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ABSTRACT 

 

Polycyclic aromatic hydrocarbons (PAHs) and TiO2 nanoparticles (NPs) are environmental 

pollutants that possess individual photoactivity. Interactions between PAHs and TiO2-NPs can 

influence the environmental fate, transport, and transformation of PAHs and their 

photoproducts. PAH and TiO2-NP interactions are of interest due to their emerging 

environmental relevance, particularly with the deliberate application of TiO2-NPs to remediate 

pollution events (e.g., oil spills). The objective was to investigate continued PAH photoproduct 

formation and transformation, both in the absence and presence of TiO2-NPs, following UVA 

(320-400 nm) irradiation. In order to do this, multiple analytical methods were performed 

which included identification of PAH-specific photoproducts (e.g., oxygenated PAHs 

(OPAHs) and hydroxylated PAHs (OHPAHs)), assessing gene expression profiles of specific 

genes involved in PAH metabolism, and evaluating changes in oxidative potential. Anthracene 

(ANT), benzo[a]pyrene (BaP), fluoranthene (FLT), phenanthrene (PHE), and pyrene (PYR) 

solutions were prepared alone or in combination with TiO2-NPs in OECD medium, and UVA 

(7.26 mW/cm2) irradiated which were then exposed to early life stage zebrafish and collected 

at specific time-points following UVA irradiation. Gene expression profiles showed PAH-

specific and time-dependent induction of genes in exposures of PAHs and altered 

bioavailability of PAHs and photoproducts in the presence of TiO2-NPs. To explore the 

diversity of photoproduct formation and transformation following UVA irradiation, a targeted 

screening of various OHPAHs and OPAHs was performed using gas chromatography-mass 

spectrometry (GC-MS) at the same time points assessed in zebrafish exposures. Diverse 

photoproducts of differing size and ring arrangements were identified, which suggested 

photodissociation, recombination, ring addition, and ring re-arrangements of PAHs occurred 

either during or following UVA irradiation. PAHs all showed heightened oxidative potential 

following irradiation, but TiO2-NP-related increases in oxidative potential were PAH-specific. 

The exploitation of biological responses and analytical chemistry to investigate changes in 

PAH-specific photochemistry and bioavailability upon interaction with TiO2-NPs following 

UVA irradiation have provided novel insights into distinct PAH photoactivity, TiO2-NP 

influence on photoproduct formation in a PAH-specific manner, and the significant role time 

plays in all of these processes. 
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Chapter 1: Thesis Introduction and Objectives 

Aqueous phase exposure of chemicals and particles to ultraviolet (UV) irradiation 

can create conditions for complex chemical changes with diverse outcomes. 

Polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants that can 

possess distinct photoactivity upon absorption of UV irradiation. Nanoparticles 

(NPs) such as TiO2-NPs are also photoactive, and aqueous phase 

adsorption/desorption interactions between PAHs and TiO2-NPs in the presence of 

UV irradiation can result in the formation of numerous oxidated photoproducts such 

as oxygenated PAHs (OPAHs) and hydroxylated PAHs (OHPAHs). In the 

environment, increased interactions of PAHs and TiO2-NPs under UV irradiation 

occur due to the heightened release of both PAHs and TiO2-NPs into the 

environment as pollutants, as well as the intentional release of TiO2-NPs for the 

purpose of environmental remediation of contaminated sites (e.g., oil spills, 

superfund sites). The presence of TiO2-NPs has been shown to alter bioavailability 

and efficiency of photoproduct formation, but not the type of photoproducts 

produced (Bai, H., et al., 2017; Liu, Y., et al., 2017; de Bruyn, W.J., e al., 2012; 

Kot-Wasik, A., et al., 2004; Rachna, et al., 2019; Woo, O.T., et al., 2009). However, 

many studies of PAH photodegradation with TiO2-NP as a catalyst to induce 

photochemical reactions, referred to as photocatalytic degradation, focus on the 

removal of the parent PAH (PPAH) rather than the subsequent photoproducts. 

Typically, if photoproducts are investigated, parent-derived molecules are targeted 

and assessed during UV irradiation, but this has limited our knowledge of 

photoproduct formation and its impacts on human and environmental health. 

Further investigations into the diversity of PAH photoproduct formation, and how 

TiO2-NPs may alter these processes, following UV irradiation contributes novel 

insights into continued PAH transformation and corresponding changes in 

bioavailability would reveal the extent of human and environmental health risks 

resulting from PAH pollution in the aquatic environment. 

Assessing the variety of PAH photoproducts formed as a result of PAH and TiO2-

NP interactions requires interrogation by multiple analytical methods which have 

provided unique perspectives. Gene expression analyses were done using early life 

stage zebrafish (Danio rerio) which targeted well-characterized genes that encode 
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for enzymes responsible for PAH metabolism (e.g., cyp1a, ephx1, ephx2, sod1).  

Gene expression profiles of specific genes were used as a “probe” or “biosensor” to 

indicate or predict the presence of PAHs and their photoproducts. The resulting data 

revealed the complex interplay of bioavailability, biodegradation, and 

photodegradation of PAHs and that exploiting the genetic specificity of zebrafish 

proved useful as a “biosensor” for photochemical processes (Table 1.1).  

Table 1.1. List of genes targeted in this project with name, function, and the chemical state of the 

PAH which the gene encodes for enzymes to metabolize. 

 

A targeted screening of well-characterized parent and non-parent-derived OPAHs 

and OHPAHs was performed to explore the diversity of PAH photoproducts, in 

both the absence and presence of TiO2-NPs, following UVA irradiation. 

Additionally, the capacity for ANT and PHE to generate reactive oxygen species 

(ROS) or transform into reactive intermediates was assessed through an oxidative 

potential assay that was initially developed to measure oxidative potential of 

particulate matter but proved applicable for measuring oxidative potential of PAHs 

for the first time (Charrier, J.G., et al., 2012; Yadav, S., et al., 2019). While gene 

expression analyses and analytical chemistry contributes important information for 

understanding PAH photochemistry, insight from both technical approaches were 

necessary to provide a more comprehensive understanding.   

Gene Name Function Chemical State of PAH

cyp1a1

cytochrome 
P450, family 1, 

subfamily a, 
polypeptide 1

Encodes enzymes that 
catalyzes oxidation of 

PAHs, known biomarker of 
PAH exposure

PPAH

ephx1 epoxide 
hydrolase 1

Microsomal epoxide 
hydrolase that encodes 
enzymes that catalyze 
hydration of oxides

OPAH/OHPAH

ephx2
epoxide 

hydrolase 2

Cytosolic expoxide 
hydrolase that encodes 
enzymes that catalyze 

hydration of oxides (not 
known to catalyse hydration 

of PAHs in humans)

OPAH/OHPAH

sod1
superoxide 
dismutase 1

Encodes enzymes that break 
down superoxide radicals to 

molecular oxygen and 
hydrogen peroxide

OPAH /OHPAH
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The experimental set-up in the present thesis was designed to investigate 

environmentally relevant conditions and explore the aforementioned limitations in 

previous studies. In order to represent the distinct physicochemical characteristics 

that occur among PAHs, five structurally diverse PAHs and environmentally 

relevant concentrations of the PAHs were chosen for investigation (Table 1.2). The 

TiO2-NPs used in this study were uncoated, 85:15 anatase: rutile ratio composition. 

Typically, TiO2-NPs used in consumer products are coated to sequester reactivity 

but once these NPs are released into the environment, particularly the aquatic 

environment, these coatings rapidly decay. The combined assessment of both 

anatase and rutile forms of TiO2-NPs were important since both are used in 

consumer products. TiO2-NP concentration of 2 mg/L for this study was chosen due 

to its use in previous investigations of TiO2-NP-related changes in biodegradation 

and bioavailability of PAHs within the Ted Henry lab. UVA (320 nm-400 nm) 

radiation was chosen for this study due to its particular role in inducing 

photoactivity in chemicals and particles, and its environmental relevance (UVA is 

not absorbed by ozone). Intensity, 7.26 mW/cm2, was chosen in accordance with a 

study performed in Coimbatore, India that measured UVA intensity to be between 

4.70 mW/cm2 - 6.59 mW/cm2 within a one-hour time span (1200-1315) 

(Balasaraswathy, P., et al., 2002).  
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Table 1.2. List of all five PAHs investigated in this project and the range of concentrations of each 

PAH found in different water sources (Mojiri, A., et al., 2019). 

 

The overall aim of this study was to enhance understanding of structure-specific 

PAH bioavailability and photoproduct formation upon interaction with TiO2-NPs 

following UVA irradiation in the aqueous phase. Specific objectives were: 

1) Measure time-related expression profiles of specific genes (cyp1a, ephx1, ephx2, 

and sod1) in larval zebrafish exposed to ongoing PAH- TiO2-NP photochemical 

reactions. 

2) Quantify formation of diverse photoproducts that form during these reactions by 

GC-MS analyses.  

3) Examine changes in oxidative potential to support altered photoproduct 

formation in the absence or presence of TiO2-NPs. 

4) Integrate the results of these different approaches to enhance understanding of 

these complex biochemical-photochemical interactions. 

PAH Water Source Lowest Concentration (µg/L) Highest Concentration (µg/L)
Drinking Water 0.0014 0.071
River and Lakes 0.001 256

Groundwater 0.0001 0.1956
Wastewater 0.042 0.2949
Seawater 0.0001 3.335
Sediment 0.002 0.658

Drinking Water 0.013 139
River and Lakes 0.013 126

Groundwater 0.002 0.1792
Wastewater 0.033 6,496
Seawater 0.0002 1.08
Sediment 0.0057 0.41

Drinking Water 0.0013 0.008
River and Lakes 0.0005 1,239

Groundwater 0.003 0.0125
Wastewater 0.0716 1,447
Seawater 0.0002 28.49
Sediment 0 0.739

Drinking Water 0.0065 143
River and Lakes 0.0042 2,498

Groundwater 0.002 0.0506
Wastewater 0.014 2,340
Seawater 0 6.61
Sediment 0.001 24.857

Drinking Water 0.0042 92
River and Lakes 0.0029 1,138

Groundwater 0.0003 0.0419
Wastewater 0.0191 1,186
Seawater 0 9.87
Sediment 0.0028 0.0271

Benzo[a]pyrene 
(BaP) 

Fluoranthene 
(FLT)

Pyrene (PYR)

Anthracene 
(ANT)

Phenanthrene 
(PHE)
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The PAHs on the U.S. EPA and EU priority pollutant lists do not contain OHPAHs 

or OPAHs, which are inevitably formed by PAHs in the environment. The results 

of this project could lead to more informed decisions made by regulatory 

committees on the risks of these phototoxic by-products of PAHs, as well as 

revisions to the pollutants that are currently regulated to include prevalent 

photoproducts identified by this work. Additionally, this advancement in 

identifying the outcomes of these complex photochemical processes could 

contribute to the implementation of procedures which reduce adverse 

environmental and human health impacts during environmental remediation events. 
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Chapter 2: Polycyclic aromatic hydrocarbons and TiO2-

nanoparticles: A review of photocatalytic interactions in the aquatic 

environment 
 

2.1. Abstract 

 

Aqueous phase photoactivity during interactions between chemicals and particles can 

lead to complex chemistry and diverse photoproduct outcomes. Polycyclic aromatic 

hydrocarbons (PAHs) are environmental pollutants with structure-specific 

photoactivity, and TiO2-NPs nanoparticles (NPs) are also photoactive. In the aqueous 

phase, PAHs can sorb to TiO2-NPs leading to formation of photoproducts upon 

exposure to ultraviolet (UV) radiation. Numerous studies have investigated PAH and 

TiO2-NP photoactivity individually, particularly in relation to the toxicity of both PAHs 

and TiO2-NPs, but studies of PAH-TiO2-NP photocatalytic interactions are limited. The 

objective of this review is to critically evaluate studies of PAH, TiO2-NP, and PAH-

TiO2-NP photoactivity, and how it influences photodegradation and the fate of PAHs 

within the aquatic environment. Additionally, a critical examination of various 

obstacles that may be encountered in laboratory studies of PAHs along with solutions 

found in literature was done. PAH-specific studies have demonstrated differing 

photocatalytic responses which result from the differed physicochemistry of distinct 

PAHs. Enhanced photodegradation that has been observed in photocatalytic studies has 

been attributed to ·OH radical generation by TiO2-NPs, particularly for PAHs that 

proceed through oxygen-dependent photodegradation pathways. Fundamental 

knowledge of individual PAH and TiO2-NP photoactivity is thorough, but more is 

needed to understand the complex outcomes (e.g. photoproducts, bioavailability) of 

these photochemical processes.  

 

2.2. Introduction 

 

Interactions between hydrophobic pollutants and particles in the aqueous phase are 

important factors that influence their environmental fate, bioavailability, and 

photodegradation. Within the aqueous phase, photoactive chemicals and particles can 
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absorb ultraviolet (UV) light and subsequent interactions may generate numerous 

photoproducts with varied physicochemistry, persistence, and toxicity. Polycyclic 

aromatic hydrocarbons (PAHs) and TiO2-nanoparticles (NPs) are pollutants present in 

aquatic environments and due to PAH hydrophobicity, they preferentially adsorb to the 

surface of TiO2-NPs in the aqueous phase while both possess photoactive properties. 

The potential for PAHs and TiO2-NPs to interact in the aqueous phase is dependent on 

their co-occurrence, relative concentrations, and specific physicochemistry. Currently, 

the extent of their interactions within the aquatic environment is unknown. In some 

cases, the direct application of TiO2-NPs has been considered as a remediation 

technique following accidental spills of crude oil which contains mixtures of many 

different PAHs (García-Martínez, M.J., et al., 2006; Bai, H., et al., 2017). Interactions 

between PAHs and TiO2-NPs in the aqueous phase are environmentally relevant and 

of scientific interest because of the complex photochemistry that occurs upon exposure 

to UV light.   

 

Concentrations of PAHs vary considerably in surface waters depending on proximity 

to sources of contamination and processes within the recipient water bodies. The 

combination of anthropogenic activities like fossil fuel combustion, coal burning, oil 

refining, coal tar seal coating, and natural processes like forest fires and volcanic 

eruptions has contributed to an imbalance of PAH release and degradation which has 

been a concern for human and environmental health for decades; particularly with the 

continued increase in PAH abundance in the environment (Van Metre, P. C., 2005, 

2010; Zhang, Y. & Tao, 2009). For instance, a study from 33 years ago found that more 

than 43,000 metric tons of total PAHs (e.g., forest fires, agricultural burning, heating 

and power etc.) are released into the atmosphere each year, and more than 230,000 tons 

enter aquatic environments annually (Eisler, R., 1987). Currently, the largest coal-

powered plant in the U.S., Scherer Power plant in Georgia located alongside the 3,600-

acre Lake Juliette (used a reservoir for power production), burns 34,000 tons of coal 

daily (USGS, 2020). The incredible increase in PAH release, where daily coal burning 

from only one power plant nearly amounts to the annual PAH release from 33 years 

prior, is an adversary of both environmental and human health but the consequences 

are still not fully understood. Frequently, bodies of water are sinks for airborne PAHs 
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so although they are not released directly into aqueous environments, PAHs inherently 

deposit and accumulate in aqueous environments (Tidwell, L. G. et al., 2017; Baker 

and Eisenreich, 1990). PAHs may also enter the aquatic environment through river 

runoff, sewage outfalls, maritime transport, storm water runoff, and leaching from 

bitumen and/or asphalt (Zhou, J. L. et al., 2003; de Bruyn, J.W., et al., 2011). Due to 

the immensity of water bodies, the ubiquity of solar radiation, and water bodies 

receiving higher deposition of PAHs than any other environmental media, 

understanding the consequences of altered PAH photodegradation and subsequent 

photoproducts in the aquatic environment is vital for regulating and preserving our 

largest global environment (Eisler, R., 1987).  

 

TiO2-NPs have been used in the production of industrial, personal care, and food 

products for many decades due to the many advantageous characteristics they possess 

(Weir, A., et al., 2012). Makeup, sunscreen, and paints are responsible for nearly 70% 

of all TiO2 produced, but TiO2 may also be used in antimicrobial applications, as an 

additive in food products, and as a conductive material which all result in the release 

into the aquatic environment (Weir, A., 2012; Tsuang, Y.H. et al., 2008). 

Concentrations of up to 3.5 x 108 particles/L have been reported in runoff water from 

paint facades on buildings, which is reflective of typical urban effluents that commonly 

discharge into marine environments (Kaegi, R., et al., 2008; Zhu, X., et al., 2011). In 

2005, global production of TiO2-NPs amounted to 2,000 tons and 1,300 tons were used 

in personal care products (PCPs). Five years later, in 2010, the production increased to 

5,000 tons and is expected to increase to 2,500,000 tons by 2025 with an even greater 

dependence on TiO2-NPs (Landsiedel, R. et al., 2010; Zhu, X., et al., 2011). A study 

published in February 2020 has stated that annual production of TiO2-NPs exceeds 

4,000,000 tons, so we have already surpassed previous predictions (Ziental, D., et al., 

2020). The European Commission has enacted restrictions and regulations for TiO2-

NP use in cosmetics where the NP is allowed at a maximum of 25% in ready for use 

preparation and there is consistent environmental monitoring of TiO2-NPs in aquatic 

environments (Commission Regulation 2019/1857, 2019).Unfortunately, the expanded 

use of TiO2-NPs in industry, other consumer products, and most recently, applications 
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in medicine has continued to heighten subsequent release of TiO2-NPs, increasing the 

likelihood of interactions with other environmental pollutants, like PAHs.  

 

Many PAHs are insoluble in the aqueous phase, and solubility decreases as the PAH 

size increases (Abdel-Shafy, H.I., et al., 2016). PAH hydrophobicity causes the PAH 

to favor adsorption to particles, but smaller PAHs will likely interact with particles as 

well due to the increasing concentrations of both particles and PAHs in the 

environment. The increased likelihood of adsorption and interactions of PAHs and 

particles alters PAH photodegradation and photoproduct formation in the aquatic 

environment (Wen, S., et al., 2001; Korfmacher, W.A., et al., 1980; García-Martínez, 

M.J., et al., 2006). Certain PAHs possess photoactivity due to their highly conjugated 

π-orbital systems which is dependent on their physicochemistry and the overall 

molecular stability of the molecule (Krylov, S.N., et al., 1997; Dabestani, R., et al., 

1999). Subsequent by-products of PAHs, like oxygenated PAHs (OPAHs) and 

hydroxylated PAHs (OHPAHs), retain more biologically and environmentally toxic 

capabilities than the parent compound but are not regulated nor well enough understood 

compared to their parent molecules (Lane, G., et al., 2018). 

 

Most TiO2-NPs, particularly those used in sunscreen and cosmetics, are coated with 

magnesium, silica, aluminum, or zirconium to avoid agglomeration and sequester 

reactivity (Labille, J., et al., 2010). Inevitably, the TiO2-NPs are released into the 

aquatic environment after the sunscreen or cosmetic has been washed from the skin 

where the coatings decay quite rapidly (Labille, J., et al., 2010). Once the surface 

coatings are removed, the NP retains its original photoactive capabilities where it may 

release ·OH and O2· radicals upon irradiation which contribute to the transformation of 

other pollutants (Auffan, M., et al., 2010). TiO2-NPs possess high surface areas which 

facilitate the adsorption of insoluble organic pollutants, like PAHs, in water and thus 

result in direct interactions of both these environmental pollutants (Liu, Y., et al., 

2017).  

