours until use in batch experiments.  
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2.3.1 T80 Sensitivity and Transformation Tests  

 The sensitivity of suspended and immobilized 21198 was assessed in batch 

tests with a range of T80 concentrations. Batch bottles were prepared in 27 mL vials 

with butyl septa crimp tops. Stock solutions with a range T80 concentrations (0 mg/L 

to 5000 mg/L) in MSM were prepared, and 10 mL of solution was added to the 27 

mL vials. Each concentration was prepared in triplicate. 21198 was added to bottles 

as suspended cells (0.5 mg cells/bottle) or immobilized cells (2 mg cells/bottle). Note 

that beads used in these experiments were not incubated.  

After sealing the vials, 0.2 mL of isobutane was added to the headspace with a 

syringe and subsequently monitored with GC-FID. Equilibrium was maintained at 30 
oC on a 150 RPM shaker table for the duration of the experiments. Zero-order 

biomass normalized rates of isobutane utilization were determined and compared to 

evaluate the impact of T80 on cell activity.  

 Because T80 is a biodegradable surfactant, a set of batch tests were conducted 

to determine the ability of 21198 to degrade T80.  These tests were carried out in 125 

mL Wheaton glass media bottles (nominal volume 155 mL) with butyl septa caps. 

The aqueous phase of batch bottles was 100 mL of 10x diluted MSM with 1 g/L T80, 

to which 30 mg of isobutane grown 21198 was added. Batch bottles were placed on a 

150 RPM shaker table in a 30 oC room during the three-day incubation period. During 

this time, 2 mL samples were periodically removed from the bottles with a syringe 

through the cap septa, filtered through a 0.2 um PVDF filter, and were analyzed for 

T80 using the fluorescent spectroscopy method described in Mousset et al. (2013).  

 

2.3.2 Oxygen Uptake Tests  

 To compare the activity of suspended cells and immobilized cells, oxygen 

uptake experiments were conducted with cells before and after immobilization and 

bead incubation, with the same cell concentrate immobilized in beads tested as 

suspended cells. Batch tests were conducted in 27 mL vials with butyl septa crimp 

tops. Each bottle contained 10 mL MSM with 40 mg/L 1-butanol, and approximately 

1 mg of suspended cells or 1 g of beads. Active bottles were prepared in triplicates, 
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while abiotic controls were prepared in duplicates. Headspace oxygen was monitored 

after addition of cells using a Hewlet Packard 5890 Series Gas Chromatograph 

equipped with thermal conductivity detector (GC-TCD) and capillary column 

(Supelco 60/80 Caroboxen 1000). Helium flowed at 30 mL/minute was used as the 

carrier gas with the oven temperature held constant at 40 oC. Equilibrium was 

maintained at 30 oC on a 150 RPM shaker table for the duration of the experiments. 

The zero-order biomass normalized oxygen utilization rate (kO2) for suspended cells 

was compared to that of the immobilized cells to estimate the bead mass needed per 

batch bottle to achieve comparable microbial activity to suspended cells.  

 

2.4 Batch Bottle Preparation 

 PAH bioremediation experiments were carried out in 125 mL Wheaton glass 

media bottles (nominal volume 155 mL) with butyl septa caps. Experiments were 

conducted in four sets; set 1 with suspended cells, set 2 with suspended cells and T80, 

set 3 with immobilized cells, and set 4 with immobilized cells and T80. The aqueous 

phase of batch bottles was 100 mL of 10 times diluted MSM, with 1 g/L T80 added to 

the solution for batch sets 2 and 4. PAHs were added to batch bottles from 

concentrated DMSO stock solutions to reach approximate initial concentrations of 1 

mg/L of fluorene and phenanthrene, 0.5 mg/L anthracene, and 0.1 mg/L pyrene. 

Initial concentrations reflect the PAH’s aqueous solubility limits. 1-Butanol was 

added as a neat liquid at an initial concentration of 40 mg/L. The oxygen demand 

associated with the 1-butanol utilization did not deplete the available oxygen in sealed 

bottles.  

Batch bottles were placed on a 150 RPM shaker table in a 30 oC room before 

cell addition to allow dissolution of the PAHs. Biomass was added to active bottles as 

either 30 mg of suspended cells or 28 g of beads (representing ~30 mg cells) at time 

zero, after which initial samples were taken. Batch bottles were kept in the dark at 30 
oC on a 100 RPM shaker table for the duration of the experiment. Active bottles were 

prepared in triplicates, while autoclaved cell controls (prepared as active bottles with 
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autoclaved cells or abiotic beads), and abiotic controls, (prepared as active bottles 

with no cells) were prepared in duplicates.  

Batch bottles were opened in a laminar flow hood every 24 hours to refresh 

oxygen, and an additional dose of 1-butanol was added every three days to active 

bottles. Batch sets 3 and 4 had a reduced headspace volume due to the bead volume, 

and therefore received an additional 5 mL of pure oxygen at the start of the 

experiment and every subsequent 24 hours to match the headspace oxygen content in 

batch sets 1 and 2. Beads were harvested from batch bottles after the final timepoint 

samples were taken and tested for oxygen uptake as described in section 2.3.1 to 

compare bead activity before and after PAH exposure.  

 

2.5 Chemical Analyses  

2.5.1 Liquid-Liquid Extraction and GC-MS  

 Throughout the course of the batch experiments, 0.7 mL liquid samples were 

taken from the batch bottles using a sterile glass syringe through the cap septa. These 

samples were transferred to microcentrifuge tubes and spiked with an isotope-labeled 

PAH surrogate mixture (Table D2) to monitor PAH losses that occurred during 

sample processing and storage. Samples were extracted using the following liquid-

liquid extraction (LLE) method. Equal volumes of ethyl acetate were added to 

microcentrifuge tubes containing the 0.7 liquid sample, vortexed for five minutes, and 

then centrifuged at 8000 RPM for 2 minutes to separate the ethyl acetate and aqueous 

phase. The ethyl acetate phase was removed and stored in an amber autosampler vial 

with a PET lined screw cap. This process was repeated three times for each sample 

for a final extract volume of ~2 mL. Extracts were then dried under a nitrogen stream 

to 225 µL before and spiked with 75 µL of acenaphthene-d10 in ethyl acetate as an 

internal standard for a final sample volume of 300 µL. Samples were then analyzed 

with GC-MS for parent PAHs using a previously reported method (Huizenga and 

Semprini, 2023b).  
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2.5.2 EEM-PARAFAC 

 Concurrently with GC-MS samples, 2 mL liquid samples were taken from 

active bottles for fluorescent spectroscopy analysis over the duration of the 

experiments. Samples were transferred to a four-sided quartz cuvette (Starna Cells) 

and scanned using a Varian Cary Eclipse fluorescent spectrometer. Samples were 

scanned in 3D mode through excitation and emission wavelength ranges of 200 to 

300 nm and 300 to 450 nm, respectively. The scan speed was 600 nm/min, and 

excitation and emission slit widths were both 5 nm. Excitation-emission matrices 

(EEMs) were processed further with parallel factor analysis (PARAFAC) using the 

drEEM MATLAB toolbox (Murphy et al., 2013) as described in (Huizenga and 

Semprini, 2023b).  

Separate PARAFAC models were generated with EEMs from active batch 

bottles for each experiment set (n = 21 or 24) as well as with the combined EEMs 

from all experiments (n = 90). The most appropriate number of components for each 

model was determined based on the trends of three metrics: percent explained, core 

consistency, and sum of squared error. All final models were validated with split half 

analysis.  

 

2.5.3 SPE and UPLC-HRMS 

The remaining liquid volume in the batch bottles after all timepoint samples 

(~190 to ~235 mL) were taken and stored at -20 oC until samples could be extracted 

using a previously described solid-phase extraction (SPE) method (Schrlau et al., 

2017) using Bond Elut Plexa (60 mg, 3 mL) cartridges (Agilent Technologies, New 

Castle, DE). One method amendment was made for samples from batch sets 3 and 4, 

as cartridge clogging from free polymer released from the beads was a barrier for 

successful extraction. Boric acid and calcium chloride were added to samples after 

thawing to re-crosslink free polymer in solution. After five minutes of mixing on a 

magnetic stir plate, precipitate was removed from the sample before extraction.  

Extracts were split 80/20 for toxicity and chemical analysis. Ultra-high 

performance liquid chromatography (UPLC – Sciex ExionLC AD) coupled to high-
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resolution mass spectrometry (HRMS - a ZenoTOF 7600) were used for the 

identification of PAH transformation products. Separation was achieved with an ACE 

Excel column (1.7 µm; 2.1x100 mm, Hichrom Limited, UK) and a gradient of 

nanopure water with 0.1% formic acid and acetonitrile with 0.1% formic acid. 

Samples (2 µL injection) were analyzed in both positive and negative electro spray 

ionization (ESI) modes. Acquisition and processing computers are equipped with up-

to-date Sciex OS software licenses. Full details of the LC-MS parameters, along with 

the PAH transformation product library used to screen samples, are provided in 

Appendix D.  

 

2.7 Embryonic Zebrafish Assay  

The extract fraction dedicated to toxicity testing was blown to dryness under a 

nitrogen stream and reconstituted in DMSO. Toxicity was evaluated using the 

embryonic zebrafish assay described in Truong et al. (Truong et al., 2016) at the 

Sinnhuber Aquatic Research Laboratory (SARL) at Oregon State University 

(Corvallis, OR, USA). Zebrafish were maintained according to Institutional Animal 

Care and Use committee protocols.  

To summarize, dechorionated tropical 5D wild-type zebrafish (Danio rerio) 

embryos were statically exposed to extracts at 6 hours post fertilization (hpf) for 120 

hours. A 12-point concentration curve was run in duplicate plates for each extract 

with 7 animals exposed per concentration per plate. Three developmental toxicity 

endpoints were assessed at 24 hpf, while 10 developmental endpoints were assessed 

at 120 hpf. Changes in toxicity before and after treatment were assessed by 

comparing embryo responses of extracts from control batch bottles to extracts from 

active batch bottles.   

 

2.8 Statistical Analysis  

Statistical significance of PAH transformation was determined using one-way 

ANOVA analysis and Fisher’s least squared difference test assuming equal variance 

among comparison groups with statistical significance reported for p ≤ 0.05. 
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Statistical analysis was carried out in MATLAB. Statistical significance of toxicity 

responses in embryonic zebrafish assays was determined according to previously 

published procedures (Truong et al., 2014) 

 

3.0 Results and Discussion 

3.1 T80 Sensitivity and Transformation Tests  

 Results from the T80 sensitivity tests, shown in Figure D2, indicate that the 

tolerance of T80 for suspended and immobilized cells is approximately 1 g/L.  No 

difference was observed in isobutane consumption for T80 concentrations of 1 g/L 

and below compared to controls for extended incubation times, indicating that these 

concentrations did not cause significant cell distress. This is in good agreement with 

previously reported T80 tolerances for bacterial strains in the Rhodococcus genera, 

which typically range from 1 g/L to 2 g/L (Chen et al., 2012; Hu et al., 2020; Lee et 

al., 2006). Conversely, it was observed that T80 concentrations of 5 g/L and 2.5 g/L 

significantly reduced isobutane consumption after approximately 8 hours of 

incubation, and completely halted isobutane consumption after 24 hours of incubation 

Isobutane consumption and calculated rates are reported in Table D5. The 1 g/L T80 

concentration selected for batch experiments is well above its critical micelle 

concentration of approximately 15 mg/L (Mahmood, 2013; Pinto and Moore, 2000), 

therefore T80 exists predominantly as micelles at this concentration..  