 

UV radiation is present in many aquatic environments so interest in photoinduced 

chemical reactions that impact the environment and/or human health has generated 
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particular interest. Solar radiation is composed of only 8.7% UVA (320-400nm) and 

0.3% UVB (280-320nm), but UVA wavelengths exert the most influence on 

photochemistry (Yan, J., et al., 2004). Increased depth leads to attenuation of UV 

radiation, more specifically, decreased wavelengths leads to increased attenuation of 

UV so photoabsorbance of PAHs in the environment is dependent on both the depth 

and the specific photoabsorbance of the distinct PAH (Fleischmann, E. M., 1989). 

Scattering and absorption of UV are important factors in the attenuation of UV in 

aqueous environments. Dissolved organic material (DOM), like PAHs, are responsible 

for much of the UV absorption that occurs in aqueous environments and particulate 

matter is responsible for UV scattering (Tedetti, M. & Sempéré, R., 2006; Fleischmann, 

E.M, 1989). In both instances, PAHs and TiO2-NPs are their own limiting factors in 

UV penetration and subsequent absorption in water.  

 

Discrepancies in overall understanding calls for an in-depth review and assessment of 

the knowledge regarding individual PAH and TiO2-NP photoactivity, and the complex 

interplay of PAH-TiO2-NP photocatalysis (Krylov, S. N., et al., 1997). Many studies 

of PAHs and TiO2-NP photocatalysis have shown that photodegradation of the parent 

PAH (PPAH) is enhanced in the presence of TiO2-NPs, while others have not (Luo, Z., 

et al., 2015; Bai, H., et al., 2017; Hoffman, M.R., et al., 1995). Although, many studies 

identify parent-derived by-products of photodegradation, the focus is typically on 

degradation of the parent molecule with no further investigations into photoproduct 

formation. PAH photodegradation and photoproduct formation impose significant 

impacts on the environment so thorough understanding of photocatalytic interactions 

and altered photoproduct formation is critical in order to recognize the environmental 

implications of PAH and TiO2-NP interactions (Labille, J., et al., 2019). 

 

Mechanisms of individual PAH and TiO2-NP photoactivity must be combined and 

connected to a review of current literature involving PAH-TiO2-NP photocatalytic 

interactions to assess current knowledge and shortcomings on these complex 

photochemical processes. Additionally, PAHs have very low solubility, high volatility, 

and a high rate of adsorption to unintended surfaces, which increases the possibility for 

varied results among different studies. Identification of laboratory obstacles when 
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working with PAHs combined with solutions from different studies will benefit PAH 

investigations from various scientific fields (e.g. biology, chemistry, physics).  

 

The objective of this review is to critically examine literature associated with the 

photoactivity of PAHs and TiO2-NPs individually, and photocatalytic interactions 

of PAHs upon interaction with TiO2-NPs in the aqueous phase. Additionally, a 

critical examination of the methodological challenges that may be encountered in 

laboratory studies of PAHs along with solutions found in literature will be done.  

 

Assessment of the current state of literature, the National Center for Biotechnology 

Information (NCBI) database, Web of Science (WOS), and Google Scholar were used 

to identify, and separate, peer-reviewed articles published on the relevant PAH topics. 

All searches were done between February and March 2020. A large benefit of WOS is 

that you can search a topic but also choose a specific category of interest such as 

environmental science, toxicology, analytical chemistry, and so on. It is important to 

note that the use of “polycyclic aromatic hydrocarbon” and “PAH” in search engines 

yields drastically different results, as well as the presence of a space between words 

which should be considered throughout the process of searching for relevant literature 

about relevant PAH studies (Table 2.1).  
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Table 2.1. Word searches used to identify relevant studies through NCBI, Web of Science, and 

Google Scholar. 

 

Word Search NCBI Articles Web of Science Articles Google Scholar Comments

Polycyclic aromatic 
hydrocarbons 

438,892 60,197 682,000

NCBI and Google Scholar has 
many toxicological and 

environmental studies, but 
WOS shows many studies not 

involving PAHs

Photoactive 
polycyclic aromatic 

hydrocarbons
115 18 9,210

NCBI & WOS have many 
studies about application of 

PAH photoactivity, not toxicity 
whereas Google Scholar studies 

are predominantly toxicology

Polycyclic aromatic 
hydrocarbon 
photoactivity

17 6 11,900

NCBI & WOS show studies 
involving photocatalytic 

degradation of PAHs using 
NPs, Google Scholar shows 

toxicology and physical 
chemistry studies

Photodegradation 
of polycyclic 

aromatic 
hydrocarbons

937 357 1

All search engines show studies 
involving photocatalytic 

degradation of PAHs using 
NPs, many of them TiO2 , 

Google Scholar's only result 
was a study done with TiO2

Polycyclic aromatic 
hydrocarbons 

aquatic 
environment 

1,370 2,066 106,000

Many ecotoxicological studies 
involving specific aquatic 
species, Google Scholar 

showed many biodegradation 
studies

Polycyclic aromatic 
hydrocarbon 
phototoxicity

339 210 5,670
NCBI & WOS yielded nearly 

the same studies which are quite 
diverse in topic

PAH phototoxicity 44 95 5,200
NCBI & WOS yielded nearly 

the same studies

Titanium dioxide 
nanoparticles

6,565 18,115 603,000

WOS shows more 
photocatalytic studies, Google 

Scholar showed physical 
chemistry and toxicology 

studies

Titanium dioxide 
nanoparticles 
photoactivity

61 631 32,500 -

Titanium dioxide 
nanoparticles 
phototoxicity

45 96 3,800
Wide range of cell and animal 

studies

Polycyclic aromatic 
hydrocarbons 

titanium dioxide 
nanoparticles

103 52 20,400

NCBI does not show relevant 
studies;WOS shows studies in 
environmental remediation and 

toxicology; Google Scholar 
showed some irrelvant studies 

and some about only TiO2

Polycyclic aromatic 
hydrocarbons 

titanium dioxide 
nanoparticles 

irradiation

22 6 15,100

NCBI does not show relevant 
studies; WOS shows the use of 

TiO2 NPs in environmental 
remediation; Google Scholar 

shows toxicology and 
photocatalytic studies

Polycyclic aromatic 
hydrocarbon 

titanium dioxide 
nanoparticles 

photointeractions 

103 0 2; 15,500

NCBI search yielded many 
studies not involving PAHs, 

but TiO2 NPs as a way of 
degrading other environmental 

pollutants; Google Scholar 
yielded only 2 studies with 

"photointeractions" and 15,500 
with "photo interactions"
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2.3. Photodegradation Mechanisms of Aqueous Phase PAHs 

 

The physicochemistry of distinct PAHs is responsible for differed absorbances of UV 

radiation and leads to varied photoactivity among individual PAHs. Absorbance of UV 

radiation is PAH-specific, but overall, PAHs have highly conjugated π-orbital systems 

which allows them to absorb in the ultraviolet-A (UVA) (320-400 nm) and ultraviolet-

B (UVB) (290-320 nm) regions of the Solar Spectrum (Krylov, S. N., et al., 1997). 

PAHs are composed of carbon and hydrogen atoms, and the aromatic rings may be 

fused in linear, angular, or cluster arrangements (Dabestani, R. & Ivanov, I.N., 1999). 

It has been stated that PAHs with 3-4 aromatic rings absorb UVA light, and those with 

5 or more aromatic rings absorb visible light (> 400 nm) (Yu, H., 2002). However, 

distinct arrangements of aromatic rings contribute significantly to differing 

photoabsorbances. For example, the peak absorbance values of anthracene (ANT) and 

phenanthrene (PHE) have more than a 100 nm difference, yet they possess the same 

number of 6-carbon rings but differing ring arrangements (Table 2.2). PAH 

photoactivity and subsequent photoproducts formed are directly determined by the 

number of rings and the ring arrangement (Dabestani, R. & Ivanov, I.N., 1999; Dewar, 

M.J.S., 1951).  
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Table 2.2. List of the U.S. EPA’s 16 priority PAHs, structures, and optimal absorbance values 

(Malloci, G., et al., 2007). 

PAH Abbreviation Stucture Absorbance (λ nm)

Napthalene NAP 276

Acenapthylene ACY 320-325

Acenapthene ACE 304, 312

Fluorene FLU 261

Phenanthrene PHE 251

Anthracene ANT 358

Fluoranthene FLTH 280

Pyrene PYR 333

Benzo[a]anthracene B[a]A 288

Chrysene CHRY 268

Benzo[b]fluoranthene B[b]F 302

Benzo[k]fluoranthene B[k]F 307

Benzo[a]pyrene B[a]P 296, 383

Benzo[g,h,i]perylene B[ghi]P 302,

Indeno[1,2,3-c,d]pyrene IND -

Dibenz[a,h]anthracene D[ah]A 300
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PAH-specific photoactivity and photoproduct formation is an important part of PAH 

photodegradation which is determined by the mechanisms in which individual PAHs 

proceed. One of the first observations of photoinduced PAH by-product formation was 

upon UV irradiation of 3,4-benzopyrene (BP), now referred to as benzo[a]pyrene (BaP) 

(Inomata, M., & Nagata, C., 1972). 5-phenoxy-3,4-BaP was produced upon UV 

absorption, transformed into 5-hydroxy-3,4-BaP which was mediated by molecular 

oxygen, and resulted in further transformation into stable BaP-quinones (Figure 2.1). 

At that time, PAH photodegradative mechanisms were only proposed but this study 

generated heightened interest in identifying the mechanism. The mechanisms of PAH 

photoactivation and photodegradation are through photo-oxidation which leads to more 

water-soluble, oxygenated compounds, or formation of smaller organic molecules 

(Theerakarunwong, C. D. & Phanichphant, S., 2018). The three different photo-

oxidation pathways of PAHs, following absorbance of a photon (hν), include: (1) direct 

photoionization; (2) energy transfer from an excited PAH triplet state to molecular 

oxygen; and/or (3) oxidation through electron transfer from excited singlet and/or 

triplet PAH state to molecular oxygen (de Bruyn, W.J., et al., 2012, Wen, S., et al., 

2003).  

 

 
Figure 2.1. Proposed photochemical mechanisms of 5-phenoxy-BaP production which result 

in BaP-quinones (Inomata, M. & Nagata, C., 1972). 
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The primary photo-oxidation pathway of individual PAHs is dependent upon 

photoabsorbance of incoming UV light which is determined by ring number and ring 

arrangement, and the stability of subsequent by-products (Yu, H., et al., 2002; 

Dabestani, R. & Ivanov, I.N., 1999; Smol & Włodarczyk-Makuła, 2017). For example, 

ANT favours addition of molecular oxygen on the central, 9,10-position, rather than 

addition to the 1,4-position as the resulting compound possesses two aromatic rings 

through 9,10 addition (Figure 2.2). Clar’s model can be used to explain the behavior 

of oxygen addition on ANT, and other PAHs, which has shown that PAHs favour 

reactions that result in the gain of aromatic sextets. Reactions that result in no net gain 

or loss of aromatic sextets are highly unlikely to proceed (Dabestani, R. & Ivanov, I.N., 

1999). Additionally, more stable PPAH molecules require more photoenergy to initiate 

photo-oxidation due to their overall molecular stability (PYR for example), but the 

addition of a ·OH or ·O2- donator would promote initial oxygenation events (Abdel-

Shafy, H., et al., 2015; Sigman, M.E., et al., 1998). These favoured mechanisms not 

only elucidate the photochemical strategy behind PAH photoactivity, but further 

justifies differences in photoactivity and photo-oxidation among the many different 

PAHs.  

 
Figure 2.2. Oxygen addition to anthracene (ANT). 9,10-addition is favoured over 1,4-addition because 

the resulting compound has two, aromatic sextets and thus more stability (Dabestani, R. & Ivanov, I.N., 

1999). 
 

The presence of oxygen increases photo-oxidation of particular PAHs, and thus directly 

influence the primary photo-oxidation pathway of the distinct PAH. Most aquatic 

environments are naturally saturated with oxygen, but other environmental pollutants 

(oxygen-donators) may increase available oxygen further inducing photo-oxidation and 

photoproduct formation of PAHs (de Bruyn, W.J., et al., 2012). For example, it has 
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been shown that the photo-oxidation of pyrene (PYR) was significantly decreased in 

the absence of oxygen (by a factor of 4), whereas another study showed oxygen had no 

effect on PHE photo-oxidation (Sigman et al., 1998; de Bruyn et al., 2012). PYR and 

PHE-specific responses reflect the different photo-oxidation mechanisms the 

individual PAHs favour; PYR proceeds through oxygen-dependent photodegradative 

pathways (2) and (3) while PHE proceeds through the oxygen-independent pathway 

(1).  

 

PAH photo-oxidation in water typically forms quinones, diones, diols, and epoxides, 

or these moieties can be added in combination to photoproducts (Dabestani, R. & 

Ivanov, I.N., 1999; Bai, H., et al., 2017; Sigman, M.E., et al., 1998). Epoxide 

intermediates are the most reactive and toxic by-products of PAHs which may not only 

form upon UV irradiation, but continue to form on different parts of the PAH under 

constant irradiation (Figure 2.3). Dihydrodiol-epoxides are the most carcinogenic PAH 

by-product known, which typically form on PAHs that possess a bay region (Melendez-

Colon, V.J., et al., 1999). It has been suggested that hydroxylation of PAHs typically 

occurs prior to oxygenation, but these observations have been inconsistent and limited 

by the lack of time-dependent photoproduct formation studies (Librando, V., et al., 

2014; Dabestani, R. & Ivanov, I.N., 1999). Formation of quinones typically results in 

stable molecules, for example, 9,10-phenanthraquinone from PHE or 9,10-

anthraquinone from ANT (Woo, O.T., et al., 2009; Pal, B. & Sharon, M., 2000). These 

molecules are more likely to persist and accumulate in the aquatic environment than 

parent compounds (Lundstedt, S., et al., 2007).  

 

 

 

 

 
 
 
Figure 2.3. Proposed photochemical mechanism of Benzo[a]pyrene (BaP).  
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PAH structure, stability, and the aromaticity of subsequent photoproducts are important 

factors in the photo-oxidation of PAHs. Investigations into photoproduct formation of 

PAHs is still limited, but the known formation of bioactive and persistent 

photoproducts demonstrates the need for further study into the topic. Finally, it should 

be noted that biodegradation is an important process in PAH degradation in aqueous 

environments as well, but it lies outside the scope of this review (Dabestani, R. & 

Ivanov, I.N., 1999). 

 

2.4. Mechanisms of Photoactivity of TiO2 NPs 

 

The most predominant forms of TiO2 are anatase and rutile, which are also the forms 

generally used in personal care products (Weir, A., et al., 2012; Sendra, M., et al., 

2017). TiO2-NPs reflect and scatter both UVA and UVB sunlight, but they also absorb 

sunlight in the aqueous phase, more prevalently in the UVA spectrum (Ma, H., et al., 

2012). TiO2 possesses wide bandgaps (anatase: 3.2eV and rutile: 3.0eV) and rapid 

recombination of photo-generated electron holes which can be remedied through 

coating of the NP surface (Liu, Y., et al., 2017). TiO2-NPs used in sunscreens and 

cosmetics are coated to limit and prevent photoactivity of the NP, however once they’re 

released into the environment the NP coating is quickly diminished (Labille, J., et al., 

2010). 

 

The bandgap is the energy separation between the conduction band (CB), comprised of 

the lowest unoccupied molecular orbitals (LUMO) and the valence band (VB), formed 

by the highest occupied molecular orbitals (HOMO). Upon exposure to a photon with 

the necessary energy to span the bandgap, a VB electron will be excited to the CB, 

while leaving a positively charged hole in the VB, creating an electron/hole pair 

(Figure 2.4) (Kapilashrami, M., et al., 2014; Liu, Y., et al., 2017). The excited electron 

may either (a) become trapped on the surface of the TiO2-NP, (b) release energy 

through heat or light, or (c) migrate to the surface of the NP and generate radicals 

(Szczepankiewicz, S.H., et al., 2000). Fates (a) and (b) are considered “deactivation 

processes” that do not contribute to photocatalysis. In the case of impacts and 

interactions with PAHs in the aquatic environment, process (c) is likely involved in 
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PAH photo-oxidation. In water, the excited electron generated through photon 

absorption is captured by O2 to form ·O2- or oxidize OH- and/or H2O into ·OH radicals, 

and the h+ hole can be trapped by OH- or H2O into ·OH radicals (Liu, Y., et al., 2017). 

As discussed previously, these generated radicals may contribute to the photo-

oxidation of distinct PAHs. 

 

 

 

Figure 2.4. Light-induced excitation of electron in the VB into the CB upon absorption of a 

photon with greater energy than the energy gap (Eg) or bandgap, and the positively charged 

hydrogen ( h+) hole left in VB (Liu, Y., et al., 2017). 

 

 

The same properties that have made TiO2-NPs useful in consumer products also lead 

to adverse bioactivity and negative environmental impacts (Shi, H., et al., 2013). 

Various coatings of TiO2-NPs have alleviated bioactivity and reduced free radical 

generation rates by over 90% (Labille, J. et al, 2010). As stated previously, the coatings 

are not permanent when released into the aquatic environment. The uncoated TiO2-NPs 

that inevitably settle in the aquatic environment retain their original photoactivity, 

which likely results in their contribution to photo-oxidative activities of co-pollutants 

(Labille, J. et al, 2010). Increased production, reliance, and release of TiO2-NPs into 

the environment increases the likelihood of interactions with other environmental 

pollutants, like PAHs. Although measures are taken to sequester photoactivity of TiO2-

NPs used in consumer products, other uses of TiO2-NP rely heavily on its inherent 
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photoactivity and both coated and uncoated TiO2-NPs are subsequently released into 

the environment.  

 

2.5. Photocatalytic Interactions of PAHs and TiO2-NPs  

 

PAHs and TiO2-NPs are photoactive environmental pollutants with well-characterized 

photochemical mechanisms, individually. Particular interest in PAH and TiO2-NP 

interactions in the aquatic environment has increased in the past two decades which is 

due to the expanded use of both PAHs and TiO2-NPs in industrial processes resulting 

in the uncontrolled release of both pollutants, as well as the intentional release of TiO2-

NPs as a remediation method (García-Martínez, M.J., et al., 2006). However, 

photocatalytic studies of PAHs in the presence of TiO2-NPs has been inconsistent.  

 

Photocatalytic oxidation of PAHs relies heavily on the TiO2-NP generation of ·OH to 

trigger oxidative degradation, which suggests the initial event of photocatalytic 

processes is hydroxylation (mentioned previously) (Woo, O.T., et al., 2009; Hoffman, 

M.R., et al., 1995). Upon irradiation, h+ holes left on the VB of TiO2-NPs may degrade 

PAHs interacting directly with the NP surface or the TiO2-NP generated ·O2- and ·OH 

may contribute to the degradation of PAHs without the need for direct interaction with 

the NP surface (Liu, Y., et al., 2017; Hoffmann, M.R., et al., 1995). PAHs that directly 

photoionize, such as PHE or BaP (1), do not require TiO2-NP production of ·OH but 

are likely more efficiently photo-oxidized with increased availability of ·OH and ·O2- 

(Figure 2.6). Oxygen-dependent PAHs, like PYR, that photodegrade through electron 

transfer (2,3) may require the presence of TiO2-NPs to initiate photo-oxidation (de 

Bruyn, W.J., et al, 2012). The subsequent photoproducts of TiO2-NP photocatalytic 

oxidation of PAHs have never been found to differ from PAH photo-oxidation in the 

absence of TiO2-NPs (Bai, H., et al., 2017; Liu, Y., et al., 2017; de Bruyn, W.J., e al., 

2012; Kot-Wasik, A., et al., 2004; Rachna, et al., 2019; Woo, O.T., et al., 2009).  
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Figure 2.5. Proposed photocatalytic mechanism of Benzo[a]pyrene (BaP) in the presence of 
TiO2-NPs.  

 

 

Results from PAH photocatalysis with TiO2-NPs have been considered contradictory, 

but this may not be the case (Cordeiro, D. S., & Corio, P., 2009). For example, studies 

have found that PHE and fluorene (FL) are more efficiently degraded in the absence of 

TiO2-NPs; PHE was 7.4% more efficient in the absence of TiO2-NP and FL was 16.8% 

more efficient (Luo, Z., et al., 2015). In the same study, PYR showed significantly 

enhanced photodegradation in the presence of TiO2-NPs; 43.6% more efficient in the 

presence of TiO2-NPs. Various factors may be attributed to differences in 

photodegradation of individual PAHs. For example, FL contains a 5-carbon ring which 

results in a more difficult photoinduced reaction and low molecular weight (LMW) 

PAHs require greater excitation (shorter wavelength UV) to induce photodegradation 

(Sabaté, J., et al., 2001; Luo, Z. et al., 2015). Results are not contradictory; they only 

reflect the PAH-specificity that determines and drives photocatalytic interactions with 

TiO2-NPs. 

 

Particle structure, surface area, and colour are important factors that influence 

photocatalytic interactions; not all particles may act as photocatalysts in PAH 

degradation. It has been found that ANT, BaP, and PYR photodegrade efficiently in 

water, but once adsorbed to fly ash, photodegradation is significantly inhibited 

(Korfmacher, W.A., et al., 1980). In the same study, ANT and BaP photodegraded 

more efficiently when adsorbed to alumina particles. These results indicate the 

importance of the physical characteristics of the particle in which interactions occur. 

For instance, the sequestering of photodegradation through PAH interactions with fly 

ash may have resulted from the PAHs deposition within the porous fly ash structure, 
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which may have physically shielded the PAHs from irradiation or the dark colour of 

the particle itself absorbed the succeeding UV light (Korfmacher, W.A., et al., 1980). 

 

Investigations of PAH and TiO2-NP photocatalytic interactions have advanced our 

understanding, but further investigations are needed. The continued expansion of TiO2-

NP use in consumer products and particularly its use in environmental remediation 

processes demonstrates the need for continued investigations into PAH and TiO2-NP 

interactions. More specifically, exploration of the varied photocatalytic photoproducts 

has been limited to parent-derived by-products. However, studies done by Wen, S., et 

al., identified PHE-derived photoproducts during PYR irradiation and phthalic acid 

from PHE irradiation in the presence of TiO2-NPs. These studies have highlighted the 

need for further investigation into the heterogeneity of photoproduct formation, 

particularly following the end of UV irradiation. 

 

2.6. Obstacles in Laboratory Studies of PAHs 

 

The physicochemical characteristics of PAHs responsible for their photoactivity and 

interactions with particles also makes them difficult to work with in the lab. 

Hydrophobicity, adsorption to unintended surfaces, and uncontrollable volatility are 

major laboratory obstacles that scientists face when studying PAHs. These 

characteristics of PAHs may contribute to unreliable or contradicting results due to 

unintended losses during experiments or extractions. An in-depth assessment of these 

obstacles and potential solutions found in current literature is much needed to benefit 

PAH studies now, and in the future. 

 

Investigating behavior of PAHs in the aqueous phase is limited by the low solubility of 

some PAHs in water. Many laboratories have resolved hydrophobicity issues by using 

organic solvents such as, acetone, ethanol, methanol, toluene, and dimethyl sulfoxide 

(DMSO). Unfortunately, some of these solvents are toxic to model organisms (some 

dose-dependent) so the field of biology have a limited selection of solvents that can be 

used in studies. The solvents that are chosen strongly depend on the field in which they 
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are being studied. For example, physicists predominantly use toluene as their solvent 

of choice while chemists typically use acetone, ethanol, and methanol.  

 

Biology lab studies generally use DMSO in the laboratory due to the lower toxic effects 

compared to other solvents. DMSO toxicity is dose-dependent, it does not exhibit any 

biological impacts in larval zebrafish at concentrations ≤1% (Truong. L, et al., 2011). 

However, other physical methods may need to be employed such as sonication and/or 

a warm water bath. It should be noted that the use of DMSO in animal studies will 

likely increase the uptake of the PAH into the animal (Usenko, C. Y., et al., 2007). 

Chemistry lab studies typically use acetone as a solvent, but there are reactions that 

may occur between acetone and ·OH.  

 

xOH + CH3C(O)CH3             xCH3C(O)CH2 + H2O (1) 

xOH + CH3C(O)CH3             CH3COOH + xCH3 (2) 

 

Competition of the acetonyl radicals with PAHs may carry out alternative degradation 

pathways (Caralp, F., et al., 2006). Acetone may cause an accumulation of PAH by-

products, specifically 16% acetone, but this response may allow for further 

investigations into photoproducts of PAHs (Woo, O.T., et al., 2009).  

 

Adsorption (sorption), of PAHs to unintended surfaces is another obstacle that one may 

encounter in laboratory studies. Adsorption is a well-known, and difficult, factor in the 

study of PAHs using cell and animal models due to the use of plastic exposure vessels 

which sequester the PAHs from the exposure solution. One particular study developed 

a mass balance model and proposed equations to predict adsorptive losses of PAHs in 

polystyrene exposure vessels, which would allow researchers to account for losses 

through adsorption (Chlebowski, A.C., et al., 2016). Percent adsorption (sorption) was 

calculated as mass of analyte adsorbed to, in this case, polystyrene (masspolystyrene) 

divided by the total mass dosed to the vessel (masstotal) multiplied by 100: 

 

 

 

% sorption =  masspolystyrene  
masstotal  x 100  
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It was also shown that lower concentration PAH exposures had higher sorption and the 

presence of an animal, zebrafish embryo in this case, reduced the sorption of PAH to 

the vessel. However, it has also been shown that the use of glass vessels significantly 

reduces PAH sorption to less than 10% (Schreiber, R., et al., 2008). It is important to 

consider the individual PAH being studied, 2-3-ring PAHs have shown sorptive losses 

of 10%, whereas 4-ring and more show sorptive losses of 40 to 70% in glass vessels 

(Wolska, L., et al., 2005). Sorption may reduce animal/cell exposures, prevent 

interactions of PAHs with co-exposures, and reduce extraction/isolation of PAHs from 

samples. The impacts of sorption of PAHs to vessels used in sampling, storage, 

transport, and exposures is dependent on the endpoints of the study. However, sorption 

is a factor that should be considered in any experimental design involving PAHs, in all 

fields of study.  

 

PAH volatility is an additional concern in laboratory studies, but the use of an organic 

solvent typically overcomes volatilization (Balati, A., et al., 2015). Significant 

volatilization can take place for compounds with Henry’s Law constant values ranging 

from 10-3-10-5 while PAHs with values <10-5 do not volatilize significantly (Dabestani, 

R. & Ivanov, I. N., 1999). Studies have shown that volatilization accounts for less 0.1% 

of PAH losses in solution, but it may be much higher for lower molecular weight PAHs 

and those with higher vapour pressure (Chlebowski, A.C., et al., 2016). There has been 

an equation proposed by Chlebowski, A.C., et al. to account for loss of a PAH through 

volatilization: 

 

 

 

The Henry’s Law constant (Hc), volume of headspace, Vair (volume of vessel occupied 

by air, rather than aqueous exposure media), original concentration of PAH in water 

(Cwater, original). Solubility, adsorption, and volatility are contingent on the individual 

PAH, but these are obstacles that must be considered in any laboratory study involving 

PAHs.  

 

 

massair = Hc x Vair x Cwater, original 
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Conclusions 

 

The interactions between PAHs and TiO2-NPs has generated interest as a result of the 

expansion of TiO2-NPs in consumer products and continued escalation of industrial 

processes for several decades which has resulted in the increased release of both 

pollutants. Additionally, the intentional application of TiO2-NPs for environmental 

remediation of polluted sites created additional concern over the resulting 

photoproducts of these processes and their environmental impacts. The need for an 

environmental intervention has been recognized, but the potential off-target effects of 

unknown photoproduct formation have not been investigated sufficiently for their 

immediate application (Hwang, H.-M., Hu, X. & Zhao, X., 2007, Hoffmann, M. R., 

1995). Mechanisms of the individual photoactivity of PAHs and TiO2-NPs is well-

studied, and the role TiO2-NP generated ·OH and ·O2 radicals likely plays in enhanced 

PAH photo-oxidation processes is widely accepted. However, investigations into the 

diversity of PAH photoproducts formed, during and following the end of UV 

irradiation, are inadequate.  
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Chapter 3: Experimental Layout and Methodology 

For the purpose of understanding various aspects of PAH-specific photo by-product 

formation both in the absence and presence of TiO2-NPs, five different PAHs were 

investigated (Table 3.1) and a multidisciplinary approach was chosen which utilized 

techniques from molecular biology and analytical chemistry.  

Gene expression techniques and analyses are often used to study the activity of the 

formation of a gene product from its coding gene, which is an incredibly sensitive 

indicator of biological activity that can discern individual genes, intricate gene 

pathways, or provide larger gene activity profiles (Carlson-Newberry, S.J., et al., 

1997). Larval zebrafish (Danio rerio) were used in gene expression analyses due to 

their small size, rapid development, and well-characterized genes that encode enzymes 

involved in PAH metabolism (cyp1a, ephx1, ephx2, and sod1) which was ideal for 

assessment of specific, time-dependent biochemical mechanisms (Table 3.1) (Howe, 

K., et al., 2013; Knecht, A., et al., 2013). Zebrafish have become a model species in 

many fields including toxicology, developmental biology, immunology, and 

physiology. For this project the zebrafish have adopted a new role as a sensor to 

investigate adsorbability and bioavailability of distinct PAHs and their subsequent 

photo by-products in both the absence and presence of TiO2 NPs over time.  

Gas chromatography-mass spectrometry (GC-MS) is an analytical chemistry technique 

that separates and identifies specific chemicals based on the distinct spectra 

(mass/charge ratio) that each chemical possesses (King, A.J., et al., 2004). GC-MS has 

proven particularly useful in the identification and quantification of PAH photo by-

products in previous studies (Goodale, B., et al., 2013; Pal, B., et al., 2000). This 

technique was performed by the author in the lab of Professor Staci Simonich, at 

Oregon State University in Corvallis, OR, USA during a secondment that occurred 

between March – May 2019. These analyses included a targeted screening of potential 

photoproducts of the 5 distinct PAHs investigated in this study. 
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An assay that has been previously used to measure oxidative potential of particulate 

matter was modified for measurement of PAH and TiO2 NP changes in oxidative 

potential. Dithiothreitol (DTT) is a strong reducing agent that, when oxidized, forms a 

disulfide. Redox-active chemicals, like most PAHs, oxidize DTT and this process can 

be used to measure DTT consumption which is directly correlated with the oxidative 

potential of the chemical in question. A high-throughput DTT assay was developed 

with colleagues during GC-MS placement at Oregon State University. This project is 

one of the first to utilize this high-throughput DTT assay, which reduced significant 

time, chemical, and waste constraints.  

Table 3.1. The five PAHs investigated in this study, abbreviations, structure, absorbances, and 

concentrations assessed. 

 

Experimental layout (i.e. sample preparation and irradiation) was exactly the same for 

all PAH and PAH+TiO2-NP solutions where all exposure and chemistry solutions were 

made in 20 mL glass vials. Sample collections differed only in that chemistry 

collections only contained the chemical solutions and no larval zebrafish, and exposure 

collections contained only the larval zebrafish (Figure 3.1). Additionally, exposure 

collections were placed in 1.5 mL microcentrifuge tubes and stored at -80°C 

immediately, and chemistry collections were places in 1.5 mL amber glass vials and 

stored at -20°C (product specifications are provided in the following sections).  

PAH Abbreviation Stucture Absorbance (λ nm) Study Concentration (µg/L)

Anthracene ANT 358 20

Phenanthrene PHE 251 40

Benzo[a]pyrene BaP 296, 383 20

Fluoranthene FLT 280 70

Pyrene PYR 333 80
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Figure 3.1. Experimental and collection layout for UVA (7.26 mW/cm2) irradiated and non-irradiated 

anthracene (ANT), phenanthrene (PHE), benzo[a]pyrene (BaP), fluoranthene (FLT), and pyrene (PYR) 

exposures to 72 hpf zebrafish and chemical samples used in GC-MS and DTT analyses.  

3.1. Gene Expression 

3.1.1. RNA Isolation  

Healthy, 72 hpf larval zebrafish were collected at the designated time points following 

exposures, n=15 in each of three, independent replicates of each exposure and 

immediately stored in the dark at -80°C. Total RNA was isolated from the larval 

samples using the RNeasy MiniKit (Qiagen, West Crawley, UK) for animal tissue as 

previously described (Boran, H., et al., 2016). Larvae were homogenized with pestle 

and handheld motorized mixer (Argos UY-44468-25) for 8-10 seconds, and DNase 

(Qiagen) treated on the isolation column to prevent DNA contamination of the sample. 

The RNA was then eluted into 30 PL of sterile RNase/DNase free water, and 

confirmation of RNA quantity and quality was measured using the Nanodrop 

Spectrophotometer (ND-2000). All samples with 280/260 ratio between 2.0-2.2 were 

diluted to a final concentration of 100 ng/PL and used for further analyses. 
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3.1.2. cDNA Synthesis 

cDNA was synthesized from 100 ng/µL RNA using the Precision nanoScript2 RT Kit 

(Primer Design). There were two steps of cDNA synthesis, the annealing step in which 

the RT primer anneals to the RNA template (RNA isolated in previous section) and the 

extension step in which the dNTPs within the reaction mix synthesize a complementary 

strand of DNA with the nanoScript enzyme as a catalyst for the reaction. The following 

table provides an example of the recipe which includes the volumes, and calculations, 

ran on the thermocycler.  

 

 

Temperature/time cycles were as follows: annealing step- 65°C for 5 minutes; 

extension step- 42°C for 20 minutes and 75°C for 10 minutes. More specifically, at the 

end of the annealing step the samples were placed immediately and directly on ice to 

stop the reaction then the appropriate volumes of reagents were added for the extension 

step. Once the extension step was completed a 1:10 dilution of the cDNA was made 

with sterile RNase/DNase free water for the following qPCR reaction set-up. All cDNA 

samples were stored at -20°C. 

 

 

Reagent Volume (uL) # of Samples Volume to Add to MM
RNA (100ng/uL) 9 48 -

RT Primer 1 48 -
Total per sample 10 50 500

Reagent Volume (uL) # of Samples Volume to Add to MM
nanoScript2 4x Buffer 5 48 240

dNTP mix 1mM 1 48 48
Rnase/Dnase Free water 3 48 144

nanoscript2 Enzyme 1 48 48
Total per sample 10 48 480

Extension Step

Annealing Step
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3.1.3. Quantitative PCR (qPCR) 

Prior to qPCR the specificity of primers was assessed by PCR with ReadyMix Taq 

Reaction Mix with MgCl2 (Sigma, Cat: P4600) with cycling parameters of 94qC for 2 

min; 30 cycles of 94qC for 15 s, designated annealing temperature for 30 s, 72qC for 1 

min; 72qC for 3 min. The product was then run on a 1% agarose gel to ensure only a 

single, correct sized product was amplified.  

Primers were designed for zebrafish using Primer BLAST (NCBI) for the following 

genes: E-actin, cyp1a, ephx1, ephx2, and sod1. The table below shows the primer 

parameters for all the genes.  

Table 3.2. Gene names, NBCI reference, primer sequences, product lengths, and annealing temperatures 

of all genes assessed in this study. 

 

In order to then calculate efficiency of the primers, qPCR was performed on 1:10, 

1:100, and 1:1000 diluted cDNA samples using Precision PLUS Mastermix with SYBR 

Green (PrimerDesign, Eastleigh, UK). qPCR was performed in 20 µL reactions 

consisting of 10 µL SYBR Green Mastermix, 1 µL each primer, 3 µL H2O, and 5 µL 

of cDNA (1:10, 1:100, and 1:1000 dilutions). Amplification (Step One Plus, Applied 

Biosystems, Warrington, UK) was performed with the following cycling parameters: 

95˚C for 2 min; 40 cycles of 95˚C for 15 s, primer-specific annealing temp for 1 min; 

95˚C for 15 s; 60qC for 1 min; 95qC for 15 s. A melt curve was performed at +0.3 

Gene NCBI Reference Sequence
Product 
Length 

(base pairs)

Annealing 
Temp (˚C) 

Forward (5'-3') ACACAGCCATGGATGAGGAAATCG
Reverse (5'-3') TCACTCCCTGATGTCTGGGTCGT
Forward (5'-3') AGGACAACATCAGAGACATCACCG
Reverse (5'-3') GATAGACAACCGCCCAGGACAGAG
Forward (5'-3') CTCAGTTGGAGCCCAATGCT
Reverse (5'-3') ATCATGCTCGGTGAAGCCAA
Forward (5'-3') GCCTGGTGTGAAGATCCACTA
Reverse (5'-3') GAGCCAGAACCCTGAATCCT
Forward (5'-3') ACCGGCACCGTCTATTTCAA
Reverse (5'-3') AGCATGGACGTGGAAACCAT

ß-actin NM_131031.1 138 60

cyp1a NM_131879.1 174

105 55

ephx1 NM_201068.1 

ephx2 NM_001008642.1

sod1 NM_131294.1 

134

60

58

137 58
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increments to assess for multiple products. Primer efficiency (e = 10(-1/slope)-1) was 

calculated based on a standard curve, and an efficiency of 0.9-1.1 was required for 

further use of all primers. qPCR on experimental samples had the same cycling 

parameters as above.  

3.2. Gas Chromatography-Mass Spectrometry 

3.2.1. Sample Extraction 

Solid phase extraction (SPE) of the samples were done using Isolute ENV+ (100 mg, 

6 mL) cartridges from Biotage (Charlotte, NC) on an SPE vacuum which were 

preconditioned with 10 mL of methanol (MetOH) and 10 mL of water, ensuring the 

column never dried out in order to avoid any reactions with oxygen. Samples (1000 

µL) were allowed to thaw while SPE cartridges were being pre-conditioned, and once 

completely thawed, the samples were spiked with a surrogate of known composition 

and concentration (Table 3.3) in order to calculate any losses from the SPE. Once 

samples were spiked with the surrogate, the sample was loaded onto the Isolute column 

and allowed to flow through at no more than 1 small drop per 2 seconds to allow for as 

much interaction of the sample with the column as possible. To ensure the complete 

sample was taken, the storage vial was rinsed three times with ethyl acetate (EA): 

Acetone (Ace) in a 3:1 ratio. Once again, care was taken to avoid the cartridge drying 

out by stopping the flow through just before the sample reached the top of the column. 

Fresh, labelled, 40 mL, glass vials were then placed in the SPE vacuum and then 

samples were eluted with 10 mL EA:Ace (3:1), 10 mL dichloromethane (DCM), and 

10 mL hexane (Hex). 

Baked sodium sulfate was added to the eluted samples until there were no lumps and 

no sodium sulfate stuck to the sides. This was done in order to absorb any water leftover 

in the sample. The sample was then poured into a TurboVap glass tube with 1 mL 

nipple. Once again, the 40 mL vials were rinsed three times with EA:Ace (3:1) to ensure 

the entirety of the samples were transferred to the TurboVap glass tube. The TurboVap 

tubes were then placed into the TurboVap and the endpoint selection was switched to 
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“sensor”, the lid was closed, and the cells with tubes are selected to be blown down 

(approximately 35 min for each 30 mL sample).  