 Rapid removal of T80 from the aqueous was observed in T80 transformation 

tests, with less than 5% of T80 remaining after 3 days, as shown in Figure D3. It is 

hypothesized that this is a cometabolic process involving an esterase, as has been 

reported with other bacterial strains (Wang et al., 2011). This hypothesis for 21198 is 

supported by similar T80 removal in active cells and monooxygenase-inhibited cells 

and inability to culture 21198 with T80 as a carbon source. Thus, T80 concentration 

is not considered to be constant in PAH transformation tests, although its 

transformation was likely not competitive to PAH transformation, as the 

transformation of these substrates is catalyzed by different enzymes.  
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3.2 Oxygen Uptake Tests  

 A comparison of the rate of oyxgen uptake (kO2) for suspended cells compared 

to immobilized cells, as shown in Figure D4, resulted in an estimated biomass 

concentration in the beads of 1.1 ± 0.05 mg cells/g bead, indicating that bead biomass 

content was approximately doubled after incubation. No statistically significant 

difference was observed in zero-order oxygen utilization rate for used beads in either 

diluted MSM (set 3) or T80 solution (set 4), indicating that PAH exposure and 

transformation did not significantly impact cell respiration or viability, nor did the 

incubation with T80. Significant changes to bead integrity and 21198 activity were 

not observed after use in the batch experiments, therefore beads may be reused in 

further PAH biotransformation batch experiments.  

 

3.3 EEM-PARAFAC Results 

Treatment progress was assessed in quasi-real time with the fluorescent 

spectroscopy measurements, with further interpretation was made possible with the 

PARAFAC modeling results. Preliminary PARAFAC models for individual 

experiments revealed a high degree of similarity between the components generated 

to model the data sets. Therefore, it was appropriate to combine data sets and generate 

one PARAFAC model to allow for comparison of component scores between all 

experiments. This was expected due to the similarity in experimental set up between 

the four batch set ups.  

Only scans from the first timepoint samples of experiment set three were 

found to be outliers due to excessively high leverages and were therefore removed 

from the data set. Fitting metrics for preliminary models with 3 to 7 components are 

shown in Table D6. The final model using all data sets required four PARAFAC 

components to appropriately model the data set, with 79% core consistency, 96.5% 

explained, and 5.7E6 SSE. Components were identified by comparing component 

Stokes shift and spectra to standard scans and literature values, as shown in Figure 

D5.  
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Component one (C1) was identified as a mixture of metabolites and cellular 

material, component two (C2) was identified to be a mixture of anthracene and 

phenanthrene, component three (C3) was identified to be fluorene, and component 

four (C4) was identified to be of cellular material origin. The temporal trends of each 

component are shown in Figure V-1. 

 

 
 

Fig. V-1 Temporal trends of PARAFAC components for each experimental set: set 
1/suspended cells (A), set 2/suspended cells+T80 (B), set 3/immobilized cells (C), set 
4/immobilized cells+T80 (D). Error bars represent standard deviation among 
triplicates  

Trends in component Fmax with time supported their suggested composition. 

C1 increased with time for all experiments, which is likely due to the formation of 

fluorescent PAH metabolites. The presence of C1 in initial timepoint samples may be 

due to the cellular material present in set 1 and set 2 samples, as the cellular material 

does fluoresce in the same region as C1. Lower initial amounts of C1 in sets 3 and 4 

were expected, as minimal cellular material was present in the aqueous phase. The 

emergence of C1 with time also informs the nature of these metabolites. Because C1 

concentrations do not increase and then decrease with time, these are hypothesized to 

be dead-end products, rather than intermediates in the PAH degradation process.  
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Furthermore, the location of their spectra in this range of excitation and 

emission wavelengths suggests that they contain at least two fused benzene rings, as 

compounds with a single benzene ring do not fluoresce in the region C1 appears 

(Schwarz and Wasik, 1976). However, this region does match reported spectra for 

PAH-quinones (Peng et al., 2018b). C2 and C3 both decreased with time, 

representing the transformation of PAHs that occurred over the 5-day incubation. A 

less apparent decrease in C2 was observed in set 1 and set 3, possible due to spectral 

interferences from the cellular material or production of PAH metabolites that are not 

represented by C1.  

Finally, C4 remained relatively constant throughout the experiments, which is 

to be expected, as it arises from sample turbidity. Furthermore, its minor presence in 

set 3 and set 4 support its correlation to suspended cellular material in the aqueous 

samples, as this was very minor in experiments that used immobilized cells.  

 

3.4 GC-MS Results  

While EEM-PARAFAC allowed for rapid, qualitative information regarding 

the PAH concentration changes with time, GC-MS results fully elucidate the 

quantitative changes in PAH concentrations throughout the experiments. The 

reduction in PAH concentration for active batch bottles in each experiment set are 

shown in Figure V-2. The equivalent data for controls in each experiment are shown 

in Figure D6.  
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Fig. V-2 Normalized concentrations of PAHs over time for experiment set 
1/suspended cells (A), set 2/suspended cells+T80 (B), set 3/immobilized cells (C), set 
4/immobilized cells+T80 (D). Note that concentrations were normalized to their 
initial concentrations, reported in Table D11. Error bars represent standard deviations 
among triplicates.  

Degradation of the LMW PAHs, fluorene, phenanthrene, and anthracene, was 

observed in all experiments, while degradation of the HMW PAH, pyrene, was not 

observed to be significant in experiment sets that did not contain T80. Minor 

degradation of pyrene was observed in set 2, while significant degradation was 

observed in set 4. It was expected that the presence of surfactant would impact pyrene 

degradation the most, as it is the least soluble and therefore least accessible to the 

bacteria. Thus, its bioavailability is most improved by the presence of surfactant. The 

degradation of the three LMW PAHs demonstrates that 21198 is capable of 

transforming PAHs of various geometries, including the linear and cluster geometries, 

which are often considered to be the most recalcitrant geometry of LMW PAHs 

(Abdel-Shafy and Mansour, 2016).  

Adsorption of PAHs to the hydrogels is suggested by the trends in PAH 

concentrations for batch set 3 (Figure V-2C), as there was a rapid decrease in PAH 

concentration in the first 12 hours of incubation, followed by slower decreases for the 

remaining ~100 hours. This same observation can be seen in the controls illustrated in 

Figure D6. Therefore, the total losses observed in active bottles in batch set 3 may be 
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a combination of biotransformation and adsorption. Adsorption of the PAHs to beads 

in set 4 was not observed in active or control bottles, presumably due to the increased 

solubility of PAHs with the presence of T80.  
 

3.4.1 Total PAH Losses  

While the transformation of the PAHs by 21198 alone is a novel finding, the 

impact of immobilization and presence of T80 were of interest in this study as well. 

To further compare the different treatments in the experiment sets, the total losses and 

biotic losses (losses in active bottles minus losses in autoclaved cell control bottles) 

were calculated and are presented in Figure V-3. The impact of T80 in suspended and 

immobilized cells was investigated by comparing set 1 to 2 and 3 to 4, respectively, 

while the impact of immobilization in batch tests without and with T80 was 

investigated by comparing set 1 to 3 and 2 to 4, respectively. 

 
Fig. V-3 Total losses (solid filled) and abiotic losses (stripe filled) for each 
experiment set organized by PAH. Error bars represent one standard deviation. 
Statistical significance for total losses is represented by asterisks above bars with 
comparisons between batch sets for each PAH. Values are provided in Table D10 
while P-values are reported in Table D7 
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As shown in Figure V-3, total fluorene losses were lower for batches 

containing T80 for both suspended and immobilized cells. This same observation is 

true for suspended cells with phenanthrene and anthracene, although phenanthrene 

and anthracene total losses were not impacted by T80 in sets with immobilized cells. 

Total pyrene losses were increased with the presence of T80 for suspended and 

immobilized cells.  

In comparing PAH total losses for suspended and immobilized cells, 

significant increases were observed with immobilized cells for sets with and without 

T80 except for anthracene, for which no significant difference was found between 

sets 1, 3, and 4. This suggests that immobilized cells transformed more of the total 

PAH mixture than the suspended cells. This could be due to multiple factors, 

including greater cell biomass, higher cometabolic activity, or more interactions 

between PAHs and cells facilitated by the hydrogel matrix, as discussed in similar 

studies that have made the same observations (Wang 2019, Wen 2021, Xu 2019, 

Chen 2021).  

The lack of methods to quantify live immobilized biomass is a significant 

limitation of this study, thus it is possible that more cells were present in the beads 

than was discernable from the oxygen uptake tests used to compare suspended and 

immobilized cells. This also makes it difficult to compare PAH removal efficiencies 

and rates with similar studies, as other studies have the same limitation. Nevertheless, 

biotic and abiotic PAHs observed in this study are similar to those reported with other 

microorganisms and bead formulations. Several studies have immobilized PAH-

metabolizing bacteria at lower biomass loadings in beads than the present study for 

use in PAH treatment studies, results from which are summarized in Table V-1.  
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Table V-1. Comparison of PAH removal and control bead PAH loss for studies of 
PAH biodegradation with immobilized bacteria. Note that Fla is fluoranthene, while 
Flu is fluorene. 

Bead 
formula 

Biomass 
Loading Surfactant 

Time 
incubated 

(days) 

PAHs 
studied 

Bead 
PAH 

removal 
(%) 

Control 
Bead 
PAH 

Removal 
(%) 

Ref. 

3% Ca-Alg 
1/40 

(w/v) 
N/A 42 

Phe 

Fla 

63.16 

56.94 

17.79 

13.40 

Wang et 

al., 2019 

10% PVA 

0.8% Na-Alg 

0.7% ALNPs 

1/5 (v/v) 2.5 g/L T80 30 

Phe 

Fla 

Pyr 

92.21 

87.97 

88.81 

34.76 

30.53 

26.21 

Wen et 

al. 2021 

10% PVA 

0.8% Na-Alg 

0.7% ALNPs 

1/10 

(v/v) 
2.5 g/L T80 30 

Phe 

Fla 

Pyr 

89.14 

81.25 

78.33 

37.96 

33.44 

29.21 

Xu et al. 