Once blow down is complete, a squirt bottle was used to add approximately 5 mL of 

EA to the TurboVap tube and allowed to blow down again (this was repeated two more 

times). On the final blow down, the endpoint selection was switched to “time” and ran 

for 4 min initially. It was important to avoid blowing down the sample once EA is 

completely gone to avoid volatilization of PAHs, and then approximately 200-300µL 

of EA was added to the TurboVap glass tube and used to rinse the tube before adding 

the sample to a 1.5 mL crimp cap amber glass vial with a glass insert. Once added, the 

samples were blown down to 1 mL volumes.  

3.2.2. Sample Preparation 

The concentrated samples were then split, and internal standards of known 

concentration were added. The first portion, consisting of 225 µL of sample, was spiked 

with isotopically labeled internal standards for a final volume of 300 µL, and was used 

for the analysis of OPAHs (Table 3.3). For the analysis of OHPAHs, extracts needed 

to be derivatized to make them suitable for GC analysis (increase volatility and 

decrease boiling point). For this, 75 µL of the prepared sample was transferred into a 

300 µL spring insert containing 100 µL of ACN:Tol (5:1) and 25 µL of isotopically 

labeled internal standards, and concentrated to 20 µL using a nitrogen fine stream. The 

derivatizing agent, N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide 

(MTBSTFA) (Sigma Aldrich, Milwaukee, WI), was added to the extract (30 µL), the 

mixture was placed in the oven at 65 °C for 25 min, vortexed, and analyzed as described 

in the next section. 
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Table 3.3. List of all the surrogates and internal standards used in GC-MS analyses of OHPAHs and 

OPAHs. 

 

3.2.3. Sample Analysis 

Gas chromatography-mass spectrometry (GC-MS) analyses for OPAHs, and OHPAHs 

were performed using an Agilent 7890B GC system coupled to an Agilent 5977A mass 

spectrometer (MS) detector with electron impact (EI) ionization. All analyses were run 

in selected ion monitoring (SIM) mode. GC-MS analyses for all analytes were 

performed using an Agilent DB-5MS (30 m × 0.25 mm I.D. × 0.25 µm film thickness) 

capillary column.  

OHPAHs were analyzed with an optimized method from a previously published 

method (Motorykin, O., et al., 2015). A 1 μL injection, constant flow of 1 mL min-1 of 

helium and a constant inlet temperature of 280 °C in splitless mode. The oven 

temperature program was as follows: 70 °C for 1 min, ramp at 6 °C min-1 until 223 °C, 

ramp at 5 °C min-1 until 248 °C, ramp at 3 °C min-1 until 287 °C, ramp at 33 °C min-1 

OPAH/OHPAH Surrogate OPAH Internal Standard
V-SSMix-23A: 2 ng/µL V-ISMix-25: 5 ng/µL

Naphthalene-d8 Acenaphthene-d10
Fluorene-d10 Fluoranthene-d10

Benzo(ghi)Perylene-d10 Benzo(k)fluoranthene-d12
Pyrene-d10 9-fluorenone-d8

Benzo(a)Pyrene-d12 Coronene-d12
Triphenylene-d12 2-nitrobiphenyl-d9
Phenanthrene-d10 2-nitrofluorene-d9

3-hydroxyfluorene-13C6 OHPAH Internal Standard
4-hydroxyphenanthrene-13C4 V-ISMix-OHPAH: 2 ng/µL

1-hydroxynaphthalene-d8 1-hydroxynaphthalene-d8
3-hydroxybenzo(a)pyrene-d11 3-hydroxyfluorene-13C6

1-hydroxybenz(a)anthracene-13C6 4-hydroxyphenanthrene-13C4
3-hydroxychrysene-d11 1-hydroxypyrene-d9

1-hydroxypyrene-d9 1-hydroxybenzo(a)anthracene-13C6
3-hydroxybenzo(c)phenanthrene-13C6 3-hydroxybenzo(c)phenanthrene-13C6

1-nitronaphthalene-d7 3-hydroxychrysene-d11
6-nitrochrysene-d11 3-hydroxybenzo(a)pyrene-d11

3-nitrofluoranthene-d9
5-nitroacenaphthene-d9

1-nitropyrene-d9
9-nitroanthracene-d9

1,4-naphthoquinone-d6
Anthraquinone-d8
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until 320 °C, and hold for 8.5 min for a total run time of 54 min. The MS ion source, 

quadrupole and interface temperatures were 230 °C, 150 °C and 320 °C, respectively. 

OPAHs were analyzed with a modified version of a previously published method 

(O’Connell, SG, 2013). A 1 μL injection, constant flow of 1 mL min-1 of helium, a cold 

injection (40 °C, liquid N2) in splitless mode, followed by a ramp in the inlet at 600 °C 

min-1 until 350 °C, hold for 1 min and keep at a constant inlet temperature of 300 °C. 

The oven temperature program was as follows: 60 °C for 1 min, ramp at 40 °C min-1 

until 150 °C, hold for 5 min, ramp at 4 °C min-1 until 265 °C, ramp at 40 °C min-1 until 

320 °C, and hold for 15 min for a total run time of 53.4 min. The MS ion source, 

quadrupole and interface temperatures were 230 °C, 150 °C and 320 °C, respectively. 

Estimated detection limits (EDLs) were calculated following section 7.3 of EPA 

Method 8280. 

3.3. Dithiothreitol Assay 

3.3.1. Solution Preparation 

Dithiothreitol (DTT) (≥99%, 100597), was purchased from MP Biomedicals, 5,5’-

dithiobis (2-nitrobenzoic acid) (DTNB) (≥98%, D8130) was purchased from Sigma,  

and phosphate buffered saline, PBS tablet (MFCD00131855) was purchased from 

Sigma. DTT and DTNB were weighed out prior to the experimental day and stored in 

1.5 mL amber glass vials at 4°C (they were not placed in solvent). Reagent stocks were 

prepared according to the chart below: 

 

 

 MW Desired Stock 
Concentration 

Volume of 
Solvent 

Mass Needed  

PBS 136.89 0.05 M 100 mL 1 tablet (Sigma) Glass bottle 
DTT 154.25 5 mM 1.5 mL 0.001156875 g 1.5mL amber 

vial 
DTNB 396.34 10 mM 1.5 mL 0.0059451 g 1.5mL amber 

vial 
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On the day of the assay, DTT was placed in 0.05M PBS, DTNB was placed in 

methanol, and 0.05M PBS was made with milli-q water. These volumes were enough 

for four, ninety-six well plates. DTT dilutions were then made in 0.5 mL microtubes 

for the DTT calibration curve: 

 

Then, the DTT dilution for samples was prepared and vortexed:  

 

Once all reagent dilutions and solutions are prepared, 100 µL of 0.05 M PBS was added 

to DTT curve, sample, and PBS wells. Then, 4 µL of 0.1% DMSO was added to the 

DTT calibration curve wells (this volume was the same as the amount of sample added 

to sample wells), and 5 µL of DTT dilution was added the calibration curve wells (in 

triplicate). 4 µL of sample was then added to the designated samples in triplicate, and 

5 µL of 0.5 mM DTT followed. The lid was then placed on the plate, wrapped in foil, 

and shaken for 4 s. The plate was immediately incubated at 37°C for 15 min in a Galaxy 

48 R (Eppendorf) incubator. 

 

Concentration 
(mM) 

Stock (uL) PBS (uL) 

0.5 40 360 

Concentration 
(mM) 

Stock (uL) PBS (uL) 

0 - 50 
0.2 2 48 
0.4 4 46 
0.6 6 44 
0.8 8 42 
1 10 40 
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During the incubation 1 mM DTNB was prepared: 

 

Directly following the 37°C incubation, the reaction was quenched by adding 10µL of 

1 mM DTNB into all wells except PBS wells. The plate was then wrapped in foil and 

shaken at high speed for 5 min, and absorbance was immediately read at 412 nm.  

3.3.2 Sample Analysis 

The samples were read using a SpectraMax M5 (Molecular Devices). Absorbance was 

read at 412 nm from the top of the plate, with no lid. The raw data was exported as an 

excel file and values were used in further analyses. 

3.4. Sample Preparation and Collection 

3.4.1. Chemical, nanoparticle and solution preparation 

Anthracene (ANT) (>99%, SKU-141062), benzo[a]pyrene (BaP) (>96%, SKU-

B1760), fluoranthene (FLT) (>99%, SKU-F4418), phenanthrene (PHE) (98%, SKU-

P11409), and pyrene (PYR) (99%, SKU-571245) were purchased from Sigma Aldrich. 

Primary stocks of all PAHs (used in all experiments) were made in dimethyl sulfoxide 

(DMSO) at 400 mg/L concentrations in 20 mL glass vials (Fisher), covered in foil, and 

stored in the dark at -20°C. The exposure and chemistry solutions of the PAHs were 

made in OECD media, along with a 0.1% DMSO control to account for the final 

concentration of DMSO present in exposure/chemistry solutions. Final PAH 

concentrations were: ANT- 20 µg/L, BaP- 20 µg/L, FLT- 70 µg/L, PHE- 40 µg/L, and 

PYR- 80 µg/L. 

 

 

Concentration 
(mM) 

Stock (uL) PBS (uL) 

1 100 900 
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The TiO2-NPs used in all experiments were: JRCNM01005a, formerly known as 

NM105, Aeroxide P25 (Evonik Degussa) from the EU nanoparticle repository. They 

are 25-30 nm in diameter, uncoated, anatase: rutile ratio of 85:15, and -6.45 mV z-

potential when 10 mg/L were suspended in milli-Q water. The primary stock solution 

of TiO2-NPs (used in all experiments) was dissolved in reverse osmosis (RO) water at 

500 mg/L in a 20 mL glass vial, covered in foil, and stored in the dark at room 

temperature (20°C) . The exposure and chemistry solutions of TiO2-NPs were made in 

OECD media on the day of the experiment with a final concentration of 2 mg/L. 

 

On the day of exposure/chemistry collection, the primary stocks of both the PAHs and 

TiO2-NPs were water sonicated with a Digital Sonifier (Branson) for 40 min to reduce 

NP agglomeration and ensure that the PAHs were completely dissolved. 0.1% DMSO, 

PAH, 2 mg/L TiO2-NP, and PAH+ 2 mg/L TiO2-NP exposure/chemistry solutions were 

made in OECD media, and then irradiated at an intensity of 7.26 mW/cm2 (17.42 J/cm2) 

for 40 min using a SOL1000 UVA lamp (honle UV technology) with H1 filter (UV > 

320 nm). Non-irradiated solutions used for larval exposures and oxidative potential 

analyses were prepared identically. 

 

3.4.2. Zebrafish and larval zebrafish exposure 

Wildtype WIK strain zebrafish (Danio rerio) were obtained from the Heriot-Watt 

University research facility, and the same batch was used throughout all exposure 

studies to avoid familial differences. The WIK adult zebrafish lines were gifted by 

Professor Charles Tyler at University of Exeter and housed at Heriot-Watt University 

zebrafish facility in 19 L tanks filled to 14 L with OECD, on 80 L recirculating systems 

in a room maintained at 28°C with a 14 hr light/10 hr dark schedule. OECD medium 

was made from tap water that was filtered through a RO filter and synthesized 

following OECD guidelines (OECD 210). The OECD medium consisted of 79, 38, 12, 

17, and 2 mg/L of Ca2+, Mg2+, Na+, and K+ respectively with pH of 7.0, and oxygen 

content between 5.5 – 6 mg/L. Fish system OECD temperature was checked daily to 

ensure it remained between 27 – 29 °C, and OECD water chemistry was checked 1-2 

times a week with no more than 7 days in between checks. Ammonia ( < 0.5 mg/L), 
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pH ( 6.00 – 8.00), nitrite ( 0 mg/L), nitrate ( < 50 mg/L), and dissolved oxygen ( 7 – 9 

mg/L) were among the weekly chemistry parameters monitored. Breeder fish were fed 

twice daily, once with small granular fish food (ZM systems, Winchester, UK) in the 

mornings and live brine shrimp, Artemia salina (ZM systems, Winchester UK), in the 

afternoon. The day of spawn-setups the fish were fed once in the morning, but not in 

the afternoon to prevent increased ammonia concentrations in the breeder tanks due to 

excretion and to boost spawning success. 

In OECD, embryos were collected from group spawns with 3:2, female:male ratios in 

1-liter spawn baskets (MBKI) and allowed to spawn for a full 3 hr (0700-1000) in the 

28°C fish facility. At 2-4 hours post fertilization (hpf), fertilized embryos were 

collected, placed into 90 mm petri dishes (VWR) at a density of 50 embryos per petri, 

and wrapped in foil to be kept in the dark in the fish facility. At 24 hpf, unfertilized 

embryos were removed and then kept in the dark in the fish facility until the day of the 

exposure experiment ( 72 hpf). 

 

All exposures were executed at 0930 to ensure all larvae were at the same 

developmental stage, and thus, avoiding any developmental differences in gene 

expression profiles of the rapidly developing zebrafish larvae. Healthy, unchorionated, 

72 hpf larvae were selected and placed in non-irradiated or UVA irradiated solutions 

and placed in the dark in the 28°C fish facility. Each exposure was collected at 1, 2, 4, 

and 6 hours post exposure (hpe), done in triplicates (n=3), and contained 15 animals. 

0.1% DMSO controls were collected at each time point, for every exposure day, to 

account for the rapidly developing larvae and the subsequent genetic changes that 

accompany this model. All larval collections were placed on ice for 20 min and 

immediately stored at -80°C.  

 

3.4.3. Sample Collection 

There were two different types of sample collections: larval collections and chemical 

collections. Larval collections were specifically for gene expression analyses, and 

chemical collections were used for both GC-MS and DTT analyses. The method of 

collections was similar for both larval and chemical collections, but larval collections 
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were according to “hours post exposure” (hpe), and chemical collections were 

according to “hours post irradiation” (hpi), although zebrafish larvae were placed in 

irradiated solutions within 10-15 min following irradiation in order to make both sets 

of data comparable. 

Larvae were collected in RNase-free 1.5 mL microcentrifuge tubes (Applied 

Biosystems, 10676825) at 1, 2, 4, and 6 hours post exposure (hpe). 5 minutes prior to 

the designated collection time point, larvae were placed on ice so as to anesthetize them 

to ensure efficient animal collections. At the designated time point, 15 larvae per 

replicate (in triplicate per exposure) were placed into 1.5 mL microcentrifuge tubes and 

placed deep within ice. Once all larvae were collected, and on ice for 20 min, any 

remaining solution within the 1.5 mL microcentrifuge tube was removed and the larval 

samples were immediately stored in the dark at -80qC.  

Chemical samples were collected in 1.5 mL amber, glass vials at 1, 2, 4, and 6 hpi, and 

immediately stored in the dark at -20qC. GC-MS samples were not collected in 

triplicate, only consisted of irradiated solutions, and 1 mL volumes were collected per 

solution/timepoint. Samples meant for the DTT assay were collected in triplicate, 

consisted of irradiated and non-irradiated solutions, and 1 mL volumes were collected 

per solution/timepoint.  

3.5. Data and Statistical Analyses 

3.5.1. Statistical analyses of gene expression 

The threshold cycle (CT) measured by qPCR determined gene expression levels of ß-

actin, the housekeeping gene, and cyp1a, ephx1, ephx2, and sod1, the target genes. The 

target genes were normalized to ß-actin (∆CT) at each time point within the specific 

exposure and the differences between 0.1% DMSO controls and exposures were 

obtained for each time point using the ∆∆CT method (Henry, T.B., et al., 2013). The 

fold changes (2∆∆CT) of the target genes were compared to the average ∆∆CT of the 

control larvae. 
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All statistical tests were run on the relative fold changes calculated from the above 

calculations which followed a normal distribution (as tested by the Shapiro-Wilks test 

of normality, p > 0.05). To test significance of exposures compared to 0.1% DMSO 

controls, a one-way ANOVA was run with a post-hoc Dunnett’s test (superior for 

multiple-to-one comparisons) and exposures with p-value ≤ 0.05 were considered 

significantly different. Testing the significance of the specific time points within each 

exposure was done by running a one-way ANOVA with a post-hoc Tukey test and time 

points with p-value ≤ 0.05 were considered significantly different. To assess the 

significance of UVA irradiation of exposure solutions, a one-way ANOVA comparing 

NonUVA and UVA exposures was done with a pairwise t-test, and the same was done 

for significant differences between PAH and PAH+TiO2-NP exposures; samples with 

p-value ≤0.05 were considered statistically significant. All statistical analyses were 

conducted using Real Statistics Resource Pack software (Release 6.8). 

3.5.2. GC-MS Data Analyses 

Data collected from GC-MS samples analyses was Q-edited by assessing retention 

time, signal-to-noise, quant-to-qual ion ratios, and mass spectra (Figure 3.2.). 
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Figure 3.2. Flow chart representing the Q-editing process for GC-MS data (courtesy of Jill 

Schrlau at Oregon State University). 

Estimated Detection Limits of samples were done using the following equations: 

EDLs = (2.5) (Cis,s)(Hn,s)/ (His, s) (RF) 

RFs = (Hx,std) (Cis, std)/ (Cx, std) (His, std) 

Cis, s= internal standard (IS) concentration in samples 

Hn,s)= height of noise in sample 

His, s = height of IS in sample 

RF = response factor 

Hx,std = height of target in standard 

Cis, std = IS concentration in standard 

Cx,std = analyte concentration in standard 

His, std = height of IS in standard 

 

Analytes were quantified by the software which was then back calculated according to 

the original sample volume extracted (1000 µL), volume of sample following SPE and 

Manually 
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ion peaks 

Is the retention 
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concentration (300 µL), and amount of sample volume used for OPAH (225µL) and 

OHPAH (75 µL) analyses. 

OPAH calculation: (Canalyte) (300/1000) (300/225) = OPAH ug/L 

OHPAH calculation: (Canalyte) (300/1000) (300/75) = OHPAH ug/L 

3.5.3. Data analyses of oxidative potential 

A six-point standard curve was made from the absorbance values of the DTT 

calibration solutions, and the absorbance of samples were normalized to PBS 

absorbance values. The amount of DTT consumed was then calculated using the slope 

of the standard curve equation and solving for x.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Britney Phase: Self discovery in Crossroads 
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Chapter 4: Altered photoproduct formation of aqueous phase 

anthracene and phenanthrene in the presence of TiO2-NPs 

 
4.1. Introduction 

Interactions between polycyclic aromatic hydrocarbons (PAHs) and nanoparticles 

(NPs) can influence the environmental fate, transport, and transformation of PAHs and 

their photoproducts in aquatic environments. Anthracene (ANT) and phenanthrene 

(PHE) are three ring PAHs often produced through pyrolysis and enter surface waters 

through urban water run-off and atmospheric deposition. TiO2-NPs are typically 

released following the use of personal care products such as sunscreen, makeup, and 

some toothpastes and released into the environment when washed from the skin or body 

(de Bruyn, W.J., et al., 2012). Due to the broad application and expansion of TiO2-NP 

use in products on the market, the possibility of uncontrolled release into the aquatic 

environment during manufacturing, accidental release, or the deliberate application of 

TiO2-NPs to remediate pollution events (e.g., oil spills) is increasing (García-Martínez, 

M.J., et al., 2006; Wen, S., et al., 2002). Extensive studies have been done to assess the 

safety of TiO2-NPs and legislations have been put in place to restrict the amount 

allowed in consumer products (particularly cosmetics), but the focus is primarily on the  

TiO2-NP itself and does not consider interactions with other chemicals or pollutants 

(Gepper, M., et al., 2020). Although the extent of interactions between PAHs and TiO2-

NPs in the aquatic environment are unknown, further investigations of the diverse 

photoproducts formed from their interactions. Advanced understanding of the 

outcomes of these complex photochemical processes could contribute to the 

implementation of procedures which may reduce adverse environmental and human 

health impacts.  

 

Both ANT and PHE are photoactive and upon absorption of ultraviolet (UV) light can 

transform into different molecules. The production of specific, parent-derived 

photoproducts such as 9,10-anthraquinone from ANT (Figure 4.1) or 9,10-

phenanthraquinone from PHE are well-characterized both in the absence and presence 
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of TiO2-NPs (Figure 4.2, 4.3). However, the diversity of subsequent photoproducts, 

the time course of formation, and changes in biodegradation and bioavailability in the 

aquatic environment has never been explored collectively within the same study. A 

screening of diverse PAH photoproducts, in combination with TiO2-NPs, should be 

completed to understand these processes in the aqueous phase. In addition, the presence 

of TiO2-NPs suggests differing mechanisms of photochemistry, perhaps through the 

production of more hydroxyPAH (OHPAH) photoproducts through the contribution of 

•OH radicals by the NP which should be investigated (Figure 4.2. 4.3). 

 

 

Figure 4.1. Chemical mechanism of anthracene (ANT) photodegradation that yields 9,10-anthraquinone 

(Yu, H., 2002). 

 
 
 

 

Figure 4.2. Photocatalytic degradation mechanism of anthracene (ANT) in the presence of TiO2-NPs 

that yields diones, dihydrodiols, and ring breaks (Woo, O.T., et al., 2009). 
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Figure 4.3. Proposed photocatalytic mechanism of phenanthrene (PHE) in the presence of TiO2-NP that 

yields diones and multiple ring breaks (Bai, H., et al.,2017).  
 

 

Zebrafish (Danio rerio) have been used extensively to assess toxicity and explore 

molecular mechanisms of PAH metabolism, and the expression of various genes which 

encode for enzymes responsible for PAH metabolism are well-characterized (e.g., 

cyp1a, ephx1, ephx2, and sod1) (Knecht A., et al., 2013, Shankar, Prathna, et al., 2019, 

Goodale, B.G., et al., 2013). Previous studies have utilized this gene specificity in the 

zebrafish to explore subsequent changes in the bioavailability of PAHs and their by-

products, particularly in the presence of TiO2-NPs (Patsiou, D., et al., 2019). The 

exploitation of the specificity of changes in expression of targeted genes in early life 

stage zebrafish has provided new insight into PAH-NP adsorption processes in the 

aqueous phase without confounding effects of extraction and manipulation that can 

alter the processes under investigation (Patsiou, D., et al., 2019). In this chapter, 

advantages of the zebrafish model enabled unique investigations of altered gene 

expression which was employed as a “biosensor” to probe for PAHs and their 

photoproducts. Results of these investigations identified time-related transitions from 

photodegradation to biodegradation, altered bioavailability in the presence of TiO2-

NPs, as well as efficient PAH-specific biodegradation in the absence of UVA. While 

gene expression analyses contributed important information for understanding PAH 

biodegradation and bioavailability, as well as demonstrating the zebrafish model’s use 
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as a powerful “biosensor” for PAHs and their photoproducts, insight from other 

technical approaches were necessary to provide a more comprehensive understanding.  

 

The formation of PAH photoproducts upon interaction with TiO2-NPs is a dynamic 

process that requires the application of multiple innovative approaches to investigate. 

In addition to sophisticated techniques of molecular biology, gas chromatography-mass 

spectrometry (GC-MS) was used to identify and quantify PAH photoproducts 

following UVA irradiation. GC-MS is often used to investigate PAH photodegradation 

and has revealed the formation of primary, parent-derived photoproducts of both ANT 

and PHE (e.g., 9,10-anthraquinone and 9,10- phenanthraquinone) (Wen, S., et al., 

2002; Bai, H., et al., 2016; Librando, V., et al., 2014). Previous investigations have 

advanced our understanding of photoproduct formation but has yielded limited 

knowledge of photodissociation and photorecombination events which result in even 

more diverse photoproducts and restricts our awareness of the potential environmental 

and human health implications of ANT and PHE photoprocesses. This study screened 

for well-characterized parent and non-parent-derived oxygenated PAH (OPAH) and 

hydroxylated PAH (OHPAH) molecules to investigate potential photodissociation and 

photorecombination events of ANT and PHE that contribute to diverse photoproduct 

formation over time, and how the presence of TiO2-NPs influences these 

photoprocesses. Additionally, the capacity for ANT and PHE to generate reactive 

oxygen species (ROS) or transform into reactive intermediates has been assessed 

through an oxidative potential assay that was initially developed to measure oxidative 

potential of particulate matter but proved applicable for measuring oxidative potential 

of PAHs (Charrier, J.G., et al., 2012; Yadav, S., et al., 2019). The use of gene 

expression analyses and analytical chemistry techniques each provided unique 

perspectives but in combination they revealed the dynamic roles that bioavailability, 

biodegradation, photodegradation, and TiO2-NP photocatalysis all play in PAH-

specific photoproduct formation in the aquatic environment. 
 

The overall aim of this study was to enhance understanding of ANT and PHE 

bioavailability and photoproduct formation upon interaction with TiO2-NPs following 

UVA irradiation in the aqueous phase. Specific objectives were: 1) to measure time-
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related expression profiles of specific genes (cyp1a, ephx1, ephx2, and sod1) in larval 

zebrafish exposed to ongoing ANT- and PHE- TiO2-NP sorption/photochemical 

reactions; 2) to quantify formation of diverse photoproducts that form during these 

reactions by GC-MS analyses; 3) examine changes in oxidative potential to support 

altered photoproduct formation in the absence or presence of TiO2-NPs; and 4) to 

integrate the results of these different approaches to enhance understanding of these 

complex biochemical and photochemical processes.   

 

4.2. Methods 

 

Detailed methods and experimental layout for this chapter are described in Chapter 3. 

All gene expression results that were considered significantly different had a p-value ≤ 

0.05. All solutions for gene expression and chemistry analyses were prepared in the 

same manner, but chemistry samples did not include zebrafish larvae. Concentrations 

selected for ANT and PHE investigations were based on an extensive literature search 

to obtain environmentally relevant concentrations of these PAHs (Table 4.1). 
 

 

Table 4.1. Anthracene (ANT) and phenanthrene (PHE) found in different aquatic environments (Mojiri, 

A., et al., 2019). 

 

 

 

  

PAH Water Source Lowest Concentration (µg/L) Highest Concentration (µg/L)
Drinking Water 0.0014 0.071
River and Lakes 0.001 256

Groundwater 0.0001 0.1956
Wastewater 0.042 0.2949
Seawater 0.0001 3.335
Sediment 0.002 0.658

Drinking Water 0.013 139
River and Lakes 0.013 126

Groundwater 0.002 0.1792
Wastewater 0.033 6,496
Seawater 0.0002 1.08
Sediment 0.0057 0.41

Anthracene 
(ANT)

Phenanthrene 
(PHE)
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4.3. Results 

 

4.3.1. Time-related gene expression profiling in larval zebrafish following exposure 

to irradiated anthracene or phenanthrene in the presence of TiO2-NPs 

No zebrafish larvae died and there were no alterations in morphology or behaviour in 

larvae exposed to treatments compared to 0.1% DMSO controls.  The expression of b-

actin did not differ among larvae exposed to treatments or controls within the same 

time points (p-value > 0.05, df = 11 among all larvae at each time point) and was 

considered an appropriate reference gene transcript for computation of relative fold 

changes in expression of target genes. The 0.1% DMSO vehicle used to solubilise 

PAHs did not cause any significant changes in target gene expression in exposed larvae 

(Figure 4.4). Zebrafish larvae exposed to 2 mg/L TiO2-NP alone did not show 

significant induction of any of the assessed gene transcripts (Figure 4.4).  

 

Irradiated ANT+TiO2-NP exposures demonstrated induced expression of both cyp1a 

and ephx2 at 4 hpe, but ANT alone exhibited sustained expression of cyp1a, ephx1, and 

sod1 over all time points investigated (< 2-fold) (Figure 4.5). The presence of TiO2-

NPs in non-irradiated ANT exposures significantly reduced cyp1a expression 

compared to exposures of ANT alone. Non-irradiated PHE and PHE+ TiO2-NPs 

showed the highest inductions of all genes at 1 hpe proceeded by significantly 

decreased expression by 2 hpe (Figure 4.6). However, non-irradiated PHE+ TiO2-NP 

exposures demonstrated a higher average fold change than exposures of PHE alone. 

Irradiated PHE+ TiO2-NP exposures showed time-related induction of ephx2 at 4 hpe, 

but otherwise non-irradiated PHE and PHE+TiO2-NP exposures demonstrated higher 

gene inductions of all the genes (bioactivity) assessed.  
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Figure 4.4. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 0.1% DMSO and 2 mg/L TiO2-

NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were calculated using the ∆∆CT 

method and normalized to b-actin at each time point. Brackets indicate a significant difference between 

those particular time points, and star(s) above a particular time point indicates that specific time point is 

significantly different compared to all the time points in that exposure. Statistical differences were 

identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, and ***= p <0.001. 
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Figure 4.5. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 20 µg/L ANT and 20 µg/L 
ANT+ 2 mg/L TiO2-NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were 

calculated using the ∆∆CT method and normalized to b-actin at each time point. Brackets indicate a 

significant difference between those particular time points, and star(s) above a particular time point 

indicates that specific time point is significantly different compared to all the time points in that 

exposure. Statistical differences were identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, 

and ***= p <0.001. 
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Figure 4.6. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 40 µg/L PHE and 40 µg/L 

PHE+ 2 mg/L TiO2-NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were 

calculated using the ∆∆CT method and normalized to b-actin at each time point. Brackets indicate a 

significant difference between those particular time points, and star(s) above a particular time point 

indicates that specific time point is significantly different compared to all the time points in that 

exposure. Statistical differences were identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, 

and ***= p <0.001. 
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ANT and PHE exposures showed distinct time and irradiation-dependent expression 

patterns of cyp1a, ephx1, ephx2, and sod1 (Figure 4.7). Overall, irradiation elicited the 

most significant effects on gene expression in ANT and ANT+ TiO2-NP exposures 

(Figure 4.7, A). However, non-irradiated PHE and PHE+ TiO2-NP exposures were all 

influenced by time, where all genes were significantly different through-out the time 

course investigated (Figure 4.7, B). The presence of TiO2-NPs did significantly 

decrease cyp1a expression in non-irradiated ANT exposures but did not elicit any other 

significant gene expression changes in either irradiated ANT or PHE exposures (Figure 

4.7, C).  

 

Figure 4.7. Heat maps show p-value measures of significance of the average (n=3) cyp1a, ephx1, ephx2, 

and sod1 gene expression over all time points of 20 µg/L ANT, 20 µg/L ANT + 2 mg/L TiO2-NP, 40 

µg/L PHE, and 40 µg/L PHE + 2 mg/L TiO2-NP exposures comparing A) non-irradiated and UVA (7.26 

mW/cm2) irradiated exposures (ANOVA, Dunnett’s), arrows indicate increase/decrease following 

irradiation B) changes in gene expression over time (ANOVA, TukeyHSD) C) exposures in the presence 

or absence of TiO2-NP (ANOVA, t-test), arrow indicates a decrease in expression in the presence of 

TiO2-NP. All genes were normalized to b-actin. White= p >0.05, pink= p ≥0.01≤0.05, light red= p 

≥0.001≤0.01, red= p ≤0.001. 
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4.3.2. Time-dependent anthracene and phenanthrene photoproduct formation and 

the influence of TiO2-NPs 

Control samples, 0.1% DSMO and 2 mg/L TiO2-NP, both displayed incidental OPAH 

contamination in individual samples. 9-fluorenone was identified in 0.1% DMSO and 

TiO2-NP samples at concentrations < 5 µg/L and has been identified as a common 

laboratory contaminant in previous studies so interpretation did not include this 

derivative (. In TiO2-NP samples, the contaminant BaP-1,6+3,6-dione was identified 

in samples at 1- and 6-hours post irradiation (hpi) at 199 and 310 µg/L respectively. 

This by-product was only identified in the TiO2-NP samples, but it was not identified 

in any of the PAH+TiO2-NP samples so this was likely an advantageous contamination 

of only this particular sample. The other by-products identified were found at 

concentrations < 6 µg/L, which were of no concern due to their low concentrations 

compared to the experimental concentrations of ANT and PHE (Figure 4.8). 

Figure 4.8. Oxygenated PAHs (OPAHs) identified following UVA irradiation (7.26 mW/cm2) of 0.1% 

DMSO and 2 mg/L TiO2-NP samples at 1, 2, 4, and 6 hours post irradiation (hpi). Bars show average ± 
SE, (n=3) triplicate runs of the same sample on the instrument. 
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Of the 18 different OPAHs screened, 12 OPAHs in ANT samples and 14 OPAHs in 

ANT+TiO2-NP samples were identified (Figure 4.9). OPAH photoproducts smaller in 

size compared to the original ANT molecule were found at very low concentrations (< 

10 µg/L) compared to all other photoproducts (Figure 4.10, A). 2,3-benzo-4-pyrone 

and xanthone only appeared in the presence of TiO2-NPs. OPAHs that were the same 

size as the original ANT molecule; 9,10-phenanthrenequinone and 9,10-

anthraquinone+phenanthrene-1,4-dione; were found at the highest concentrations (> 50 

µg/L) in ANT samples without TiO2-NPs, but with the same time-dependent patterns 

of formation as those with TiO2-NPs (Figure 4.10, B). There were more, larger OPAH 

photoproducts identified compared to those that were smaller or the same size as the 

original ANT molecule (Figure 4.10, C). Overall, these larger OPAH photoproducts 

appeared in reduced amounts in the presence of TiO2-NP compared to ANT samples 

without the NP. 
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Figure 4.9. Oxygenated PAH (OPAH) photoproducts identified following UVA irradiation (7.26 

mW/cm2) of 20 µg/L anthracene (ANT) and 20 µg/L ANT + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 

hours post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on 

the instrument.  
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Figure 4.10. Oxygenated PAH (OPAH) photoproducts identified that A) reduced in size B) same size 

and C) increased in size relative to the original anthracene (ANT) molecule following UVA irradiation  

(7.26 mW/cm2) of 20 µg/L ANT and 20 µg/L ANT + 2 mg/L TiO2-NP samples at 1, 2, 4, and 6 hours 

post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on the 

instrument.
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OHPAHs appeared at lower concentrations than OPAHs and of the 36 OHPAHs 

screened, 6 different OHPAHs were identified in both ANT and ANT+TiO2-NP 

samples (Figure 4.11). More OHPAH photoproducts smaller than the original ANT 

molecule were identified compared to OHPAH by-products of the same size or larger, 

and at higher concentrations (Figure 4.12, A). The OHPAH photoproduct, 1-

hydroxynaphthalene, showed the same time-dependent pattern of formation in ANT 

samples with or without TiO2-NPs but appeared at higher concentrations in the 

presence of the NP. The OHPAH, 2-hydroxynaphthalene appeared 4 hours prior to the 

ANT samples without TiO2-NP. There was one OHPAH identified that was the same 

size as the original ANT molecule, 2-hydroxyphenanthrene, which showed similar 

concentrations in ANT and ANT+ TiO2-NP samples over the time course with very 

little concentration fluctuation (Figure 4.12, B). The only OHPAH photoproduct 

identified that was larger than the original ANT molecule was 3-

hydroxybenzo[c]phenanthrene, which showed no time-dependent nor TiO2-NP-

dependent fluctuations in concentration (Figure 4.12, C). Overall, in the presence of 

TiO2-NPs many of the identified OPAHs showed higher concentrations initially and 

decreased over time, except 9,10-phenanthraquinone. Additionally, ANT+ TiO2-NP 

samples showed increased concentration of the favoured OHPAH, 1-

hydroxynaphthalene, over the time points investigated while the concentration of the 

larger OHPAH, 3-hydroxybenz(c)phenanthrene, decreased over time (Figure 4.13). 
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Figure 4.11. Hydroxy PAH (OHPAH) photoproducts identified following UVA irradiation (7.26 

mW/cm2) of 20 µg/L anthracene (ANT) and 20 µg/L ANT + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 

hours post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on 

the instrument. 
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Figure 4.12. Hydroxy PAH (OHPAH) photoproducts identified that were A) reduced in size B) same 

size and C) increased in size relative to the original anthracene (ANT) molecule following UVA 

irradiation  (7.26 mW/cm2) of 20 µg/L ANT and 20 µg/L ANT + 2 mg/L TiO2-NP samples at 1, 2, 4, 

and 6 hours post irradiation (hpi). Bars show average ± SE, (n=3) of triplicate runs of the same sample 

on the instrument.
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Figure 4.13. Heat map comparing photoproduct concentration differences between UVA (7.26 

mW/cm2) irradiated 20 µg/L ANT and 20 µg/L ANT + 2 mg/L TiO2-NP samples. Green indicates an 

increase in photoproduct concentration in the presence of TiO2-NP, red indicates a decrease, white 

indicates no concentration differences, and “-“ indicates there was no photoproduct identified.
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Of the 18 different OPAHs screened, 8 were identified in the PHE and 6 in the 

PHE+TiO2-NP samples with the highest concentrations of photoproducts identified in 

the absence of TiO2-NPs (Figure 4.14). The two OPAHs smaller than the original PHE 

molecule that were identified were found at very low concentrations (< 5 µg/L) and 

1,2-naphthoquinone only appeared in the absence of TiO2-NPs (Figure 4.15, A). The 

OPAH, 9,10-phenanthrenequinone, was identified in both PHE and PHE+ TiO2-NPs 

samples. Samples without TiO2-NPs showed increased concentration over time while 

samples with TiO2-NPs decreased in concentration over time (Figure 4.15, B). 

Additionally, perinaphthenone only appeared in the presence of TiO2-NPs while 2-

methyl-9,10-anthraquinone only appeared without NPs. There were more OPAH 

photoproducts larger in size than the original PHE molecule identified than those that 

decreased or remained the same size (Figure 4.15, C). 6H-benzo[cd]pyrene-6-one 

appeared at the highest concentration compared to all other OPAH photoproducts of 

PHE and PHE+ TiO2-NP samples, but once again, PHE samples showed increased 

concentration of 6H-benzo[cd]pyrene-6-one over time while PHE TiO2-NP samples 

decreased in concentration over time.  