2019 

3% PVA 

1% Na-Alg 
1/4 (v/v) 

4 g/L 

Triton X 
4 

Phe 

Fla 

Pyr 

42.06 

66.84 

68.70 

-7.31 

29.59 

22.92 

Chen et 

al. 2021* 

3% PVA 

2% Na-Alg 

1/2  

(w/v) 
1 g/L T80 4  

Phe 

Flu 

Pyr 

Ant 

89.26 

91.41 

78.19 

97.11 

15.53 

18.97 

9.76 

28.92 

Present 

Study 

*16 priority PAHs were degraded simultaneously, the 3 PAHs reported were reported to be most 

significantly degraded  

Comparable PAH removal to lower biomass beads incubated for an extended time 

was achieved by the beads in this study, despite the processes in the present study 

being exclusively cometabolic. Furthermore, the PAH transformation in the present 

study is the work of one microorganism, rather than a bacterial consortium as in Wen 

et al. (2019) and Wang et al. (2019).  

 

3.4.2 Apparent Biotic PAH Losses  

When accounting for abiotic losses in controls for each set, trends differ 

slightly from trends of total PAH losses. For suspended cells, the only difference in 

trends from total PAH loss trends is that significantly less pyrene transformation 

occurred when T80 was not present.  
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The difference between total and biotic PAH losses is largest for batch set 3, 

in which abiotic losses due to sorption were the greatest. Thus, biotic losses for all 

PAHs in batch set 3 were significantly lower than those for batch set 4, which also 

used beads but had T80 present. Similar PAH losses with control beads were reported 

in studies summarized in Table V-1 and may be due to a combination of sorption to 

beads, sorption to glassware, volatilization, or reactions with sunlight.  

However, it cannot be determined with the existing measurements how much 

each contributed to the total losses, as it is possible that PAHs which initially sorbed 

to the hydrogel matrix were then desorbed and transformed by 21198. Therefore, 

these observations are for apparent biotic PAH losses, as actual biotic losses are 

underestimated by assuming all sorbed PAHs are permanently sorbed and therefore 

not bioavailable.  

 

3.4.3 PAH Transformation Rates 

The impact of immobilization and T80 presence was also investigated in 

terms of PAH transformation rates, as both rate and extent of treatment are important 

parameters of remediation technologies. PAH transformation followed pseudo-first 

order kinetics well, as typical for cometabolic processes (Geng et al., 2022). Pseudo-

first order rates derived from both total and apparent biotic losses are shown in Figure 

V-4. It should be noted that rates derived from total losses significantly differed from 

the rates derived from apparent biotic losses for set 3, where significant PAH losses 

were observed in abiotic bead controls. This was presumably due to adsorption of 

PAHs to the bead polymer matrix, however as noted in section 3.4.2, these estimates 

for biotic PAH losses are likely underestimates. 
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Fig. V-4 Pseudo-first order transformation rate of PAHs in active bottles derived 
from total PAH losses (solid bars) and biotic PAH losses (stripe fill). Error bars 
represent compounded standard deviation for active bars (n=3). Statistical 
significance for total losses is represented by asterisks above bars with comparisons 
between batch sets for each PAH. Values are reported in Table D10, p-values are 
reported in Table D7, Fit Coefficients are reported in Table D8 

 
The presence of T80 decreased transformation rates of fluorene and anthracene 

for suspended and immobilized cells, increased the rate of phenanthrene degradation 

for immobilized cells, and increased the rate of pyrene degradation for suspended and 

immobilized cells. It is possible that the decrease in transformation rate for the LMW 

PAHs when T80 is present may be due to the increase in bioavailability and thus 

transformation of pyrene. Pyrene transformation rates were only derivable when 

surfactant was present, as surfactant was required to support pyrene transformation. 

The decrease in LMW PAH transformation rates may also be due to cell stress 

responses from the surfactant (Cheng et al., 2018, 2017).  

Independent of T80 presence, transformation rates of fluorene and phenanthrene 

increased for immobilized cells compared to suspended cells. Anthracene 

transformation rates were not significantly impacted by immobilization when 

surfactant was not present, however a significant increase in rates were observed 
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when surfactant was present. The same factors discussed previously that may have 

contributed to the increase in total PAH losses with immobilized cells are likely to 

contribute to this observation as well.  

 

3.5 EEM-PARAFAC and GC-MS Comparison  

A high degree of similarity was observed between GC-MS fluorene results and 

C3 PARAFAC results as shown in Figure D7, indicating that the PARAFAC model 

was able to isolate trends in fluorene concentrations accurately throughout the 

experiments. The same comparison for anthracene and phenanthrene GC-MS results 

and C2 PARAFAC results were not as straightforward as fluorene, as they were not 

modeled as separate components. This may be due to the rates of anthracene and 

phenanthrene degradation being more similar in sets 2 and 4 compared to sets 1 and 

3. The more similar the trends are for anthracene and phenanthrene, the better the 

PARAFAC model can use one component to model them together. Phenanthrene and 

anthracene share very similar spectra, thus it is expected that they be grouped 

together, however as their concentrations more greatly differ as they are degraded at 

different rates, the less their individual trends will resemble the combined trend 

modeled by C2. It is common for PARAFAC components to be the combined spectra 

of multiple compounds, particularly as mixture complexity increases (Hung et al., 

2022b; Seopela et al., 2021b). Consequently, EEM-PARAFAC analysis provides 

limited quantitative data but rapid qualitative data, therefore it is best used in 

combination with a quantitative targeted analysis such as GC-MS.  

 

3.6 UPLC-HRMS Results 

The investigation of PAH metabolites produced from the bioremediation batch set 

1 revealed a complex metabolite mixture consisting of several different compound 

classes: hydroxylated, ring fission, quinone, and hydroxy/quinone PAH 

transformation products. Multiple positions on each parent PAH are susceptible to 

enzymatic transformation, thus transformation pathways are presented for a generic 

PAH structure in Figure V-5.  
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Fig. V-5. Proposed generic pathway for PAH transformation by 21198. Compounds 
in brackets represent undetected intermediates, while others represent compound 
classes identified in treated samples with high confidence: I – hydroxylated, II – 
dihydroxylated, III – ring fission, IV – quinone, and V – hydroxy-/dihydroxy-
quinone. Confidence levels were evaluated based on (Schymanski et al., 2015) and 
are reported in Table D9.  

The compound classes identified in remediated samples indicate that 

cometabolism was primarily initiated by a monooxygenase. This was an expected 

finding, as 21198 can expresses many monooxygenases that have broad substrate 

specificity, particularly the short-chain alkane monooxygenase (SCAM) highly 
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expressed when grown on isobutane (Bealessio et al., 2023; Murnane et al., 2021), 

and hydroxylated PAHs are often reported in PAH biodegradation studies with 

Rhodococcus strains (Finkelstein et al., 2003; Leneva et al., 2009; Luo et al., 2016).  

Di-hydroxylated products with alcohol groups in the non-ortho position is likely 

the results of two separate monooxygenase attacks followed by abiotic hydrolysis of 

the epoxide, while products with alcohol groups in the ortho position are likely the 

results of enzymatic hydrolysis of the epoxide intermediate, producing a trans- 

stereoisomer intermediate. Di-hydroxylated products in the ortho position are often 

attributed to a naphthalene dioxygenase, however this would produce a cis- 

stereoisomer intermediate. Because a naphthalene dioxygenase has not been 

annotated in 21198’s genome, these intermediates were not considered for this system 

(Shields-Menard et al., 2014) .   

Another class of compounds found in 21198’s PAH metabolite mixtures was ring 

fission products. Diphenic acid and benzocoumarin, among others, were identified in 

metabolite mixtures as ring fission products of phenanthrene and anthracene, 

suggesting the activity of intradiol-ring cleaving dioxygenase, which is present in 

21198’s genome. Ring-fission products have been reported for other Rhodococcus 

strains as well (Finkelstein et al., 2003; Jin et al., 2015; Leneva et al., 2009; Liu et al., 

2021).  

Significant biotic losses of pyrene were observed in sets 2 and 4, thus pyrene can 

be degraded by 21198, however, solubility limitations may have prevented significant 

transformation in sets 1 and 3. Thus, no pyrene metabolites were detected with high 

confidence in samples from batch set 1. Pyrene degradation by Rhodococcus strains 

has been reported as a significant member of a microbial consortia (Elyamine et al., 

2021), however it is less commonly reported to be degraded by a single pure culture. 

Liu et al. (2021) reported degradation of pyrene by a Rhodococcus ruber strain, 

which degraded pyrene primarily with a catechol-1,2-dioxygenase, which has been 

annotated in 21198’s genome (Shields-Menard et al., 2014), while Jin et al. (2015) 

and Walter et al. (1991) reported degradation of pyrene by Rhodococcus strains via a 

naphthalene dioxygenase, which 21198 does not possess. Further investigation of 
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enzyme expression and targeted analytical techniques would help elucidate the PAH 

transformation pathways and metabolites formed by 21198.  

 

3.7 Embryonic Zebrafish Assay  

Although parent PAH concentrations were significantly reduced in all 

remediation studies, post-remediation toxicity increased for all batch sets, as shown in 

Figure V-6. Lowest effect levels (LELs) are reported as the amount of treated 

material (mL) embryos are exposed to in the microwell media (µL), as described in 

Appendix D.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. V-6 Estimated lowest effect level (LEL) based on exposure to the volume of the 
sample represented in the microwells. Extracts are grouped by sample type; active 
(A), autoclaved control (C), abiotic control (X), T80 control (T), and not remediated 
(NR) 
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The initial PAH mixture was not toxic to zebrafish, as observed in unremediated 

controls (NR) from the present study and individual PAH toxicity assessments 

conducted previously (Geier et al., 2018). After treatment, mortality and morphology 

impacts were observed in zebrafish embryos, indicating that mutagenic metabolites 

accumulated during remediation. Edema and cranial and axis deformation were 

observed exclusively in treated samples, suggesting that PAH metabolites are 

responsible for eliciting these responses. Mortality assessed at 120 hpf was also 

significant in three of the four remediated extracts. Extract 3A was the least 

concentrated and only elicited toxic responses at the highest concentration tests, 

therefore it is likely that the tested concentration was not high enough to cause 

mortality.  

Mortality was observed in all abiotic controls that contained T80 (2X,4X, 2T, 

4T), thus T80 was likely extracted by the SPE protocol and caused a toxic response in 

the zebrafish. Interestingly, this was not observed in 2C which did contain T80. This 

may be due to sorption of the T80 to the cell material that lowered their extraction 

efficiency. Similar results from active extracts with T80 present (2A and 4A) may 

indicate that SPE was impacted by the presence of cells, however because T80 was 

degraded during these experiments, T80 concentrations in active bottles were likely 

significantly lower than that in control bottles at the end of the experiments. Controls 

from experiment 1 (1C and 1X) were contaminated with cells and thus contained a 

small amount of PAH metabolites, supported by GC-MS data shown in Figure D6, 

therefore toxicity observed in zebrafish embryos exposed to these extracts do not 

accurately represent the toxicity of untreated samples. No toxicity was observed in 

media extraction blanks or solvent blanks.  