 

One OHPAH by-product, 1-hydroxynaphthalene, was identified in PHE and PHE+ 

TiO2-NP samples, and it appeared at higher concentrations (>171 µg/L) than any 

OPAH derivatives assessed (Figure 4.16). The concentration of 1-hydroxynaphthalene 

increased over time in PHE samples, but PHE + TiO2-NP TiO2-NPs samples showed 

decreased concentrations over time (and at lower concentrations overall compared to 

PHE samples). Overall, PHE samples in the presence of TiO2-NP showed decreased 

concentrations of OPAHs and OHPAH over time, while PHE alone showed higher 

concentration of photoproducts and increased concentrations over time (Figure 4.17). 
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Figure 4.14. All oxygenated PAH (OPAH) photoproducts identified following UVA irradiation (7.26 

mW/cm2) of 40 µg/L PHE and 40 µg/L PHE + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours post 

irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on the 

instrument. 
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Figure 4.15. OPAH photoproducts identified that showed A) reduced in size B) same size and C) 

increased in size relevant to the original phenanthrene (PHE) molecule following UVA irradiation (7.26 

mW/cm2) of 40 µg/L PHE and 40 µg/L PHE + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours post 

irradiation (hpi). Bars show average ± SE, (n=3) of triplicate runs of the same sample on the instrument.
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Figure 4.16. The only hydroxy PAH (OHPAH) photoproduct identified following UVA irradiation (7.26 

mW/cm2) of 40 µg/L PHE and 40 µg/L PHE + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours post 

irradiation (hpi). Bars show average ± SE, (n=3) of triplicate runs of the same sample on the instrument. 
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Figure 4.17. Heat map comparing photoproduct concentration differences between UVA (7.26 

mW/cm2) irradiated 40 µg/L PHE and 40 µg/L PHE + 2 mg/L TiO2-NP samples. Green indicates an 

increase in photoproduct concentration in the presence of TiO2-NP, red indicates a decrease, white 

indicates no concentration differences, “-“ indicates there was no photoproduct identified, and “NQ” 

indicates that the by-product was identified but was not quantifiable.
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9-Hydroxybenzo(k)fluoranthene - - - -

11-Hydroxybenzo(g)chrysene - - - -
10-Hydroxybenzo(c)chrysene - - - -

OPAH
Phenanthrene 
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4.3.3. Oxidative potential changes following irradiation of anthracene and 

phenanthrene in the absence and presence of TiO2-NPs 

A greater oxidative potential (measured by the average amount of DTT consumed) was 

observed in irradiated 0.1% DMSO and 2 mg/L TiO2-NP control samples, therefore, 

experimental samples were normalized to the control samples (Figure 4.18). Irradiated 

ANT and ANT+TiO2-NPs showed a greater oxidative potential compared to all non-

irradiated samples. However, ANT+TiO2-NP samples showed sustained oxidative 

potential over time while the samples with ANT alone showed time-dependent 

fluctuations (Figure 4.19). All irradiated PHE and PHE+TiO2-NP samples showed 

greater oxidative potential compared to all non-irradiated samples (Figure 4.20). 

Oxidative potential gradually increased over time in PHE samples while it fluctuated 

and ultimately decreased by 6 hpi in the presence of TiO2-NPs. Irradiation played the 

largest role in the heightened oxidative potential observed for both ANT and PHE 

samples, but the presence of TiO2-NPs decreased oxidative potential of PHE compared 

to samples of PHE alone.  

 

Figure 4.18. Oxidative potential measured by DTT consumption (nM) of non-irradiated and UVA (7.26 

mW/cm2) irradiated 0.1% DMSO and 2 mg/L TiO2-NP control samples, 1,2 4, and 6 hours post 

irradiation (hpi). Bars show average ± SE, (n=3) of triplicate runs of the same sample on the instrument. 
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Figure 4.19. Oxidative potential measured by DTT consumption (nM) of non-irradiated and UVA (7.26 

mW/cm2) irradiated 20 µg/L ANT and 20 µg/L ANT + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours 

post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on the 

instrument. 

 

 

Figure 4.20. Oxidative potential measured by DTT consumption (nM) of non-irradiated and UVA (7.26 

mW/cm2) irradiated 40 µg/L PHE and 40 µg/L PHE + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours 

post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on the 

instrument. 
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4.4. Discussion 

 

4.4.1. Gene expression profiling 

Irradiated ANT+TiO2-NP exposures showed significantly increased expression of 

cyp1a and ephx2 at 4 hpe while non-irradiated ANT+TiO2-NP exposures showed 

reduced cyp1a expression. It is possible other metabolic genes were induced in 

exposures but were not evaluated in this study (e.g., nqo1, gst) or induction of genes 

occurred prior to the 1 hpe collection. Many studies have confirmed that the presence 

of TiO2-NPs as a photocatalyst enhances ANT photodegradation which results in the 

production of bioavailable OPAH and OHPAH photoproducts (Pal, B., et al., 2000; 

Patsiou, D., 2018). However, this is the first instance where the time profile of 

biodegradation initiation was identified, and specific genes were used as “biosensors” 

to indicate the presence of PPAHs and their photoproducts. Results suggest that either 

A) photodegradative processes resulting from the interactions between ANT and TiO2-

NPs continued to dominate the initial 2 hours following irradiation, but adsorption of 

ANT to the TiO2-NP surface diminished as the time progressed (by 4 hpe) or B) 

initially, photoproducts formed and quickly degraded but the continued formation 

caused photoproduct accumulation (e.g., 9,10-anthraquinone) so biodegradation 

ensued (Pal, B., et al., 2000; Knecht, A.L., et al., 2013). The reduced expression of 

cyp1a (responsible for PPAH metabolism) in non-irradiated ANT+TiO2-NP exposures, 

over all time points, indicates strong adsorption of ANT to the TiO2-NP surface which 

has been found in previous studies (Librando, V., et al., 2014; Patsiou, D., 2018). Due 

to strong adsorption of ANT to the NP surface, bioavailability of the ANT molecule 

was reduced, and it is likely that adsorption of ANT did not diminish in the irradiated 

exposures; scenario B) from above is most likely. These data further support TiO2-NP 

photocatalytic capabilities since ephx2 (responsible for encoding enzymes that 

metabolize OPAHs) was further induced in irradiated ANT+TiO2-NP exposures. These 

data show the presence of TiO2-NPs reduces the bioavailability of the ANT molecule, 

but upon irradiation, ANT is efficiently photodegraded and the presence of TiO2-NPs 

catalyzes the formation of bioavailable ANT photoproducts. 
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Non-irradiated PHE and PHE+TiO2-NP exposures showed significant time-dependent 

fluctuations in gene expression. Previous studies have shown efficient biodegradation 

of PAHs, particularly PHE, and their photoproducts in various microorganisms and the 

zebrafish (Partila, A.M., 2013; Cerniglia, C.E., 1992; Carlson-Newberry, S.J., et 

al.,1997; Elie, M.R., et al., 2015). Significant induction (1.3-5.7-fold) of cyp1a, ephx1, 

ephx2, and sod1 at 1 hpe, with an immediate reduction in expression by 2 hpe, in non-

irradiated PHE and PHE+TiO2-NPs exposures supports that efficient biodegradation of 

PAH molecules occurs in the zebrafish. Studies have also shown PAHs of increasing 

solubility adsorb less strongly to the surface of particles, and PHE is much more soluble 

than ANT; PHE Kow = 1.6 mg/L, ANT Kow = 0.04 mg/L (Sanches, S., et al., 2011). The 

induction of all the genes in non-irradiated PHE+TiO2-NP exposures indicates 

bioavailability of the PHE molecule and thus, less adsorption of PHE to the NP surface 

(unlike ANT). PHE adsorption can be increased through coating of metal NPs, but 

desorption may occur just as quickly as the adsorption of the molecule (Fang, J., et al., 

2008; Wang, X., et al., 2014). The TiO2-NPs used in this study were uncoated so as to 

allow the NP to retain its photoactivity and environmental relevance, since NP coatings 

have been shown to degrade quickly in the aquatic environment and TiO2-NPs 

suggested for use in environmental remediation are preferably uncoated (Labille, J., et 

al., 2010; Auffan, M., et al., 2010; García-Martínez, M.J., et al., 2006). Additionally, 

the observed increased induction of all genes in non-irradiated PHE+TiO2-NP 

exposures compared to exposures of PHE alone are indicative of non-direct catalysis 

in the presence of TiO2-NPs, likely through the production of •OH and •O2 radicals. 

These data, in combination with previous studies, shows that PHE is bioavailable for 

subsequent, and efficient, biodegradation of the molecule which is likely to due to the 

less adsorptive capabilities of PHE to the TiO2-NP surface, but the NP elicits its 

catalytic effects through the production of radicals. 

 

Expression of all genes, no larger than 2-fold, in irradiated PHE exposures was 

observed over all time points while PHE+ TiO2-NP exposures showed delayed 

induction of ephx2. As stated above, studies have shown efficient biodegradation of 

PAHs and their photoproducts in various microorganisms and the zebrafish (Partila, 
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A.M., 2013; Cerniglia, C.E., 1992; Carlson-Newberry, S.J., et al.,1997; Elie, M.R., et 

al., 2015, Patsiou, D., 2018). Sustained expression of all genes in irradiated PHE 

exposures over all the time points assessed indicates controlled and consistent 

biodegradation of PHE and its photoproducts. The delayed induction of ephx2 in PHE+ 

TiO2-NP exposures may be indicative of photodegradation occurring initially (similar 

to that of ANT exposures), but in the presence of TiO2-NPs photoproduct formation is 

increased and the stable photoproducts accumulated (e.g., 9,10-phenanthraquinone) so 

biodegradation ensued. Interestingly, irradiated PHE exposures showed a significant 

increase in the average sod1 expression compared to non-irradiated PHE exposures, 

but not in the presence of TiO2-NPs. In combination with the previous observations, 

these data suggest that upon UVA irradiation, photodegradation of PHE is favoured 

over biodegradation and is further enhanced in the presence of TiO2-NPs. 

 

4.4.2. PAH photoproduct formation 

More OHPAH photoproducts smaller in size than the parent ANT molecule were 

identified in ANT and ANT+TiO2-NP samples, but 1-hydroxynaphthalene in 

particular, was identified at higher concentrations in the presence of TiO2-NPs. A study 

done by Theurich, J., et al., 1997 identified the smaller photoproduct, phthalic acid in 

ANT samples during 18 hours of UVA irradiation in the presence of TiO2-NPs. 

However, identification of other smaller OHPAH photoproducts at distinct, short-term 

time points following UVA irradiation of ANT (both with or without TiO2-NPs) has 

not been observed prior to this study. Additionally, PAH dissociation, or erosion, has 

been predicted using theoretically calculated spectra in studies investigating PAHs in 

cosmic water ice (Cook, A.M., et al., 2015). Many studies have shown that 

hydroxylation is the initial photodegradation event of PAHs, prior to oxygenation 

(Librando, V., et al., 2014; Bai, H., et al., 2017; Dabestani, R., et al., 1999). 

Additionally, the observed higher OHPAH photoproduct concentration is likely due to 

direct reactions of •OH radicals produced from the holes left in the valence band at the 

surface of the TiO2-NP upon UVA absorption with photodissociated ANT by-products, 

which has been shown in previous studies (Bai, H., et al., 2017; Wen, S., et al., 2001). 

In combination with previous studies and observations from our investigation, we 
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suggest photodissociation of ANT, to form smaller PAH molecules, upon absorption 

of UVA irradiation. These smaller PAHs are then hydroxylated, and TiO2-NPs donate 

•OH radicals resulting in heightened OHPAH formation.  

 

The only OHPAH of PHE and PHE+ TiO2-NP samples identified was 1-

hydroxynaphthalene, and at very high concentrations. Wen, S., et al. identified three 

different phthalic acid photoproducts of PHE adsorbed to TiO2-NP surfaces, but 

investigations focused on photoproduct formation during UVA irradiation and 

concentrations of these photoproducts were not quantified. Our study identified and 

quantified diverse photoproducts formed following UVA irradiation, at specified time 

points. As discussed above, in regard to ANT, PAH photodissociation has been 

predicted using theoretically calculated spectra in studies investigating PAHs in cosmic 

water ice (Cook, A.M., et al., 2015). In PHE+TiO2-NP samples, the initial (1 hpi) 

concentration of 1-hydroxynaphthalene, was 379.6% higher than PHE samples. 

Interestingly, PHE samples demonstrated enormous concentration increases of 1-

hydroxynaphthalene over time and by 6 hpi, the concentration was 635.9% higher than 

PHE+ TiO2-NP samples. In agreement with previous studies, initial increase in 

OHPAH photoproduct concentration in PHE+TiO2-NP samples is likely due to TiO2-

NP production of •OH radicals (Bai, H., et al., 2017; Wen, S., et al., 2001). In 

combination with previous investigations and our observations of OHPAH formation, 

we suggest photodissociation of PHE, forming naphthalenic molecules, upon UVA 

absorption. These naphthalenic by-products of PHE become directly hydroxylated with 

or without TiO2-NPs, but the presence of TiO2-NPs further catalyzes these reactions 

more efficiently through •OH donation to form 1-hydroxynaphthalene. (Librando, V., 

et al., 2014; Bai, H., et al., 2017; Dabestani, R., et al., 1999). 

 

ANT and PHE samples, both with or without TiO2-NPs, contained OPAH 

photoproducts larger in size which outnumbered those that were smaller or the same 

size as the parent molecules. No derivatives larger than benzo[a]pyrene (BaP) were 

targeted for screening in our investigations, so it is possible molecules larger than 5 

rings may have appeared. To the author’s knowledge, this is the first instance where 

larger OHPAH and OPAH molecules have been identified following UVA irradiation 
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of both ANT and PHE in the aqueous phase. Although, evolution of PAHs into larger, 

more complex molecules has been previously observed in astronomical investigations 

of PAHs (Giese, C.C., et al., 2019). Frequently, PAHs favour degradation into smaller 

by-products but if recombination into a larger molecule results in a more stable 

structure (increased aromatic sextets) then it is possible photoprocesses will favour the 

formation of larger, more stable by-products (Dabestani, R., et al., 1999). The 

identification of larger, OPAH photoproducts such as, BaP-diones and 6H-

benzo(cd)pyrene-6-one, suggests recombination of the initially photodissociated and/or 

hydroxylated by-products or ring additions to the parent molecules occurred since 

similar OHPAH derivatives of the same size and arrangement were not identified 

(Librando, V., et al., 2014; Bai, H., et al., 2017; Dabestani, R., et al., 1999). Further to 

this, the presence of OPAH molecules with differing molecular arrangements but the 

same size as the parent molecule suggests ring re-arrangements occurred to form more 

stable isomers. These results suggest that upon UVA absorption, ANT and PHE 

photodissociate (the smaller OHPAH photoproducts discussed previously) and 

recombine or rearrange to form larger molecules. 

 

ANT and PHE samples both showed increased OPAH photoproduct formation over 

time but had differing time-related OHPAH formation. Time-related ANT and PHE 

photoproduct formation at the specified time points following UVA irradiation selected 

in this study has not been previously investigated, so interpretations of these results are 

strictly related to observations within this study and known physicochemical properties 

of ANT and PHE. Previous studies have shown that ANT absorbs UVA (320 – 400 

nm) more readily than PHE; ANT:358 nm, PHE: 251 and 290 nm (Luo, Z., et al., 2014; 

Malloci, G., 2007). The UV absorption differences of ANT and PHE may result in 

differing photodegradative efficiencies which may be reflected in the observed time-

related photoproduct formation. Increased OPAH and OHPAH concentrations over 

time of PHE samples, coupled with lower concentrations of OPAHs compared to 

OHPAHs, may indicate delayed or continued hydroxylation of photodissociated PHE 

by-products. Further hydroxylation of OPAH photoproducts was considered initially, 

but no dihydroxy by-products were identified, which would have likely appeared if this 

had occurred. Additionally, PHE+TiO2-NP samples demonstrated decreased OHPAH 
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and OPAH formation over time, which is indicative of more efficient degradation. ANT 

samples demonstrated concentration increases of OPAH by-products over time while 

OHPAH by-product concentrations (e.g., 1-hydroxynaphthalene) decreased over time 

and appeared at much lower concentrations than OPAHs. This coincides with studies 

discussed previously that demonstrated hydroxylation events occur prior to 

oxygenation, so OHPAH by-products of ANT are oxygenated and transformed into 

OPAHs over time causing the observed increase in OPAH concentrations (Librando, 

V., et al., 2014; Dabestani, R., et al., 1999). These data suggest that UVA irradiation 

of aqueous ANT results in more efficient photoproduct formation and subsequent 

degradation than aqueous PHE, which may likely be a result of PAH-specific UV 

absorptions; ANT favours UVA, PHE favours UVB.  

 

4.4.3. Oxidative potential changes 

Following irradiation, the presence of TiO2-NPs reduced the oxidative potential of PHE 

and maintained heightened oxidative potential of ANT over all time points assessed. 

This study was the first to assess oxidative potential changes of irradiated ANT and 

PHE in the presence of TiO2-NPs using this particular DTT assay, so interpretation is 

based on results obtained within this study combined with previously known ANT and 

PHE photochemical mechanisms. There is a possibility that increased oxidative 

potential occurred prior to sample collections, particularly since high OPAH 

concentrations were found at the initial time point (1 hpi) of PHE+TiO2-NP samples 

but decreased over time. PHE is directly photoionized, so photodegradation of PHE 

may occur independently of a photocatalyst while ANT is oxygen-dependent and 

favours interaction with a photocatalyst (Sigman, M.E., et al., 1991; de Bruyn, W.J., et 

al., 2012). ANT’s favoured absorption of UVA, unlike PHE, may be attributed to the 

observed heightened oxidative potential of ANT compared to PHE. The reduction of 

oxidative potential in PHE+TiO2-NP samples may be due to the combination of limited 

UVA absorption of PHE and the lesser adsorptive capabilities of PHE to the TiO2-NP 

surface. The sustained oxidative potential of ANT+TiO2-NPs rather than time-

dependent fluctuations observed in ANT samples suggests continued ROS formation 

resulting from the interaction (adsorption) of the ANT molecules to the TiO2-NPs. The 
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differences between ANT and PHE oxidative potentials are likely due to their differing 

photodegradation mechanisms and adsorptive capabilities where ANT’s favoured 

interactions with TiO2-NPs yields reactive intermediates, while PHE does not. 

 

4.4.4. Integration of different approaches 

The appearance of numerous photoproducts over all time points in all irradiated 

samples confirms phototransformation of ANT and PHE both in the absence and 

presence of TiO2-NPs occurred in the larval zebrafish exposures, regardless of the 

observed gene expression changes since solutions were irradiated prior to exposures. 

The significant induction of cyp1a in ANT+TiO2-NP exposures at 4 hpe combined with 

the identification of increased concentrations of OHPAH and OPAH photoproducts at 

4 hpi is indicative of continued recombination of previously photodissociated 

molecules and/or ring re-arrangements which resulted in bioavailable parent molecules 

over time. Additionally, it has been suggested that lower molecular weight PAHs, three 

rings or less, are more susceptible to biodegradation than photodegradation (Haritash, 

A.K., et al., 2009; Luo, Z., 2015). In agreement with previous studies, our results are 

indicative of ANT and PHE biodegradation in the absence of UVA but both PAHs 

favoured photodegradation, and ANT photoproducts were more bioavailable than PHE 

photoproducts (Ukiwe, L., et al., 2017; Abd-elsalam, H.E., et al., 2009; Mill, T., et al., 

1981).  

4.5 Conclusion 

 

Findings from this chapter suggest photodissociation of ANT and PHE upon UVA 

absorption, followed by hydroxylation indicated by OHPAH by-products smaller than 

the original PAH molecule. The presence of TiO2-NPs increased efficiency of 

hydroxylation processes which resulted in a higher yield of OHPAH by-products. 

Recombination and ring addition into larger molecules was observed, following UVA 

irradiation of ANT and PHE and likely continued past the time course investigated in 

this study. Additionally, ring re-arrangements of ANT and PHE likely occurred due to 

the identification of isomeric photoproducts of the original molecules. The presence of 
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TiO2-NPs decreased larger photoproduct concentrations suggesting the NP promoted 

degradation into smaller by-products. The is the first study to observe recombination 

of ANT and PHE photoproducts into larger molecules in the aqueous phase. 

 

Regardless of adsorptive differences, both ANT and PHE produced photoproducts that 

inevitably became bioavailable within this study’s time course. UVA irradiated 

samples of both PAHs contained distinct OPAHs and OHPAHs at the final time point 

investigated (6 hpi), some at increased concentrations. These findings demonstrate the 

need for the appropriate amount of time to pass following UVA irradiation of ANT and 

PHE, and likely other PAHs, to ensure bioactive by-products have fully degraded 

during environmental remediation activities. Therefore, deliberate application of TiO2-

NPs for environmental remediation methods must seriously consider the many possible 

photoproducts formed during these processes with an in-depth assessment of the 

immediate and long-term environmental impacts of reactive photoproducts. 

Finally, both PAHs favoured the formation of 9,10-phenanthraquinone and 1-

hydroxynaphthalene regardless of the presence of TiO2-NPs which has not been 

observed prior to this study. The production of the same photoproducts from two, 

individual PAHs is promising for their potential use as environmental indicators of 

ANT and PHE pollution, and potentially other PAHs. The employment of 

environmental indicators would enhance our understanding of the environmental 

impacts, human health implications, and distribution of PAH pollution in aquatic 

environments. 

 

 

Britney Phase: In the Zone 



 76 

Chapter 5: Altered photoproduct formation of aqueous phase 

benzo[a]pyrene, fluoranthene, and pyrene in the presence of TiO2-

NPs 
 

5.1. Introduction 

Interactions between nanoparticles (NPs) and polycyclic aromatic hydrocarbons 

(PAHs) in the presence of ultraviolet (UV) light can influence the environmental fate, 

transport, and transformation of PAHs in the aqueous phase. Higher molecular weight 

(HMW) PAHs (4-7 aromatic rings) like benzo[a]pyrene (BaP), fluoranthene (FLT), and 

pyrene (PYR), can form by incomplete combustion of carbonaceous materials, and the 

low aqueous solubility of these PAHs can enhance adsorption to surfaces including 

NPs (e.g., TiO2-NPs).  (Zhang, Y., et al., 2009; Abdel-Shafy, H.I., et al., 2016). BaP, 

FLT, and PYR enter the environment through urban water run-off and atmospheric 

deposition, while TiO2-NPs are often released through the use of personal care and 

consumer products like sunscreen, makeup, paints, and electronics (Eisler, R., 1987; 

Labille, J., et al., 2010). Broad application and expansion of TiO2-NPs in assorted 

consumer products and the deliberate application to remediate pollution events (e.g., 

oil spills) further contributes to uncontrolled release into the aquatic environment. 

There has been considerable effort to assess the safety of TiO2-NPs and legislations 

have been put in place to restrict the amount allowed in consumer products (particularly 

cosmetics), but the focus is primarily on the TiO2-NP itself without considering 

interactions with other chemicals or pollutants (Gepper, M., et al., 2020). The 

continued, and extensive, release of both PAHs and TiO2-NPs into the aquatic 

environment requires further investigations of the diverse photoproducts formed from 

PAH and TiO2-NP interactions. Advanced understanding of the outcomes of these 

complex photochemical processes could contribute to the implementation of 

procedures which reduce adverse environmental and human health impacts.  

 

BaP, FLT, and PYR are photoactive, thus, upon absorption of ultraviolet (UV) light 

can transform into different molecules. All three PAHs possess distinct 

physicochemical traits that determine individual photochemical behavior, 
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photoproduct formation, and photocatalytic interactions (Figure 5.1). BaP and PYR 

photoproduct formation in the presence of TiO2-NPs has been well-studied while 

investigations of FLT photocatalysis has been inconsistent (Wen, S., et al., 2003; Bai, 

H., et al., 2017; Luo, Z., et al., 2014). The primary photoproducts of PAHs typically 

targeted in investigations are primarily parent-derived (e.g. BaP-diones from BaP), but 

studies have claimed the presence of TiO2-NPs does not induce formation of differing 

photoproducts of these PAHs (Figure 5.2, 5.3, 5.4). However, the diversity of 

subsequent photoproducts, the time course of formation, and changes in biodegradation 

and bioavailability in the aquatic environment has never been explored collectively 

within the same study. A screening of diverse PAH photoproducts, in combination with 

TiO2-NPs, should be completed to understand PAH-specific photochemical and 

photocatalytic behavior in the aqueous phase.  
 

 

 

 

Figure 5.1. Molecular structures of benzo[a]pyrene (BaP), fluoranthene (FLT), and pyrene (PYR). 
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Figure 5.2. Proposed photodegradation mechanism for benzo[a]pyrene (BaP) and photoproducts 

produced in the presence of metal particles (Rachna, et al., 2019). 
 

 

 

 

Figure 5.3. Proposed mechanisms for the photocatalytic degradation of FLT in the presence of TiO2-NP 

in the aqueous phase. The red frame denotes a compound that was not detected (Bai, H., et al., 2017). 
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Figure 5.4. A) Photodegradation of pyrene (PYR) in the aqueous phase B) Proposed mechanisms of 

photocatalytic degradation of PYR in the presence of TiO2-NPs in the aqueous phase (Sigman, M., et 

al., 1998; Wen, S., et al., 2003). 
 

Zebrafish (Danio rerio) have been used extensively to assess toxicity and explore 

molecular mechanisms of PAH metabolism, and the expression of various genes which 

encode for enzymes responsible for PAH metabolism are well-characterized (e.g., 

cyp1a, ephx1, ephx2, and sod1) (Knecht A., et al., 2013, Shankar, Prathna, et al., 2019, 

Goodale, B.G., et al., 2013). Previous studies have utilized this genetic specificity in 

the zebrafish to explore subsequent changes in the bioavailability of PAHs and their 

subsequent by-products, particularly in the presence of TiO2-NPs (Patsiou, D., et al., 

2019). The exploitation of specific, targeted gene expression changes of early life stage 

zebrafish (Danio rerio) has provided new insight into PAH-NP adsorption processes in 

the aqueous phase without confounding effects of extraction and manipulation that can 

alter the processes under investigation (Patsiou, D., et al., 2019). This chapter 

investigated altered gene expression following UVA irradiation of BaP, FLT, and PYR 

to “probe” for the presence PPAHs and their photoproducts which identified time-

related transitions from photodegradation to biodegradation, with TiO2-NP-related 

A) B) 
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influences, as well as efficient PAH-specific biodegradation in the absence of UVA. 

While gene expression analyses contributed important information for understanding 

PAH biodegradation and bioavailability, as well as a useful “biosensor” for PAH 

photoproducts, insight from other technical approaches are necessary to provide a more 

comprehensive understanding.  

 

The formation of PAH photoproducts upon interaction with TiO2-NPs is a dynamic 

process that requires the application of multiple innovative approaches for 

investigation. In addition to sophisticated techniques in molecular biology, gas 

chromatography-mass spectrometry (GC-MS) was used to identify and quantify PAH 

photoproducts following irradiation. GC-MS is often used to investigate PAH 

photodegradation and has revealed the formation of parent-derived photoproducts of 

BaP, FLT, and PYR (Rachna, et al., 2019; Wen, S., et al., 2002; Bai, H., et al., 2016; 

Librando, V., et al., 2014). These investigations have advanced our understanding of 

photoproduct formation but has limited our knowledge of possible photodissociation 

and photorecombination events which result in other photoproducts formation, which 

further restricts our awareness of the potential environmental and human health 

implications that by-products of BaP, FLT, and PYR possess. The current study 

performed a targeted screening of well-characterized parent and non-parent-derived 

oxygenated PAH (OPAH) and hydroxylated PAH (OHPAH) molecules to investigate 

potential photodissociation and photorecombination events of BaP, FLT, and PYR at 

specified time points following UVA irradiation and how the presence of TiO2-NPs 

influenced these processes. Additionally, the capacity for BaP, FLT, and PYR to 

generate or become reactive intermediates was assessed through an oxidative potential 

assay that was initially developed to measure oxidative potential of particulate matter 

but was proven applicable for measuring oxidative potential of PAHs (Charrier, J.G., 

et al., 2012; Yadav, S., et al., 2019). The use of gene expression analyses and analytical 

chemistry techniques each provided their own, unique perspectives but in combination 

they revealed the dynamic roles that bioavailability, biodegradation, photodegradation, 

and photocatalysis all play in PAH-specific photoproduct formation in the aquatic 

environment.  
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The overall aim of this study was to investigate BaP, FLT, and PYR adsorption and 

altered photoproduct formation upon interaction with TiO2-NPs following UVA 

irradiation in the aqueous phase. Specific objectives were 1) to measure time-related 

expression profiles of specific genes (cyp1a, ephx1, ephx2, and sod1) in larval zebrafish 

exposed to ongoing BaP- FLT-, and PYR- TiO2-NP sorption/photochemical reactions 

following UVA irradiation; 2) to quantify formation of diverse photoproducts that form 

during these reactions by GC-MS analyses; 3) examine changes in oxidative potential 

to assess altered photoproduct formation in the absence or presence of TiO2-NPs; and 

4) to integrate the results of these different approaches to enhance PAH-specific 

understanding of these complex biochemical and photochemical processes.   

5.2. Methods 

 

Detailed methods and experimental layout for this chapter are described in Chapter 3. 

All gene expression differences that were considered significantly different had a p-

value ≤ 0.05. All solutions for gene expression and chemistry analyses were prepared 

in the same manner, but chemistry samples did not include zebrafish larvae. 

Concentrations chosen for the following PAHs were decided following extensive 

literature searches in order to assess environmentally relevant concentrations of PAHs 

(Table 5.1). 
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Table 5.1. Benzo[a]pyrene (BaP), fluoranthene (FLT), and pyrene (PYR) investigated concentrations 

found in different aquatic environments (Mojiri, A., et al., 2019). 

 

 

5.3. Results 

5.3.1. Time-related gene expression profiles in larval zebrafish following exposure to 

benzo[a]pyrene, fluoranthene, or pyrene in the presence of TiO2-NPs 

No zebrafish larvae died and there were no alterations in morphology or behaviour in 

larvae exposed to treatments compared to 0.1% DMSO controls.  The expression of b-

actin did not differ among larvae exposed to treatments or controls within the same 

time points (p-value > 0.05, df = 11 among all larvae at each time point) and was 

considered an appropriate reference gene transcript for computation of relative fold 

changes in expression of target genes. The 0.1% DMSO vehicle used to solubilise 

PAHs did not cause any significant changes in target gene expression in exposed larvae 

(Figure 5.5). Zebrafish larvae exposed to 2 mg/L TiO2-NP alone did not show 

significant induction of any of the assessed gene transcripts (Figure 5.5).  

PAH Water Source Lowest Concentration (µg/L) Highest Concentration (µg/L)
Drinking Water 0.0013 0.008
River and Lakes 0.0005 1,239

Groundwater 0.003 0.0125
Wastewater 0.0716 1,447
Seawater 0.0002 28.49
Sediment 0 0.739

Drinking Water 0.0065 143
River and Lakes 0.0042 2,498

Groundwater 0.002 0.0506
Wastewater 0.014 2,340
Seawater 0 6.61
Sediment 0.001 24.857

Drinking Water 0.0042 92
River and Lakes 0.0029 1,138

Groundwater 0.0003 0.0419
Wastewater 0.0191 1,186
Seawater 0 9.87
Sediment 0.0028 0.0271

Benzo[a]pyrene 
(BaP) 

Fluoranthene 
(FLT)

Pyrene (PYR)
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Figure 5.5. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 0.1% DMSO and 2 mg/L TiO2-

NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were calculated using the ∆∆CT 

method and normalized to b-actin at each time point. Brackets indicate a significant difference between 

those particular time points, and star(s) above a particular time point indicates that specific time point is 

significantly different compared to all the time points in that exposure. Statistical differences were 

identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, and ***= p <0.001. 
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Non-irradiated BaP exposures displayed identifiable gene expression patterns in all 

genes while irradiated exposures only displayed an identifiable pattern of cyp1a gene 

expression (Figure 5.6). BaP exposures showed the same time-dependent fluctuations 

of cyp1a expression regardless of irradiation, except non-irradiated BaP exposures 

demonstrated higher average log fold inductions than irradiated exposures. Irradiated 

BaP exposures showed delayed cyp1a induction (2 hpe) while BaP+ TiO2-NP 

exposures showed immediate and higher cyp1a induction. In irradiated BaP+TiO2-NPs 

exposure, cyp1a expression was highest at 1 hpe (22.2-fold) and decreased over time, 

while non-irradiated exposures showed increased cyp1a expression over time and the 

highest induction (51.8-fold) appeared at 6 hpe. Non-irradiated BaP and BaP+ TiO2-

NP exposures showed increased expression of ephx1, ephx2, and sod1 over time, but 

neither irradiated BaP nor BaP+ TiO2-NP exposures significantly induced ephx1, 

ephx2, or sod1.  

 

Gene expression patterns were identified in non-irradiated FLT and FLT+ TiO2-NP 

exposures (Figure 5.7). Induction of cyp1a was significantly higher in non-irradiated 

FLT and FLT+ TiO2-NP exposures compared to irradiated exposures, but the presence 

of TiO2-NPs significantly reduced and altered time-related expression patters of cyp1a 

in both irradiated and non-irradiated exposures. Sod1 expression displayed sustained 

expression (< 2-fold) in exposures of irradiated FLT alone, but in the presence of TiO2-

NP, sod1 was reduced over the time course. Non-irradiated FLT exposures showed 

induction of ephx2 and sod1 at 2 hpe while FLT+ TiO2-NP exposures displayed 

induction at 4 hpe, but at higher log fold changes. 
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Figure 5.6. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 20 µg/L  benzo[a]pyrene (BaP) 

and 20 µg/L BaP + 2 mg/L TiO2-NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes 

were calculated using the ∆∆CT method and normalized to b-actin at each time point. Brackets indicate 

a significant difference between those particular time points, and star(s) above a particular time point 

indicates that specific time point is significantly different compared to all the time points in that 

exposure. Statistical differences were identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, 

and ***= p <0.001 
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Figure 5.7. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 70 µg/L FLT and 70 µg/L FLT 

+ 2 mg/L TiO2-NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were calculated 

using the ∆∆CT method and normalized to b-actin at each time point. Brackets indicate a significant 

difference between those particular time points, and star(s) above a particular time point indicates that 

specific time point is significantly different compared to all the time points in that exposure. Statistical 

differences were identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, and ***= p <0.001. 
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Figure 5.8. Average (± SE, n=3) fold change of cyp1a, ephx1, ephx2, and sod1 in zebrafish larvae 

following exposure to UVA irradiated (7.26 mW/cm2) and non-irradiated 80 µg/L PYR and 80 µg/L 

PYR + 2 mg/L TiO2-NP at 1, 2, 4, and 6 hours post exposure (hpe). Average log fold changes were 

calculated using the ∆∆CT method and normalized to b-actin at each time point. Brackets indicate a 

significant difference between those particular time points, and star(s) above a particular time point 

indicates that specific time point is significantly different compared to all the time points in that 

exposure. Statistical differences were identified by one-way ANOVA, TukeyHSD, *= p<0.05, ** <0.01, 

and ***= p <0.001. 
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PYR exposures showed distinct time-dependent gene expression patterns in both 

irradiated and non-irradiated exposures (Figure 5.8). Irradiated PYR and PYR+ TiO2-

NP exposures showed peak inductions of cyp1a, ephx1, ephx2, and sod1 at 4 hpe with 

steep decreases by 6 hpe (except of sod1), while non-irradiated exposures demonstrated 

peak inductions of these genes at 6 hpe. Irradiated exposures showed higher inductions 

of all genes at their peak compared to non-irradiated exposures, except ephx1, where 

non-irradiated exposures showed higher inductions at their 6 hpe peaks. PYR+TiO2-

NP exposures showed the same time-related induction patterns as exposures of PYR 

alone, but the inductions occurred at higher log fold changes in the presence of the NP. 

Sustained sod1 expression was observed in irradiated exposures (< 2-fold) over time, 

but no induction (< 1-fold) of sod1 occurred in non-irradiated exposures. 

 

Each PAH exposure demonstrated distinct gene expression patterns in response to 

irradiation, time, and the presence of TiO2-NPs (Figure 5.9). Exposure of zebrafish to 

irradiated BaP and BaP+ TiO2-NP displayed significantly reduced expression of almost 

all genes (except sod1) compared to non-irradiated exposures (Figure 5.9, A). Cyp1a 

was significantly reduced in irradiated FLT and FLT+ TiO2-NP exposures, but ephx1 

was increased and sod1 was only significantly induced in the absence of TiO2-NPs. 

Irradiated PYR and PYR+ TiO2-NP exposures showed significant induction of sod1, 

but no other significant gene responses were identified. Time significantly influenced 

gene expression of all genes in non-irradiated BaP and BaP+ TiO2-NP exposures 

(Figure 5.9, B). More significant time-dependent gene expression changes occurred in 

irradiated PYR and PYR+ TiO2-NP exposures than in non-irradiated exposures. Non-

irradiated FLT exposures and irradiated FLT+TiO2-NP exposures showed significant 

time-dependent gene expression changes. FLT displayed significant reduction in 

expression of cyp1a and sod1 in the presence of TiO2-NPs (Figure 5.9, C).  
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Figure 5.9. Heat maps show p-values comparing the average (n=3) cyp1a, ephx1, ephx2, and sod1 gene 

expression over all time points of 20 µg/L BaP, 70 µg/L FLT, and 80 µg/L PYR exposures with and 

without 2 mg/L TiO2-NP to A) non-irradiated and UVA (7.26 mW/cm2) irradiated exposures (ANOVA, 

Dunnett’s), arrows indicate increase/decrease following irradiation B) expression over time (ANOVA, 

TukeyHSD) C) exposures in the presence or absence of TiO2-NP (ANOVA, t-test), arrow indicates a 

decrease in expression in the presence of TiO2-NP. All genes were normalized to b-actin. White= p 

>0.05, pink= p ≥0.01≤0.05, light red= p ≥0.001≤0.01, red= p ≤0.001. 
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5.3.2. Time-dependent photoproduct formation of benzo[a]pyrene, fluoranthene, or 

pyrene in the presence of TiO2-NPs 

Control samples, 0.1% DSMO and 2 mg/L TiO2-NP both displayed incidental oxyPAH 

(OPAH) contamination in individual samples. 9-fluorenone was identified in 0.1% 

DMSO and TiO2-NP samples at concentrations < 5 µg/L and has been identified as a 

common laboratory contaminant in previous studies so interpretation did not include 

this derivative (. In TiO2-NP samples, the contaminant BaP-1,6+3,6-dione was 

identified in samples at 1- and 6-hours post irradiation (hpi) at 199 and 310 µg/L 

respectively. This by-product was only identified in the TiO2-NP samples, but it was 

not identified in any of the other PAH+TiO2-NP samples so this was likely an 

advantageous contamination of only this specific sample. The other by-products 

identified were found at concentrations < 6 µg/L, which were of no concern due to their 

low concentrations compared to the experimental concentrations of ANT and PHE 

(Figure 5.10). 

Figure 5.10. OxyPAHs (OPAHs) identified in UVA (7.26 mW/cm2) irradiated 0.1% DMSO and 2 mg/L 

TiO2-NP samples at 1, 2, 4, and 6 hours post irradiation (hpi). Bars show average ± SE, (n=3) triplicate 

runs of the same sample on the instrument. 
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Of the 18 different OPAHs screened, 9 OPAHs in BaP samples and 6 in BaP+TiO2-NP 

samples were identified (Figure 5.11). Most OPAH photoproducts formed were 

smaller in size compared to the original BaP molecule, and BaP + TiO2-NP samples 

did not form 9,10-anthraquinone + phenanthrene-1,4-dione, 4H-

cyclopenta[def]phenanthrene, or 1,2-acenaphthylene which were identified in BaP 

samples (Figure 5.12, A). The OPAHs, 9,10-phenanthraquinone and 7,12-

benz[a]anthraquinone + benz[c]anthraquinone, showed decreased concentrations over 

time in BaP samples while BaP+ TiO2-NP samples showed increased concentrations 

over time. Perinaphthenone decreased in concentration over time in BaP+ TiO2-NP 

samples but BaP samples showed sustained concentrations over all time points 

(hovering just below 15-20 µg/L). The only OPAH identified that was the same size as 

the original BaP molecule was 6H-benz[cd]pyrene-6-one, and although concentrations 

were lower between 1 and 4 hpi in the presence of TiO2-NP, by 6 hpi the concentrations 

were very similar between BaP and BaP+ TiO2-NP samples (15.9% difference) (Figure 

5.12, B). In both BaP and BaP+ TiO2-NP samples, 6H-benz[cd]pyrene-6-one did not 

display large fluctuations in concentrations as the smaller by-products did. More 

OHPAH photoproducts of BaP and BaP+ TiO2-NP samples were identified than 

OPAHs, and all the OHPAHs identified were smaller than the original BaP molecule 

(Figure 5.13). More dihydroxy by-products were identified in BaP+ TiO2-NP samples 

than BaP samples but, 1,5-dihydroxynaphthalene appeared at a higher concentration in 

the absence of TiO2-NPs. The OHPAH, 1-hydroxynaphthalene, appeared at the highest 

concentrations in both BaP and BaP+ TiO2-NP samples, but showed differing time-

dependent concentration patterns over time where BaP samples had increased 

concentrations by 6 hpi and BaP+ TiO2-NP samples showed decreased concentrations. 