Although the full content of the treated extracts is not known, several of the 

compounds that have been identified were assessed previously for toxicity using 

embryonic zebrafish assays (Geier et al., 2018; Knecht et al., 2013). From these 

comparisons, we see good agreement between the morphology endpoints observed in 

our study (mort, cran, axis, edema) to endpoints observed with transformation product 

compound classes that are present in remediated samples. Several of these compound 

classes, including anthraquinones, phenanthrene quinones, and hydroxy-fluorenones 
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have been found to be acutely toxic, with concentrations as low as 1.5 µM eliciting 

toxic responses in zebrafish embryos (Knecht et al., 2013). Therefore, it is feasible 

that the minor PAH transformation observed in contaminated controls from batch set 

1 resulted in toxic responses. Nevertheless, the consistent trends in toxicity before and 

after treatment with 21198 indicates that formation of transformation products is an 

important factor in assessing overall remediation success and warrants further efforts 

to resolve the complex mixture of PAH transformation products produced by 21198.  

 

4.0 Conclusions 

The present study demonstrated the ability of 21198 to transform a mixture of 

PAHs in a variety of conditions that combined T80 and cell immobilization. 

Comparisons of PAH losses and transformation rates demonstrated that immobilized 

cells were positively impacted by T80, presumably due to the increased apparent 

solubility of the PAHs. Contrarily, suspended cells were negatively impacted by T80, 

except for pyrene, that was transformed more significantly and rapidly in the presence 

of T80. PAH total losses and transformation rates were positively impacted by cell 

immobilization for conditions with and without T80. 

 Although the initial PAHs concentrations were not toxic to zebrafish 

embryos, toxicity was observed in all treatments, as observed in mortality and 

developmental effects in embryonic zebrafish, supporting that the PAH metabolites 

were more toxic than their parent compounds. Preliminary identification of PAH 

metabolites produced by 21198 revealed a complex mixture of mono- and di-

hydroxylated compounds, quinones, and ring-fission products, some of which have 

been previously demonstrated to elicit the same toxic responses observed in the 

present study. Results from this study demonstrate that although the surfactant and 

cell immobilization technique improve the rate and amount of PAH transformation, 

the toxicity of post-remediated material is not dictated by concentrations of parent 

PAHs alone.  

The importance of including metrics other than PAH removal, such as 

formation of PAH metabolites and post-remediation toxicity, is highlighted by this 

study and motivates the development of alternative remediation strategies that reduce 
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PAH concentrations and material toxicity. 21198’s ability to rapidly transform PAHs 

of a variety of molecular structures and sizes suggests that 21198 can be a valuable 

agent in catalyzing the transformation of PAHs, particularly in the presence of T80. 

Implementing further downstream processes to treat the PAH transformation products 

produced during initial treatment with 21198 should be pursued to help lower post-

treatment toxicity in future studies.  
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Chapter VI: Conclusions  

1.0 Summary  

The contents of this dissertation spanned the detection, remediation, and 

toxicity of mono- and poly-cyclic aromatic hydrocarbon contaminants, namely BTEX 

and PAHs. Chapter II studied the remediation of BTEX and their common co-

contaminant MTBE, both individually and in mixtures, with the bacterial pure culture 

21198. Three growth substrates; isobutane, 1-butanol, and 2-butanol, were used to 

grow 21198 batches and tested separately for all batch tests to investigate the impact 

of growth substrate on remedial activity. In high-biomass resting cell tests, isobutane 

grown cells transformed contaminants most rapidly and to the greatest extent, 

followed by 2-butanol grown cells and then 1-butanol grown cells. This same trend 

was apparent for BTEX and BTEXM mixture tests. These results demonstrated that 

isobutane is the ideal growth substrate for resting cell transformation, likely due to 

high enzyme expression levels for enzymes involved in BTEXM degradation and 

possibly larger energy reserves in isobutane grown cells compared to the other two 

growth substrates. Conversely to the high-biomass resting cell batch tests, 1-butanol 

was found to be the ideal substrate for low-biomass growing cell batch tests. 1-

butanol is most rapidly utilized by 21198, thus an active population of 21198 was 

able to be established most rapidly with 1-butanol. Furthermore, 1-butanol did not 

appear to compete with BTEX for enzymes involved in their transformation, as it 

does not require initial oxidation with a monooxygenase like isobutane does.  

Regardless of the growth substrate, BTEX and BTEXM mixture tests revealed 

a consistent transformation order occurring with T and E being degraded first, then B 

and o-X, and finally MTBE. The primary transformation product for MTBE, TBA, 

was transformed after MTBE as well. The order of contaminant degradation alludes 

to preferential transformation of singly-substituted benzene rings over unsubstituted 

or poly-substituted benzene rings. Possible explanations for this preference are that 

the involved enzymes higher substrate affinities for E and T, or that the methyl or 

ethyl groups are more susceptible to enzymatic attack than the aromatic ring. This is 

further supported by the proposed pathway for T metabolism, where hydroxylation of 

the methyl group was supported by observed growth on benzyl alcohol. The multiple 
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methyl groups substituted on the rings for the xylenes may lead to steric hindrance 

that prevents their rapid transformation, despite their structural similarity to T. 

Overall, the results from this work not only demonstrated 21198’s ability to remediate 

BTEXM for the first time, but it also supported further research into aromatic 

hydrocarbon remediation with 21198, particularly with PAHs. The investigations of 

growth substrates also informed the design of future remediation work to include 1-

butanol as a supportive growth substrate during PAH remediation.  

The development of detection methods for PAHs in aqueous samples using 

fluorescent spectroscopy detailed in Chapters III and IV provided valuable, rapid 

results regarding the extent of PAH transformation and uptake for bacterial and 

embryonic zebrafish systems, respectively. Chapter III utilized two-dimensional scans 

and three-dimensional excitation-emission matrices (EEMs) to monitor phenanthrene 

degradation by ELW1 and formation of trans-9,10-dihydroxy-9,10-

dihydrophenanthrene (P1). Qualitative reaction progress could be observed as shifts 

in the 2D and 3D spectra active samples over time, however quantitative reaction 

progress could be assessed using a calibration data set and, in the case of 3D scans, 

parallel factor analysis (PARAFAC). The final PARAFAC models included 5 

components that were identified as phenanthrene, P1, two from cell material, and one 

unknown. Because phenanthrene and P1 were separated out as individual 

components, they could be quantified with the inclusion of a calibration data set in 

PARAFAC model development. Recreating impacts of cell interference in the 

calibration data set was necessary to achieve accurate quantification. This 

quantification was in good agreement with the GC-MS quantification. Quantification 

of phenanthrene and P1 using the 2D fluorescent method was in poor agreement with 

PARAFAC and GC-MS results, highlighting the need for a separation step such as 

PARAFAC to decompose the fluorescent spectra of a mixture of fluorophores.  

The quantification of PAHs in aqueous samples based on their 

autofluorescence presented in Chapters III inspired a novel fluorescent plate reader 

method presented in Chapter IV for use in embryonic zebrafish assays. Unlike 

Chapter III, the method developed for embryonic zebrafish relied on single excitation 

and emission wavelengths, optimized for each analyte. This ensured that zebrafish 
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embryos were exposed to as little UV radiation as possible. The methods were 

developed to measure 2-hydroxynaphthalene (2-OHNAP) and acridine and used to 

measure both background fluorescence and PAH concentrations in a UV exposure 

study and PAH exposure study, respectively. The UV exposure study revealed that 

the background fluorescence was not significantly impacted by normal developing 

zebrafish, nor was zebrafish embryo development impacted by the UV exposure the 

fluorescent plate reader measurements entail. It was observed, however, that 

abnormal development of zebrafish embryos manifesting as cranial deformities or 

mortality did significantly impact background fluorescence in a predictable manner.  

These methods were successful in quantitatively monitoring PAH 

concentrations decreasing with time in the PAH exposure study. Major contributors to 

PAH concentration reduction in this study were attributed to abiotic losses 

(photodegradation, sorption to well walls), and diffusion (uptake) into the zebrafish 

embryo. These losses could be modeled well with first-order kinetics, results of which 

suggested several factors impacted PAH movement in this system: physicochemical 

properties of the PAHs, yolk sac to embryotic body ratio, and agitation via the shaker 

table. Minor deviation from expected toxicity outcomes for 2-OHNAP exposed 

embryos suggested that there is potential for an additive toxic effect of the PAH and 

the UV exposure, and further work is required to investigate this possibility.  

The final manuscript presented in Chapter IV combines knowledge gained 

from the BTEXM work with 21198 presented in Chapter II, the EEM methods 

presented in Chapter III, and the toxicity assay studied in Chapter IV to investigate 

PAH bioremediation with 21198. Surfactant enhanced bioremediation and cell 

immobilization were used to enhance bioremediation of PAHs, with remediation 

success assessed with measurements of PAHs, PAH transformation products, and 

post-remediation toxicity to embryonic zebrafish. 21198 cometabolized all 

components of the PAH mixture: fluorene, phenanthrene, anthracene, and pyrene. 

Pyrene degradation required the presence of surfactant to achieve significant 

degradation, likely due to the slow aqueous solubility of pyrene. The presence of 

surfactant and the use of immobilized cells compared to suspended cells both 

generally improved the extent and rate of transformation of PAHs. However, in all 
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cases, toxic transformation products accumulated during remediation. Identified 

transformation products included mono-and di-hydroxylated products, quinones, and 

ring fission products.  

Several of these compound classes have been reported to elicit the 

developmental effects observed in embryos exposed to post-remediation material 

from these studies, namely mortality, edema, and deformation of the cranium and 

axis. The PAH transformation products and post-remediation toxicity suggest that the 

transformation of the PAHs was limited to a few enzymatic steps that lead to the 

production of dead-end products that are more bioavailable and more toxic than their 

precursors. As such, the remediation strategies developed in this chapter were 

successful at degrading PAHs, but not successful at reducing post-remediation 

toxicity. Although the former is the only metric typically used to assess remediation 

success, the use of additional tools such as LC-MS and toxicity assays demonstrated 

that this metric alone is not appropriate for determining the suitability of the 

presented PAH remediation strategies for field use.   

 

1.2 Conclusions  

Returning to the overall objectives of this dissertation work presented in Chapter 

1, the overall conclusions of this work can be summarized as the following:  

1) Determine suitability of a bacterial pure culture for aromatic hydrocarbon 

bioremediation using BTEX as model aromatic hydrocarbons 

• 21198 is a competent microorganism for the degradation of aromatic 

hydrocarbons. 21198 expresses enzymes that can accommodate 

substituted and unsubstituted monoaromatic hydrocarbons, and PAHs 

comprised of two to four aromatic rings. Aromatic hydrocarbon 

degradation by 21198 is the result of predominantly cometabolic 

activity, although benzene and toluene can be metabolically degraded 

by 21198.  

2) Develop rapid detection methods for monitoring aqueous PAH concentrations 

changing in response to biological activity    
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• Fluorescence spectroscopy is a rapid, non-destructive technique that 

can be used to measure aqueous PAH concentrations using single 

excitation/emission measurements, two-dimensional scans, and 3-

dimensional EEMs. EEMs can be further interpreted with parallel 

factor analysis to provide quantitative results for specific compounds 

in simple mixtures. These techniques are compatible with suspended 

bacterial cells and embryonic zebrafish.  

3) Expand investigations in (1) to PAH remediation strategies using treatment 

and toxicity metrics to assess remediation success  

• Presence of surfactant and cell immobilization generally improved the 

extent and rate of 21198’s PAH degradation; however, toxicity of 

post-remediated material was consistently greater than un-remediated 

material regardless of treatment strategy. Thus, transformation of 

PAHs alone should not be used to assess remediation success; 

investigating PAH-transformation products and post-remediation 

toxicity revealed that more complete transformation of PAHs is 

required to reduce post-remediation toxicity.  

1.3 Recommendations for Future Work 

In a true testament to the expansive nature of scientific research, this work has 

generated more questions than it has answered. It should be acknowledged that this 

work generated a foundation of knowledge in ideal lab conditions to build from, and 

as such, expansion of these remediation and detection technologies to include more 

aromatic contaminants in complex mixtures, as well as contaminated material 

(groundwater, soil, sediment, etc.) from Superfund sites would inform how well these 

results can be recreated in more realistic conditions. The expansion of the compounds 

studied would also inform the scope of suitable compounds for fluorescent detection, 

as few libraries exist for fluorescent spectra of PAHs and their transformation 

products. In addition, the extensive degradation abilities of 21198’s warrant further 

investigation into the enzymes involved in aromatic hydrocarbon degradation using 

molecular tools such as differential protein expression analysis and proteomics. Of 

particular interest to aromatic hydrocarbon remediation are monooxygenases, toluene 
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hydroxylase, and ring-cleaving dioxygenases. Similarly, confirmation of the proposed 

benzene and toluene metabolism with 21198, and the remediation capabilities of 

21198 grown on these substrates is of interest, as the discovery of these growth 

substrates for 21198 was an exciting and unexpected outcome of this research. 

Methods developed in Chapter IV should be validated with an alternative, traditional 

method such as GC-MS, as was conducted in Chapter III. In addition, additive 

toxicity from chemical and UV exposure should be investigated further to confirm 

UV exposure from a fluorescent plate reader does not impact toxicity outcome. 

 Many questions remain as to the composition of the PAH-transformation 

products produced by 21198 and their relative contribution to toxicity outcomes 

observed in zebrafish. Developing a quantitative LC-MS method for PAH-

transformation products would allow a mass balance to be created and prioritize 

transformation products for individual toxicity analyses. Furthermore, studies that do 

not include parent PAH isomers such as phenanthrene and anthracene, would aid in 

the separation and identification of PAH metabolites. This would also aid in the 

comparison of toxicity outcomes between treatment strategies, as these comparisons 

were not possible without measured concentrations of the individual compounds in 

the remediated mixture. Expanding toxicity assessments to include cell-based reporter 

assays should also be investigated to align with Tox21 initiatives to reduce animal 

testing. 

Finally, the promising results of surfactant enhanced bioremediation and 

immobilized 21198 supports the development of more complex engineered systems, 

such as a flow-through bead pack, for water contaminated with BTEXM and/or PAH 

mixtures. The work in Chapter V simulates contaminated soil washing effluent, thus 

Chapter V’s remediation strategies to real contaminated soil washing effluent would 

be a logical next step in challenging 21198 with more realistic conditions. 

Exploration of additional remediation strategies to add before or after bioremediation 

with 21198, such as chemical oxidation or additional bacterial cultures, may help 

lower post-remediation toxicity by breaking down toxic metabolites produced by 

21198. 
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Proposed	B	and	T	Metabolic	Pathways	

 
Figure A1. 21198’s proposed metabolic pathways for benzene and toluene. Pathways leading to the 
production of dead-end products were omitted from this figure. Enzymes involved in each catalytic 
step appear in brackets and are as follows: [1] Methane MO, [2] Propane MO, [3] 
Methane/toluene/phenol hydroxylase, [4] Aryl-alcohol dehydrogenase, [5] Phenol-2-MO, [6] 
Benzaldehyde dehydrogenase, [7] Benzoate-1-2-dioxygenase, [8] 1,6-dihydroxycyclohexa-2,4-diene-
1-carboxylate dehydrogenase, [9] Catechol-1,2-dioxygenase, [10] Catechol-2,3-dioxygenase, [11] 
Muconate cycloisomerase, [12] Muconate delta-isomerase, [13] 3-oxoadipate-enol-lactonase, [14] 
Succinate CoA Transferase, [15] Acetyl-CoA acetyltransferase, [16] Semialdehyde dehydrogenase, 
[17] 2-oxo-4-enoate hydratase, [18] 4-hydroxy-2-oxovalerate-aldolase.  
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Growth	Experiment	Substrate	Additions		
Table A1.  Substrate volume added to 125 mL serum bottles for growth experiments. * Indicates 
addition of aqueous stock at its solubility limit rather than addition of the neat compound.  

Growth Substrate 
Volume 

Neat Stock 
Added (µL) 

1-Butanol 17.9 2-Butanol 
Benzene 13.9 Toluene 

Ethylbenzene 13.6 
 o-Xylene 

m-Xylene 
p-Xylene 13.8 
Phenol* 190.3 
m-Cresol 

14.2 p-Cresol 
Benzyl Alcohol 

Benzyl Aldehyde 16.9 
Benzoic Acid 14.7 

MTBE 19.9 
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Abiotic	Controls	
Table A2. Abiotic controls for individual contaminants tests reported as % remaining after experiment 
concluded ± range between duplicates.  

Analyte Growth Substrate 
Isobutane 1-Butanol 2-Butanol 

Benzene 110.72 ± 0.75 97.06 ± 0.29 100.86 ± 3.61 
Toluene 90.23 ± 0.03 94.87 ± 8.15 92.75 ± 3.53 

Ethylbenzene 91.32 ± 0.14 92.23 ± 7.84 94.02 ± 4.62 
o-Xylene 109.69 ± 2.51 82.33 ± 7.99 100.58 ± 0.20 
m-Xylene 97.36 ± 4.32 96.63 ± 6.69 89.01 ± 6.65 
p-Xylene 86.09 ± 7.57 90.75 ± 8.98 
MTBE 109.40 ± 6.07 95.06 ± 8.86 95.06 ± 8.86 

 

Table A3. Abiotic controls for mixture experiments reported as % remaining after experiment 
concluded ± range between duplicates where applicable. 

Analyte BTEX Mixture 
Tests 

BTEXM Mixture 
Tests 

BTEXM 
Microcosms 

Benzene 105.67 ± 1.87 96.08 ± 1.64 94.59 ± 1.93 
Toluene 98.82 ± 0.98 93.65 ± 3.58 82.83 ± 5.22 

Ethylbenzene 83.51 ± 0.01 90.65 ± 7.45 67.04 ± 9.64 
o-Xylene 87.51 ± 4.00 92.88 ± 13.58 70.77 ± 9.31 
MTBE 

 

91.94 ± 8.72 94.16 ± 8.11 
Isobutane 

 
91.13 

1-Butanol 82.96 
2-Butanol 78.49 
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Henry’s	Coefficients	
 

Table A4. Henry’s coefficients used in mass calculations for headspace measurements. Constants were 
sourced from the Hazardous Substance Database (HSDB) and converted to dimensionless constants 
using the universal gas constant and appropriate temperature for experimental conditions. 

Compound Henry’s 
Coefficient @ 

20oC [-] 

Henry’s 
Coefficient @ 

30oC [-] 
Benzene 0.23 0.22 
Toluene 0.27 0.27 
Ethylbenzene 0.36 0.35 
o-Xylene 0.22 0.21 
m-Xylene  0.29 
p-Xylene  0.28 
Isobutane 49.47 47.83 
O2 0.05 0.05 
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Initial	Contaminant	Mass	in	Mixture	Experiments		
Table A5. Initial contaminant mass (μmol) of contaminants in contaminant mixture resting cell and 
growth batch experiments. Error represents standard deviation among triplicates. Filled cells indicate 
absence of compound from experimental set up.  

Growth 
Substrate  Analyte 

BTEX 
Mixture 

Tests 

BTEXM 
Mixture 

Tests 

BTEXM 
Microcosms 

Isobutane 

Benzene 13.04 ± 0.38 14.78 ± 0.35 10.23 ± 0.22 
Toluene 13.77 ± 1.03 16.37 ± 0.32 11.99 ± 0.56 

Ethylbenzene 8.61 ± 0.11 12.65 ± 0.38 7.72 ± 0.67 
o-Xylene 12.38 ± 0.52 18.31 ± 0.83 12.87 ± 0.96 
MTBE  13.20 ± 1.51 11.57 ± 0.09 

Isobutane  19.82 ± 1.26 

1-Butanol 

Benzene 7.34 ± 0.90 14.55 ± 0.04 15.37 ± 0.48 
Toluene 13.02 ± 1.44 16.35 ± 0.14 14.71 ± 0.73 

Ethylbenzene 5.44 ± 0.40 12.94 ± 0.32 8.88 ± 0.97 
o-Xylene 8.70 ± 0.32 19.33 ± 0.69 13.84 ± 0.63 
MTBE  10.51 ± 0.19 10.27 ± 0.43 

1-Butanol  13.71 ± 2.26 

2-Butanol 

Benzene 12.90 ± 0.56 13.29 ± 1.85 13.86 ± 0.08 
Toluene 12.10 ± 0.58 14.96 ± 1.87 11.49 ± 0.12 

Ethylbenzene 7.66 ± 0.18 11.77 ± 1.33 8.10 ± 0.24 
o-Xylene 10.90 ± 0.43 17.93 ± 0.99 12.06 ± 0.54  
MTBE  10.96 ± 0.44 13.99 ± 1.01 

2-Butanol  21.18 ± 1.76 

No 
Substrate 

Benzene 

  

13.93 ± 0.45 
Toluene 11.95 ± 1.00 

Ethylbenzene 6.75 ± 1.52 
o-Xylene 10.04 ± 3.45 
MTBE 11.04 ± 0.50  
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Linear	Regression	Analysis	
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Figure A2a. Individual contaminant experiments with isobutane grown cells. Red lines indicate linear regions 
used to derive zero-order rate. Filled data points indicate data points included in linear regression model. R-
squared value is shown in the bottom left corner of each plot.  
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Figure A2b. Individual contaminant experiments with 1-butanol grown cells. Red lines indicate linear 
regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot. 
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Figure A2c. Individual contaminant experiments with 2-butanol grown cells. Red lines indicate linear 
regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot. 
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Figure A2d. BTEX mixture contaminant experiment with isobutane grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot.  

 
 
 
 



147 
 

 

 

 



148 
 

 

 

 
Figure A2e. BTEX mixture contaminant experiment with 1-butanol grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot.  
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Figure A2f. BTEX mixture contaminant experiment with 2-butanol grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot.  
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Figure A2g. BTEXM mixture contaminant experiment with isobutane grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot.  
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Figure A2h. BTEXM mixture contaminant experiment with 1-butanol grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot. 
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Figure A2i. BTEXM mixture contaminant experiment with 2-butanol grown cells. Red lines indicate 
linear regions used to derive zero-order rate. Filled data points indicate data points included in linear 
regression model. R-squared value is shown in the bottom left corner of each plot. 
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Growth	Batch	Experiments	Optical	Density	and	Oxygen	Data		
 
Table A6. Optical density measurements and Oxygen consumption of growth batch bottles on day 7 
post-inoculation. Error bars represent standard deviation among triplicates.  

Growth Substrate Added OD600 (-) O2 Consumption (mg) 
No Substrate 0.090 ± 0.003 27.76 ± 1.47 

Isobutane 0.101 ± 0.008 33.44 ± 6.13 
1-Butanol 0.121 ± 0.009 52.52 ± 1.70 
2-Butanol 0.124 ± 0.026 69.08 ± 10.60 

Abiotic Controls 0.072 ± 0.004 8.45 ± 1.19 
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Appendix B: Supplementary Information for Manuscript 2 

Cell	Culturing	Methods		
ELW1 was maintained as a pure culture on minimal salt media agar plates in a 

sterile airtight jar with isobutene supplied as the sole carbon and energy source. 
Growth reactors were prepared as described in Schrlau et al. (Schrlau et al., 2017). 
Briefly, an inoculum scraped from a minimal plate was added to a 720 mL glass 
bottle containing 300 mL of sterile mineral salt media (MSM) (Kottegoda et al. 2015) 
amended with either isobutene at 10% headspace volume. Growth reactors were 
incubated in the dark at 30oC on a 150 RPM shaker table. Microbial growth was 
monitored via optical density absorption at 600 nm (OD600) using a Thermo Scientific 
Orion Aquamate 8000 UV–Vis Spectrophotometer. When an OD600 of approximately 
0.3 was reached, growth reactors were refreshed to enhance biomass growth. During 
refreshment, reactors were opened in a laminar flow hood to equilibrate with 
atmospheric oxygen and streaked on a tryptic soy glucose agar (TSGA) plate to 
confirm culture purity. A second addition of isobutene was added to growth reactors 
after reclosing them. Cells in late exponential growth phase were concentrated into a 
50 mM sodium phosphate buffer via centrifugation the day after refreshing as 
described in Murnane et al. (Murnane et al., 2021). TSS analysis on the cell 
concentrate was performed according to AWWA standard protocol to determine the 
biomass concentration. Concentrated cell solutions were stored at 4oC and allowed to 
equilibrate with ambient temperature before use in experiments.  
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PAH	and	PAH	Metabolite	Standards		
Table B1. Purity, CAS number, and vendors of the PAHs and PAH metabolites included in this study.  

	
 
 

Surrogate	and	Internal	Standard	Mix	Compositions	
Table B2. Composition of surrogate standard mixture used in sample preparation for GC/MS analysis.  

Compound Concentration  
d8-1-hydroxynaphthalene 4968 pg/uL 
4-hydroxy[13C4]phenanthrene 5000 pg/uL 
3-hydroxy[13C6]fluorene 5000 pg/uL 
d9-1-hydroxypyrene 4918 pg/uL 
d10-Phenanthrene 4952 pg/uL 

 
Table B3. Composition of internal standard mixture used in sample preparation for GC/MS analysis.  

Compound Concentration  
d10-Acenaphthene 39760 pg/uL 
d10-Fluoranthene 39701 pg/uL 
d12-Benzo(k)fluoranthe 39834 pg/uL 

Compound CAS Purity Vendor 
1-hydroxyphenanthrene 2433-56-9 >99% 

Toronto Research 
Center 

 

2-hydroxyphenanthrene 605-55-0 >99% 
3-hydroxyphenanthrene 605-87-8 98% 
4-hydroxyphenanthrene 7651-89-7 98% 
9-hydroxyphenanthrene 484-17-3 97% 

trans-9,10-dihydroxy-9,10-
dihydrophenanthrene 

 

572-41-8 
 98% 

1,9-
dihydroxyphenanthrene 

 

604-84-2 
 95% 

Sigma Aldrich 
phenanthrene 

 
85-01-8 

 99.5% 

d10-phenanthrene 
 1517-22-2 98% CDN Isotopes Inc 

d10-acenaphthene 15067-26-2 99% CDN Isotopes Inc 
4-

hydroxy[13C4]phenanthrene N/A 98% Cambridge Isotope 
Laboratories 
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PPAH	and	OHPAH	GC/MS	Methods		
 
PPAH and OHPAH methods used to quantify target compounds were used in the 
previous study (Schrlau et al. 2017) as discussed below.   
The PPAH method used to quantify phenanthrene in samples is as follows. 1 µL of 
sample was injected into an Agilent 6890 GC was operated in splitless mode. The 
injection temperature was 300oC. The temperature program is as follows. Initial temp 
60oC for 1 minute. Ramp to 210oC at 6oC/minute hold for 2 minutes. Ramp to 300 oC 
at rate of 6 oC min hold for 2 minutes. Ramp to 320oC at a rate of 40 oC /minute hold 
for 1.5 minutes for a total run time of 47 minutes.  Ultra-high purity helium was used 
as the carrier gas and flowed at a rate of 1 mL/minute. 
The OHPAH method used to quantify hydroxylated phenanthrene metabolites in 
samples is as follows. 1 µL of sample was injected into an Agilent 6890 GC was 
operated in splitless mode. The injection temperature was 280oC. The temperature 
program is as follows. Initial temp 70oC for 1 minute. Ramp to 200oC at 15oC/minute 
hold for 5 minutes. Ramp to 320 oC at rate of 10 oC min hold for 1 minute for a total 
run time of 27.67 minutes.  Ultra-high purity helium was used as the carrier gas and 
flowed at a rate of 1 mL/minute. 
The ions monitored to identify and quantify the target compounds are provided in 
table SX. 
Table B6. Mass to charge ratios (m/z) of ions used to identify and quantify target compounds in PPAH 
and OHPAH GC/MS analysis.   

Compound m/z 1 m/z 2 m/z 3 
Phenanthrene 178.1 176.1 179.1 

d10-Phenanthrene 188.0 189.0 147.1 
d10-Acenaphthene 164.0 162.0 160.0 

4-hydroxy[13C4]phenanthrene 255.1 239.1 312.2 
1,9-dihydroxyphenanthrene 339.0 265.0 323.0 
trans-9,10-dihydroxy-9,10-

dihydrophenanthrene 341.0 267.0 325.0 

4-hydroxyphenanthrene 251.1 235.1 308.1 
9-hydroxyphenanthrene 251.1 308.2 235.1 
1-hydroxyphenanthrene 251.1 235.1 308.1 
2-hydroxyphenanthrene 251.1 308.2 176.1 
3-hydroxyphenanthrene 251.1 308.1 195.1 
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Fluorescent	Calibration	Curves	
Figure B1. Comparison of standard curves generated from 2D fluorescence and EEM-PARAFAC 
methods with different concentrations of cells present on a total suspended solids (TSS) basis (0 mg 
TSS/L, 150 mg TSS/L, 300 mg TSS/L).  

 
In comparing standards produced from 2D emission data versus EEM-

PARAFAC data, minimal changes in slope were observed for phenanthrene and P1, 
however y-intercepts were consistently lower for EEM-PARAFAC standard curves, 
particularly in the case of P1. These trends demonstrate that the EEM-PARAFAC 
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method was able to separate emissions from the targets and emissions from the 
cellular material, increasing sensitivity in turbid conditions. However, the inverse 
relationship between the slope and biomass concentration in the standards for 2D and 
EEM-PARAFAC methods indicates that loss of sensitivity due to sample turbidity 
arises in part from scattering and background absorption that must be accounted for in 
standard curves. 

Estimated	Method	Detection	Limits		
 
Table B4. Estimated method detection limits for phenanthrene and P1 reported for each TSS loading. 
All MDLs reported in units of µg/L. 

Method 

Phenanthrene P1 

0 mg/L 
TSS 

150 
mg/L 
TSS 

300 
mg/L 
TSS 

0 mg/L 
TSS 

150 
mg/L 
TSS 

300 
mg/L 
TSS 

GC/MS 0.5 0.5 
2D 

Fluorescence 13 47 80 35 101 263 

3D 
Fluorescence 1.9 14 17 11 82 117 

GC/MS	PPAH	and	OHPAH	Results	
Figure B2. GC/MS results for active (left) and octyne (right) bottles including minor transformation 
products.  
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PARAFAC	Model	Fit	Metrics		
Table B5. Summary of fit parameters for PARAFAC models generated with experimental and 
calibration data.  

 
 
 
 
 
 
 
 
 
 

 Five components were determined to be the appropriate number of 
components based on the diminishing returns of error reduction and sharp decrease in 
core consistency as the number of components exceeded 5.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Components Percent 
explained 

Core 
consistency Error 

3 96.72 93.66 8.82E+06 

4 98.15 94.57 4.30E+06 

5 98.41 87.60 2.84E+06 

6 99.29 63.51 1.90E+06 

7 99.43 18.20 1.52E+06 
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Split	Half	Analysis	
Split-half analysis involves splitting the original data set into multiple halves randomly, 

and fitting a PARAFAC model with a specific number of components to each half. The models 
generated from each set are then compared, and the model is considered valid if identical models 
are generated from each half within a certain tolerance. The drEEM toolbox default creates 4 
splits of the original data set and conducts a split half analysis on all possible combinations of 
those 4 splits combined into 2 halves (Murphy et al., 2013).  
Figure B3. Split half analysis results for 5 component PARAFAC model generated from experimental and 
calibration data sets. The overlap in component spectra for all plots confirms reproducibility of model output.   



162 
 

   

PARAFAC	Model	without	Calibration	Data	
Figure B4. drEEM output for 5 component PARAFAC model generated from experimental data set exclusively. 
Note that the same components were output in this model as the model generated from the experimental and 
calibration data sets, indicating that the calibration data set is not impacting the modelled components spectra.  
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Figure B5. drEEM output of split-half validation for 5 component PARAFAC model generated from experimental 
data set exclusively. Reproducibility in model output regardless of data split indicates that the model is valid, and 
that the calibration data set is not needed for model validation.  
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2D	fluorescent	spectra	of	active	bottles	over	time		
 
Figure B6. 2D fluorescent spectra for active bottle over time measured at λex = 250 nm. Minor changes in spectra 
after 28 hours indicates that the majority of reaction progress occurred by hour 28.  
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Linear	Regression	Models	
Figure B7. Linear regression models for GC-MS, EEM-PARAFAC, and 2D fluorescent data for triplicate active 
bottles generated from MATLAB.  

Phenanthrene        
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Appendix C: Supplementary Information for Manuscript 3 

 
Fluorescent	Spectroscopy	Method	Details		
 
Table C1. Results from fluorescent liquid tests.  

Test Pass Criteria Experimental 
Results 

Pass/Fail 

Corners % CV < 3.0 % CV = 1.35 Pass 
Sensitivity MDL < 15 pM MDL = 14 pM Pass 
Linearity R2 < 0.95 R2 = 0.98 Pass 

 
Table C2. Summary of fluorescent calibration information.   

 
 
 
 
UV	Study	Plate	Map	
 

 
Figure C1. Design of UV study 96-well plates - one plate was made for each PAH.  

		
	
 
 

Compound Stokes Shift 
(λex/ λem) (nm) 

m 
(uM/Intensity unit) R2 MDL 

Acridine 270/355 8.19E-04 >0.99 452 nM 
2-OHNAP 350/429 1.52E-02 >0.99 5 µM 
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UV	Study	Abnormal	Embryos	
		
Table C3. Incidence of endpoint (n hits/n embryos) for each embryo group measured with 2-OHNAP 
method (270 nm). Group number (x) corresponds with number of measurements (1/day for x days).  

 
 

 

 
Fig. C2 Normalized fluorescent intensity for embryos measured with the 2-OHNAP method (A) or 
acridine method (B). Embryos with typical development is shown in the empty black circles, whereas 
the normalized fluorescent intensity for individual embryos with atypical development is shown in 
color-filled circles 

UV	Exposure	Screening	Results	
	
Table C4. Incidence of endpoint (n hits/n embryos) for each embryo group measured with 2-OHNAP 
method (270 nm). Group number (x) corresponds with number of measurements (1/day for x days).  

n Set MO120 CRAN AXIS EDEM 
20 Negative Control 0.05 0.1 0 0 

10 1 0.1 0.1 0 0.1 
10 2 0.1 0 0 0 
10 3 0 0.1 0.1 0.1 

n Group 
Number MO120 CRAN AXIS EDEM 

20 Nega=ve 
Control 0.05 0.1 0 0 

10 1 0.1 0.1 0 0.1 
10 2 0.1 0 0 0 
10 3 0 0.1 0.1 0.1 
10 4 0.1 0 0 0 
10 5 0 0.1 0 0 
10 6 0.2 0 0 0 
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10 4 0.1 0 0 0 
10 5 0 0.1 0 0 
10 6 0.2 0 0 0 

	
Table C5. Incidence of endpoint (n hits/n embryos) for each embryo group measured with acridine 
method (350 nm). Group number (x) corresponds with number of measurements (1/day for x days).  

n Set MO120 CRAN 
20 Nega=ve Control 0.05 0.05 
10 1 0 0 
10 2 0 0 

10 3 0.1 0 
10 4 0.2 0 

10 5 0.1 0 
10 6 0 0 

	
UV	Dose	Calculations	

UV Dose (J/cm2) = UV irradiance (W/cm2) * Exposure time (s) 
Microwell area = 0.33 cm2 

UV irradiance = 20 W (maximum from user manual) 
Exposure time = 100 µseconds (Maximum of typical range for Xe flash lamps) 
UV dose = 20 W * 0.33 cm2 * 100 µs * 10^-6 s/µs = 0.0061 J/cm2 = 6.1 mJ/cm2 

	
PAH	Exposure	Study		

 
Figure C3. Design of PAH exposure study 96-well plates.  
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Fluorescent	Inflection	Predictions	for	Embryo	Abnormality		
Fluorescent inflections were used to determine embryo mortality and/or cranial 
deformation with the following workflow:  

 
 

Because the emission signals from UV/Z wells were significantly smaller than those 
from PAH/UV/Z wells, (thus the signal to noise ratio was significantly smaller for 
UV/Z wells) a tolerance was needed to accommodate for instrument noise. A 
fluorescent inflection >5 was set to indicate an abnormality with the embryo, selected 
based on the maximum inflection observed in media controls. The accuracy and 
incidence of false positives and negatives are reported in the table below.  
 
Table C6. Fluorescent inflection model performance compared to morphology screening results. False 
+ indicates where fluorescent inflection indicated a normal embryo was abnormal, False – indicates 
where fluorescent inflection indicated an abnormal embryo was normal.  

 2-OHNAP Acridine 
Accuracy False + False - Accuracy False + False - 

UV Only 0.90 0.083 0.017 0.97 0.017 0.017 
PAH + 

UV 
0.81 0.021 0.017 0.83 0.083 0.083 
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Initial	PAH	Losses	in	PAH	Exposure	Test	
 

 
Figure C4. Decrease in PAH concentrations before (t0) and immediately after (t1) embryo addition for 
wells that received an embryo (PAZ/UV/Z) and those without embryos (PAH/UV). Concentrations for 
acridine and 2OHNAP are shown in A and B respectively, while tables in C and D show statistical 
significance for each group type.  

Zebrafish	Embryos	Included	in	Kinetic	Models	
 
Table C7. N embryos included in derivation of kinetic parameters. Embryos were removed based off 
fluorescent inflection information.  

Time (hpf) Viable embryos  
exposed to 2-OHNAP 

Viable embryos  
exposed to acridine 

6.5 31 31 
31 31 31 
53 25 31 
73 24 22 
103 12 7 
124 6 2 
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Toxicity	Endpoint	Comparison	
Table C8. Comparison of endpoints observed in Geier et al. and endpoints observed in the present 
study. Bolded X’s indicate endpoints observed in only the present study, however all such endpoints 
occurred at an incidence < 20%, the typical threshold for significance.  

Endpoint Geier et al.  
Acridine 

Present Study 
Acridine 

Geier et al. 2-
OHNAP 

Present Study 
2-OHNAP 

120 Mortality X X X X 
Yolk Sac 
Edema 

X X X X 

Axis X X   
Eye X X  X 
Snout X X  X 
Jaw X X  X 
Pericardial 
Edema 

X X X X 

Brain X X  X 
Somite     
Pectoral Fin X X X X 
Caudal Fin X X   
Trunk  X   

 
 
 
PAH	Exposure	Screening	Results		
 

 
Figure C5. Incidence of endpoints observed in PAH exposure test.  
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Appendix D: Supplementary Information for Manuscript 4 

 

Bead	Incubation	
 
Isobutane consumption and estimated biomass grown for immobilized 21198 is shown in Figure D1 
below, along with the visual color change from 21198’s growth in the hydrogel beads.  
 

Figure D1. 
Average 
isobutane 
consumption 
during bead 
incubation 
(A), and 
observable 
color change 
of beads 
immediately 
after 
preparation 
(B) and after 
the 5-day 
incubation 
period (C). 
Error bars in 
(A) represent 
standard 
deviation 
between 
incubation 
batch 
reactors (n = 
6).  
 
 
 
 
 
 
 
 

 
 
The amount of biomass grown can be estimated based on the amount of isobutane consumed with the 
yield coefficient: 0.89 mg isobutane consumed/mg biomass grown from Rolston et. al (2019).  

Biomass	grown	 ≈ 82.72	mg	Isobutane ∗	
1	mg	21198

0.89	mg	isobutane = 92.94	mg	21198 

Total	Immobilized	Biomass	 ≈ 92.94	mg	21198 + 60.8	mg	21198 = 153.7	mg	21198 
Biomass	loading = 153.7	mg	21198	/	120	mL	polymer	solution = 1.3

mg
mL 

Note that this biomass loading is an overestimate based on the assumptions used, therefore O2 
utilization was deemed most appropriate for estimating biomass loading in beads, although there is 
good agreement between the two methods of estimation.  



173 
 

 

Surrogate	PAH	Mix	
 
Table D2. Composition of surrogate PAH standard mix spiked into LLE samples. Target concentration 
in final extract ≈ 1000 pg/µL.  

Compound CAS Purity % Deuteration % Concentration 
(pg/µL) 

Naphthalene-d8 1146-65-2 99 99 6125 
Phenanthrene-

d10 1517-22-2 99 99.6 6095 

Pyr-d10 1718-52-1 99 99.2 6087 

	

LC-MS	Parameters	
 
LC Parameters:         
 
Eluent A: 0.1% Formic acid in nanopure water      
Eluent B: 0.1% Formic acid in Acetonitrile 
 
Table D3. Eluent gradient for LC separation. 

 
 
 
 
 
 
 
 
 

Table D4. ZenoTOF operating parameters.   

Time (min) Flow (mL/min) B Conc (%) 
0 0.3 5 
3 0.3 5 
12 0.3 98 
17 0.3 98 
17.5 0.3 5 
23 0.3 5 

Parameter Setting 
Source Temperature  500 oC 
Curtain Gas 35 
G1 45 
G2 45 
Source Name TurboIonSpray (ESI) 
Polarity + or - 
Spray Voltage 5500 V 
Fragmentation Mode CID 
TOF start/stop mass 40-1000 Da 
Delustering Potential 80 V 
Scan Type TOFMSMS 
Declustering potential  80 V 
Collision energy  40 V 
Zeno threshold  20000 cps 
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Isobutane	Utilization	Rates	(T80	Sensitivity	Tests)	
 
Figure D2. 
Isobutane 
consumption 
for suspended 
(A) and 
immobilized 
(B) 21198 
with various 
concentrations 
of Tween 80 
(mg/L). Error 
bars represent 
standard 
deviation 
among 
triplicates 

 
 
 
It should be noted that the biomass normalized isobutane consumption rates were drastically different 
between suspended and immobilized cells for these experiments. Zero-order isobutane consumption 
rates for suspended and immobilized cells without Tween 80 were 0.15 ± 0.013 mg isobutane/mg 
biomass/hour and 0.003 ± 0.0007 mg isobutane/mg biomass/hour, respectively. This order of 
magnitude difference in rates is likely due to the use of beads directly after they were prepared, rather 
than being used after an incubation period as was done with beads used in PAH batch experiments. 
Immobilized cell inactivity has been observed previously and may be due to acid stress responses such 
as changes to the cell membrane, enzyme expression, or metabolic pathways. This inactivity may also 
be due to cell death within the beads, as the pH of the crosslinking solution is 4*, well below the 
optimal pH of 6.5-7 for 21198. Because methods measuring live immobilized biomass is lacking in 
this study, the importance of bead incubation and using the oxygen utilization tests to match suspended 
and immobilized cell activity is emphasized by these findings.   
Initial zero-order isobutane consumption rates (kiso) for suspended and immobilized cells normalized to 
starting biomass concentration in mg. This value was estimated for the immobilized cells based on the 
biomass concentration in the prepared beads. Note that the reported rates are initial rates, and therefore 
do not take into account the slowing or cessation of isobutane consumption observed at higher Tween 
80 concentrations that was presumably caused by cell death.  
 
Table D5. kiso for suspended and immobilized 21198 exposed to various concentrations of Tween 80.  

Tween 80 Concentration 
(mg/L) 

Suspended Cells kiso  
(mg isobutane/hour/mg 
biomass) 

Immobilized Cells kiso 

(mg isobutane/hour/mg 
biomass) 

0 0.15 ± 0.013 0.003 ± 0.0007 
500 0.09 ± 0.015 0.003 ± 0.0013 
1000 0.09 ± 0.003 0.003 ± 0.0004 
2500 0.12 ± 0.005 0.002 ± 0.001 
5000 0.08 ± 0.02 0.003 ± 0.00005 
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T80	Transformation	Tests	
 

 
 
Figure D3. Transformation of T80 over time by suspended 21198 cells in solution with (orange) or 
without (blue) the presence of a monooxygenase inhibitor. Autoclaved cells were used to control for 
removal via sorption to cell material. Error bars represent standard deviation among triplicates.  
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Oxygen	Utilization	Rates	(Suspended	vs	Immobilized	Cells)		
 
Zero-order oxygen utilization rate (kO2) as calculated with a linear regression to the 
oxygen mass data collected over time. R2 > 0.96 for all regression models. Rates are 
normalized to biomass in mg or bead mass in g.  

 
Figure D4. kO2 for suspended cells collected the day of cell harvesting (A), immobilized cells after 
incubation but before use in PAH experiments (B), immobilized cells used in experiment set 3 (C), and 
immobilized cells used in experiment set 4 (D). Error bars represent standard deviation among 
triplicates  

 
kO2 of suspended and immobilized cells can be used to estimate bead biomass in the 
cells with the following calculations:  

Immobilized	biomass	 = .
0.13 mg	O!

hour ∗ mg	biomass	

0.14	 mg	O!
hour ∗ g	bead

:

"#

= 1.1	
mg	biomass
g	bead  

Error = 	 <0.04! + 0.03!! = 0.05	
mg	biomass
g	bead  

 
 
 
 
 
 
 
 

0.13 ± 0.04 0.14 ± 0.03 

0.11 ± 0.01 

0.14 ± 0.01 
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PARAFAC	Model	Fit	Parameters	
 
Table D6. Model fit parameters for preliminary PARAFAC models developed with 3-7 components. 
The model with 4 components minimized SSE and maximized Core consistency, thus was chosen as 
the most appropriate model.  

 3 4 5 6 7 
SSE 5.80E+07 2.85E+07 1.71E+07 1.25E+07 7.73E+06 
Core 
Consistency 

77.4 79.0 52.2 35.1 14.4 

Percent 
Explained 

93.0 96.5 97.9 98.5 99.1 

 

PARAFAC	Component	Identification		
 
Comparisons of standard spectra to PARAFAC components were used to identify 
PARAFAC components. A 1 mg/L phenanthrene 0.5 mg/L anthracene standard is 
shown compared to C2, while a 0.5 mg/L fluorene standard is compared to C3 and a 
300 mg/L suspension of 21198 cells is compared to C4.  
          C1   C2       C3        
C4 

 
Figure D5. PARAFAC components (top row) compared to standard scans of corresponding 
compounds that were identified (bottom row). Note that the PARAFAC components represent general 
spectra trends, and are not scaled to a specific concentration, therefore no color bar is shown. Stokes 
shift (λex/ λem) in nm is shown in white text inside the EEMs.  

 

280/345 

250/382 

260/305 200/427 

260/305 200/427 

250/382 
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GC-MS	Data	for	Control	Batch	Bottles		

 
Figure D6. Autoclaved cell/bead controls (A,C,E,D) and abiotic controls (B,D,F,H) for batch set 1 
(A,B), 2 (C,D), 3 (E,F), and 4 (G,H).   

A B 

C D 

E F 

G H 
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Statistical	Significance	for	PAH	Losses	and	Transformation	
Rates	
 
Table D7. P-values for Total Loss and Transformation Rates for each PAH. Note that comparisons are 
for the same PAH in different experimental sets, no comparisons are made for different PAHs in the 
same experimental set.  

PAH Group A Group B Rate 
P-Value 

Total Loss 
 P-Value 

Flu 

1 2 2.4E-03 1.6E-06 
1 3 4.7E-03 1.1E-02 
1 4 4.7E-01 5.0E-01 
2 3 3.5E-05 2.7E-07 
2 4 6.9E-03 1.1E-06 
3 4 1.6E-03 3.2E-02 

Phe 

1 2 1.5E-01 2.3E-02 
1 3 1.4E-05 2.7E-04 
1 4 3.7E-07 6.5E-05 
2 3 5.6E-05 1.9E-05 
2 4 9.0E-07 6.4E-06 
3 4 4.4E-04 1.9E-01 

Ant 

1 2 1.1E-03 1.1E-04 
1 3 1.4E-01 5.5E-01 
1 4 2.2E-01 8.3E-01 
2 3 1.8E-04 2.0E-04 
2 4 7.1E-03 1.3E-04 
3 4 1.8E-02 7.0E-01 

Pyr 

1 2 9.1E-03 1.8E-01 
1 3 1.6E-01 2.6E-04 
1 4 1.9E-05 1.4E-05 
2 3 9.6E-02 1.5E-03 
2 4 5.3E-04 4.9E-05 
3 4 7.2E-05 1.4E-02 
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PAH	Transformation	Rate	Fit	Coefficients	
 
Table D8. Fit coefficients (R2) for pseudo-first order PAH transformation rates derived from ‘fitlm’ 
regression of linearized data in MATLAB. R2 < 0.5 are shown in red  

PAH Replicate Exp 1 Exp 2 Exp 3 Exp 4 

Pyr 
1 0.09 0.98 0.41 0.96 
2 0.01 0.98 0.04 0.91 
3 0.01 0.88 0.24 0.94 

Phe 
1 0.90 1.00 0.79 0.96 
2 0.93 0.99 0.73 0.95 
3 0.81 0.97 0.71 0.95 

Ant 
1 0.94 0.97 0.94 0.97 
2 0.96 0.98 0.95 0.99 
3 0.98 0.95 0.90 0.95 

Flu 
1 0.90 0.98 0.91 0.97 
2 0.97 0.98 0.95 0.97 
3 0.97 0.96 0.97 0.94 
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GC-MS/PARAFAC	Comparison	
 

 
Figure D7. Comparison of PARAFAC and GC-MS results for C2/Ant/Phe and C3/Flu for batch set 1 
(A,B), 2 (C,D), 3 (E,F), and 4 (G,H).   

A B 

C D 

E F 

G H 
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Compound	Identification	Confidence	Levels		
 
Library hits were selected for further screening based on the following criteria: peak 
area > 1000 units, active/blank peak area ratio > 10, mass error ≤ 2 mDa, and 
compound present in at least 2/3 technical replicates.  
 
Table D9. Confidence level descriptions adapted from Hollender et al. (2023).  

 
Confidence Level Description Requirements 
1 Confirmed structure via 

reference standard 
MS, MS2, RT, Reference 
standard 

2a Probable structure via 
library match 

MS, MS2, library/literature MS2 

2b Probable structure via 
diagnostic evidence 

MS, MS2, context 

3 Tentative compounds MS, MS2, context  
4 Molecular formula MS isotope/adduct 
5 Exact mass match MS  

 

Percent	Loss	and	Pseudo-First	Order	Degradation	Rates	
 
Table D10. Percent loss and pseudo-first order rate derived from total and apparent biotic losses. This 
data is illustrated in Figures V-3 and V-4 in the main text. 

 Fluorene Phenanthrene Anthracene Pyrene 

Value Standard 
Deviation Value Standard 

Deviation Value Standard 
Deviation Value Standard 

Deviation 

Set 
1 

Total 

% 
Loss 90.9 5.2 49.5 5.0 96.1 2.9 6.5 5.7 

Rate 
(hour-
1) 

2.4E-
02 1.7E-03 8.5E-

03 7.3E-04 3.6E-
02 2.8E-03 N/A N/A 

Biotic 

% 
Loss 66.2 5.3 41.0 5.1 84.5 4.3 6.3 9.8 

Rate 
(hour-
1) 

2.2E-
02 7.0E-03 6.5E-

03 4.2E-04 3.7E-
02 6.0E-03 N/A N/A 

Set 
2 

Total 

% 
Loss 70.5 1.2 43.5 7.7 86.3 1.2 22.0 9.7 

Rate 
(hour-
1) 

1.3E-
02 1.5E-03 1.1E-

02 1.4E-03 2.0E-
02 2.4E-03 7.3E-

03 1.1E-03 

Biotic 

% 
Loss 50.6 9.4 31.1 7.8 65.5 18.9 20.7 9.7 

Rate 
(hour-
1) 

1.1E-
02 2.9E-03 7.9E-

03 4.1E-03 2.0E-
02 1.3E-03 5.9E-

03 2.5E-03 

Set 
3 

Total 

% 
Loss 95.4 2.0 82.7 5.1 96.4 1.9 52.7 12.6 

Rate 
(hour-
1) 

3.4E-
02 2.6E-03 1.9E-

02 3.0E-03 4.4E-
02 4.0E-03 N/A N/A 

Biotic % 
Loss 37.4 8.7 40.8 7.0 35.4 5.5 21.7 13.2 
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Rate 
(hour-
1) 

2.3E-
02 5.2E-03 9.5E-

03 8.2E-04 3.5E-
02 6.3E-03 N/A N/A 

Set 
4 
 

Total 

% 
Loss 

91.5 2.0 89.3 5.1 97.1 1.9 78.3 12.6 

Rate 
(hour-
1) 

2.2E-
02 1.1E-03 2.7E-

02 1.6E-03 3.3E-
02 1.5E-03 1.8E-

02 1.4E-03 

Biotic 

% 
Loss 

72.5 2.1 73.7 5.2 68.2 6.6 68.5 13.0 

Rate 
(hour-
1) 

1.9E-
02 1.4E-03 1.9E-

02 6.3E-04 3.0E-
02 2.0E-03 1.3E-

02 1.2E-03 

 
 
 
Table D11. Initial concentrations of PAHs in remediation batch sets. Normalized data shown in Figure 
V-2.  

Batch Set Fluorene 
(mg/L) 

Phenanthrene 
(mg/L) 

Anthracene 
(mg/L) 

Pyrene 
(mg/L) 

Set 1 0.73 ± 0.06 0.73 ± 0.01 0.42 ± 0.05 0.14 ± 0.002 
Set 2 0.96 ± 0.08 1.02 ± 0.08 0.37 ± 0.02 0.15 ± 0.01 
Set 3 0.88 ± 0.1 0.74 ± 0.05 0.34 ± 0.04 0.08 ± 0.02 
Set 4 1.00 ± 0.06 1.06 ± 0.04 0.52 ± 0.04 0.13 ± 0.01 

 
 

Toxicity	Concentration	Calculations	
 
Because the full composition of the post-remediation material is not known, we 
cannot use concentrations in terms of mass per volume. Rather, we can relate the 
concentration of the DMSO extracts to the volume of sample that was extracted, 
giving us units of volume of sample per volume of extract (equation 1). Similarly, the 
concentration of post-remediation material in each microwell can be expressed as the 
volume of extract added to the microwell (equation 2). To express the well 
concentration in terms of the volume of sample extracted, [1] * [2] gives us equation 
3. Cwell in terms of (mL sample/ µL EM) is henceforth used to express exposure 
concentrations.  
[1] Cextract (mL sample/µL DMSO) = $"#$%&'	')*+#,*'-	(&'	)*&+,-)

#//	0'	12)3
 

[2] Cwell (µL DMSO /µL EM) = $./01	2--'-	(0'	12)3)
$3'&&	(0'	42)

 

Where V12)3	566-6	(µL	DMSO) = 	
73'&&	(+'%5+*'-)	(02)∗$3'&&	(0'	42)

7')*+#,*	(+'%5+*'-)	(&2)∗#/7(
8/
$/)

  

Multiplying [2] by [1] gives: 
[3] Cwell (mL sample/µL EM) = 	$"#$%&'	')*+#,*'-	(&')

$3'&&	(0'	42)
 