The highest concentrations of most OHPAH and OPAH photoproducts were found in 

BaP samples without TiO2-NPs, but at 4 hpi there were increased OHPAH 

concentrations in BaP+ TiO2-NP samples (Figure 5.14). 
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Figure 5.11. All oxyPAH (OPAH) photoproducts identified and quantified in UVA (7.26 mW/cm2) 

irradiated 20 µg/L BaP and 20 µg/L BaP + 2 mg/L TiO2-NP samples, 1, 2, 4, and 6 hours post irradiation 

(hpi). Bars show the average ± SE, (n=3) of triplicate runs of the same sample on the instrument. 
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Figure 5.12. OxyPAH (OPAH) photo by-products identified that were A) size reduction B) same size 

compared to the original BaP molecule in UVA (7.26 mW/cm2) irradiated 20 µg/L BaP and 20 µg/L 

BaP + 2 mg/L TiO2-NP samples at 1, 2, 4, and 6 hours post irradiation (hpi). Bars show the average ± 
SE, (n=3) of triplicate runs of the same sample on the instrument. 
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Figure 5.13. All hydroxyPAH (OHPAH) photoproducts identified in UVA (7.26 mW/ cm2) irradiated 

20 µg/L BaP and 20 µg/L BaP + 2 mg/L TiO2-NP samples were smaller in size. Bars show mean ± SE, 

(n=3) indicates triplicate runs of the same sample on the instrument. 
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Figure 5.14. Heat map comparing photoproduct concentration differences between UVA (7.26 

mW/cm2) irradiated 20 µg/L BaP and 20 µg/L BaP + 2 mg/L TiO2-NP samples. Green indicates an 

increase in photo by-product concentration in the presence of TiO2-NP, red indicates a decrease, white 

indicates no concentration differences, and “-“ indicates there was no photo by-product identified, and 

“NQ” indicates that the by-product was identified but was not quantifiable. 
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10-Hydroxybenzo(a)pyrene - - - -
12-Hydroxybenzo(a)pyrene - - - -
7-Hydroxybenzo(a)pyrene - - - -

9-Hydroxybenzo(a)+3-Hydroxybenzo(e)pyren - - - -
3-Hydroxybenzo(a)pyrene - - - -

1-Hydroxyindeno[1,2,3-c,d]pyrene - - - -
4-Hydroxychrysene - - - -
6-Hydroxychrysene - - - -
3-Hydroxychrysene - - - -

11-Hydroxybenzo(b)fluoranthene - - - -
9-Hydroxybenzo(k)fluoranthene - - - -

11-Hydroxybenzo(g)chrysene - - - -
10-Hydroxybenzo(c)chrysene - - - -

OPAH
Benzo[a]pyrene
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Of the 18 different OPAHs screened, 7 OPAHs were identified in the FLT samples and 

6 in FLT+ TiO2-NP samples (Figure 5.15). The OPAH, 9,10-phenanthraquinone, 

which is smaller in size compared to the original FLT molecule was identified in both 

FLT and FLT+ TiO2-NP samples and at the highest concentrations of any other OPAH 

(Figure 5.16, A). In the presence of TiO2-NPs, 9,10-phenanthraquinone appears at 

higher concentrations initially, but by 6 hpi, FLT samples with and without TiO2-NP 

are identified at similar concentrations (2.8% difference). One OPAH, 

benzo(a)fluorenone, was identified that was the same size as the original FLT molecule, 

but it was found at very low concentrations in both FLT and FLT+ TiO2-NP samples 

(< 5 µg/L) (Figure 5.16, B) OPAH photoproducts larger than the original FLT 

molecule were also identified but appeared at lower concentrations than the primary 

smaller by-product, 9,10-phenanthraquinone (Figure 5.16, C). Concentrations of all 

the larger OPAHs did not fluctuate over the time course as other by-products of 

differing size did, and concentrations between FLT and FLT+ TiO2-NP samples were 

very similar. Two OHPAH photoproducts were identified, one smaller (1-

hydroxynaphthalene) and one larger (3-hydroxybenz(c)phenanthrene) than the original 

FLT molecule (Figure 5.17). 1-hydroxynaphthalene appeared at higher concentrations 

in FLT samples compared to FLT+ TiO2-NP samples between 1 and 4 hpi (18.8-54.7% 

difference) but at 6 hpi, FLT samples showed a considerable decrease in concentration 

and FLT+ TiO2-NP samples showed an enormous increase in concentration (700% 

difference) (Figure 5.17, A). The larger OHPAH, 3-hydroxybenz(c) phenanthrene, was 

solely identified in FLT samples and showed time-related decreases in concentration 

(Figure 5.17, B). OPAHs typically appeared at higher concentrations in the presence 

of TiO2-NPs but decreased by 6 hpi while OHPAHs appeared at lower concentrations, 

except at 6 hpi for 1-hydroxynaphthalene (Figure 5.18). 
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Figure 5.15. All oxyPAH (OPAH) photoproducts identified and quantified in UVA (7.26 mW/cm2) 

irradiated 70 µg/L fluoranthene (FLT) and 70 µg/L FLT + 2 mg/L TiO2-NP samples. Bars show mean 

± SE, (n=3) indicates triplicate runs of the same sample on the instrument. 
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Figure 5.16. OxyPAH (OPAH) photoproducts identified that showed A) size reduction B) same size 

and C) size increase in UVA (7.26 mW/cm2) irradiated 70 µg/L FLT and 70 µg/L FLT + 2 mg/L 

TiO2-NP solutions. Bars show mean ± SE, (n=3) indicates triplicate runs of the same sample on the 

instrument. 
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Figure 5.17. HydroxyPAH (OHPAH) photoproducts identified that showed A) size reduction and B) 

size increases in UVA (7.26 mW/cm2) irradiated 70 µg/L FLT and 70 µg/L FLT + 2 mg/L TiO2-NP 

solutions. Bars show mean ± SE, (n=3) indicates triplicate runs of the same sample on the instrument. 
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Figure 5.18. Heat map comparing photoproduct concentration differences between UVA (7.26 

mW/cm2) irradiated 70 µg/L FLT and 70 µg/L FLT + 2 mg/L TiO2-NP samples. Green indicates an 

increase in photo by-product concentration in the presence of TiO2-NP, red indicates a decrease, white 

indicates no concentration differences, and “-“ indicates there was no photo by-product identified. 
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9-Hydroxybenzo(a)+3-Hydroxybenzo(e)pyren - - - -
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1-Hydroxyindeno[1,2,3-c,d]pyrene - - - -
4-Hydroxychrysene - - - -
6-Hydroxychrysene - - - -
3-Hydroxychrysene - - - -

11-Hydroxybenzo(b)fluoranthene - - - -
9-Hydroxybenzo(k)fluoranthene - - - -

11-Hydroxybenzo(g)chrysene - - - -
10-Hydroxybenzo(c)chrysene - - - -

OPAH
Fluoranthene
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In PYR samples, 10 OPAHs were identified and 9 were identified in PYR+ TiO2-NP 

samples (Figure 5.19). More OPAHs smaller than the original PYR molecule were 

identified compared to those that were the same or larger in size (Figure 5.20, A). Most 

of the smaller OPAHs identified were found at very low concentrations compared to 

other photoproducts (< 15 µg/L), except 9,10-phenanthraquinone. 9,10-

phenanthraquinone appeared at the highest concentration of all OPAH photoproducts, 

particularly in PYR samples at 1 hpi but then quickly appeared at concentrations lower 

than PYR+ TiO2-NP samples by 2 hpi. OPAHs of the same size as the original PYR 

molecule were identified at similar concentrations in both PYR and PYR+ TiO2-NP 

samples over all time points, with no meaningful fluctuations in concentration (Figure 

5.20, B). One OPAH larger in size than the original PYR molecule was identified, 6H-

benzo(cd)pyrene-6-one. Both PYR and PYR+ TiO2-NP samples demonstrated similar 

time-dependent concentration increases up to 4 hpi, but by 6 hpi PYR+ TiO2-NP 

samples showed an extreme decrease in concentration compared to PYR samples (68% 

difference) (Figure 5.20, C). Many more OHPAHs were identified than OPAHs, 22 

OHPAHs were identified in PYR samples and 20 were identified in PYR+ TiO2-NP 

samples (Figure 5.21). More OHPAHs smaller in size than the original PYR molecule 

were identified but appeared at lower concentrations (< 10 µg/L) than by-products of 

the same size as PYR. However, 1,5-dihydroxynaphthalene appeared at the highest 

concentration out of the 12 smaller OHPAHs identified (> 20 µg/L) (Figure 5.22, A). 

OHPAHs of the same size as the original PYR molecule appeared at the highest 

concentrations compared to OHPAHs of smaller or larger size (Figure 5.22, B). The 

OHPAH,1-hydroxypyrene, was identified at the highest concentration of any OHPAH 

in PYR+ TiO2-NP samples at 1 hpi. A drastic decrease in 1-hydroxypyrene 

concentration occurred by 2 hpi, and by 6 hpi PYR+ TiO2-NP samples had 97.4% less 

1-hydroxypyrene than they did initially. Adversely, PYR samples showed time-

dependent increases in 1-hydroxypyrene concentrations but never reached the highest 

concentration found in PYR+ TiO2-NP samples. Larger OHPAH photoproducts were 

identified at the lowest concentrations overall (< 20 µg/L) compared to OHPAHs of 

smaller or the same size as the original PYR molecule (Figure 5.22, C). In PYR+ TiO2-

NP samples, 7- and 12-hydroxybenzo[a]pyrene appeared one hour earlier than PYR 

samples but 11-hydroxybenzo(c)chrysene appeared four hours earlier in PYR samples 
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compared to PYR+ TiO2-NP samples. In general, both OPAH and OHPAH 

concentrations were lower by 6 hpi in PYR+TiO2-NP samples, and many more 

OHPAH photoproducts than OPAH photoproducts were identified in both the absence 

and presence of TiO2-NPs (Figure 5.23). 

 

Figure 5.19. All oxyPAH (OPAH) photo by-products identified and quantified in UVA (7.26 mW/cm2) 

irradiated 80 µg/L PYR and 80 µg/L PYR + 2 mg/L TiO2-NP samples. Bars show mean ± SE, (n=3) 

indicates triplicate runs of the same sample on the instrument. 
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Figure 5.20. OxyPAH (OPAH) photoproducts identified that showed A) size reduction B) same size and 

C) size increase in UVA (7.26 mW/cm2) irradiated 80 µg/L PYR and 80 µg/L PYR + 2 mg/L TiO2-NP 

solutions. Bars show mean ± SE, (n=3) indicates triplicate runs of the same sample on the instrument.
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Figure 5.21. All hydroxyPAH (OHPAH) photoproducts identified that showed A) size reduction and B) size increases in UVA (7.26 mW/cm2) 

irradiated 80 µg/L pyrene (PYR) and 80 µg/L PYR + 2 mg/L TiO2-NP solutions. Bars show mean ± SE, (n=3) indicates triplicate runs of the same 

sample on the instrument. 
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Figure 5.22. HydroxyPAH (OHPAH) photoproducts identified that showed A) size reduction and B) 

size increases in UVA (7.26 mW/cm2) irradiated 80 µg/L PYR and 80 µg/L PYR + 2 mg/L TiO2-NP 

solutions. Bars show mean ± SE, (n=3) indicates triplicate runs of the same sample on the instrument. 
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Figure 5.23. Heat map comparing photoproduct concentration differences between UVA (7.26 

mW/cm2) irradiated 80 µg/L PYR and 80 µg/L PYR + 2 mg/L TiO2-NP samples. Green indicates an 

increase in photo by-product concentration in the presence of TiO2-NP, red indicates a decrease, white 

indicates no concentration differences, and “-“ indicates there was no photo by-product identified 
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5.3.3. Irradiation and TiO2-NP-mediated oxidative potential changes of 

benzo[a]pyrene, fluoranthene, or pyrene 

 A greater oxidative potential (measured by the average amount of DTT consumed) was 

observed in irradiated 0.1% DMSO and 2 mg/L TiO2-NP control samples, therefore, 

experimental samples were normalized to the control samples (Figure 5.24). Irradiated 

BaP, FLT, and PYR, both in the absence and presence of TiO2-NPs, showed greater 

oxidative potentials compared to all non-irradiated samples. BaP in the presence of 

TiO2-NPs showed sustained oxidative potential over time while samples of BaP alone 

showed time-dependent fluctuations (Figure 5.25). FLT+ TiO2-NP samples showed no 

difference in oxidative potential compared to FLT samples without TiO2-NPs (Figure 

5.26). Oxidative potential of PYR samples was dampened in the presence of TiO2-NPs 

and showed time-related decrease of oxidative potential by 6 hpi (Figure 5.27). 

Irradiation played the largest role in oxidative potential increases for BaP, FLT, and 

PYR samples, but the presence of TiO2-NPs did not heighten the oxidative potential of 

any of the PAHs. 

 

Figure 5.24. Oxidative potential measured by dithiothreitol (DTT) consumption (nM) of non-irradiated 

and UVA (7.26 mW/cm2) irradiated 0.1% DMSO and 2 mg/L TiO2-NP control samples, 1, 2 4, and 6 

hours post irradiation (hpi). Bars show average ± SE, (n=3) of triplicate runs of the same sample on the 

instrument. 
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Figure 5.25. Oxidative potential measured by dithiothreitol (DTT) consumption (nM) of non-irradiated 

and UVA (7.26 mW/cm2) irradiated 20 µg/L benzo[a]pyrene (BaP) and 20 µg/L BaP + 2 mg/L TiO2-NP 

samples, 1, 2, 4, and 6 hours post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs 

of the same sample on the instrument.  
 

 

 

Figure 5.26. Oxidative potential measured by dithiothreitol (DTT) consumption (nM) of non-irradiated 

and UVA (7.26 mW/cm2) irradiated 70 µg/L fluoranthene (FLT) and 70 µg/L FLT + 2 mg/L TiO2-NP 

samples, 1, 2, 4, and 6 hours post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs 

of the same sample on the instrument. 
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Figure 5.27. Oxidative potential measured by dithiothreitol (DTT) consumption (nM) of non-irradiated 

and UVA (7.26 mW/cm2) irradiated 80 µg/L pyrene (PYR) and 80 µg/L PYR + 2 mg/L TiO2-NP 

samples, 1, 2, 4, and 6 hours post irradiation (hpi). Bars show the average ± SE, (n=3) of triplicate runs 

of the same sample on the instrument. 
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have demonstrated increased sod1 (responsible for metabolism of reactive 

intermediates and/or radicals) expression prior to this study, but TiO2-NP-related 

inductions of cyp1a, ephx1, or ephx2 have not been observed until now (Faria, M., et 

al., 2013). Our observations combined with previous studies, indicates that upon UVA 

irradiation, TiO2-NPs enhanced photodissociation of BaP and PYR into differing 

PPAH molecules that were subsequently metabolized by the zebrafish, which is 

indicated by the increase in cyp1a expression. The increased inductions of ephx1, 

ephx2, and sod1 of non-irradiated BaP, FLT, and PYR exposures indicate the presence 

of reactive oxygen species (ROS) which were likely produced by reaction of the PAH 

with ·OH and ·O2- radicals generated by the TiO2-NP. Interestingly, cyp1a expression 

was significantly reduced in the presence of TiO2-NP in both irradiated and non-

irradiated FLT exposures which may be indicative of strong adsorption of FLT to the 

NP surface preventing bioavailability of the molecule and subsequent by-products 

(Dhasmana, A., et al., 2015). These data suggest that the presence of TiO2-NPs catalyze 

production of bioavailable photoproducts and by-products of BaP and PYR, 

particularly in PYR, but strong FLT-NP interactions sequester the molecule and its 

subsequent photoproducts. 

 

Irradiated BaP and FLT exposures reduced expression of target genes compared to non-

irradiated exposures, but PYR showed higher inductions of target genes in irradiated 

exposures. It is possible other metabolic genes were induced in irradiated exposures 

but were not evaluated in this study (e.g. nqo1, gst) or induction of genes occurred prior 

to the 1 hpe collection. Previous studies demonstrate conflicting results about PAH 

susceptibility to biodegradation. Some studies have suggested that PAHs are more 

resistant to biodegradation, some have stated that the lipophilic nature of PAHs 

increases their susceptibility to biodegradation, and others have stated only the higher 

molecular weight (HMW) PAHs are recalcitrant. (Partila, A., García-Martínez, M.J., et 

al., 2006; Rachna, et al., 2019). A study done by Knecht, A., et al., 2013 showed 

induction of various metabolic genes following exposure of zebrafish to distinct 

OHPAHs and OPAHs but observed no induction of cyp1a following these exposures 

(Knecht, A., et al., 2013). These findings by Knecht, A., et al, 2013. indicate that 

OHPAHs and OPAHs are bioavailable to the zebrafish, but cyp1a is responsible for 
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metabolizing the parent molecules but not the hydroxy and oxy derivatives. 

Additionally, FLT has been disputed as both a cyp1a agonist and antagonist in zebrafish 

(Shankar, P., et al., 2019; Brown, D.R., et al., 2014). In agreement with previous 

studies, our investigations found significant induction of genes in non-irradiated 

exposures of BaP and PYR (Patsiou, D., 2018; Goodale, B.C., et al., 2013). FLT also 

induced expression of genes in non-irradiated exposures, particularly that of cyp1a, 

which differs to the study done by Brown, D.R., et al. that used FLT as a cyp1a 

inhibitor. Nevertheless, upon UVA irradiation, all three PAHs showed diminished 

expression of genes that were otherwise highly expressed without UVA; except PYR. 

PYR displayed higher inductions of cyp1a, ephx1, and sod1 following UV irradiation 

compared to non-irradiated exposures. Additionally, in accordance with the study done 

by Knecht, A., et al., cyp1a was solely induce by the exposure of the zebrafish to parent 

derivatives and not the OHPAH and OPAH photoproducts formed. These results are 

indicative of the susceptibility to biodegradation of all three PAHs in the absence of 

UVA, but upon irradiation, photodegradation is likely favoured by BaP and FLT while 

PYR continues to favour biodegradation. Furthermore, the inductions of genes seen in 

irradiated exposures may be through the exposure of the zebrafish not only to the 

original PAH molecules, but to bioavailable photoproducts produced which is indicated 

by ephx2 and sod1 expression in irradiated PYR exposures. 

 

5.4.2. PAH photoproduct formation 

The primary OHPAH photoproduct of BaP and FLT following UV exposure was 1-

hydroxynaphthalene, a smaller molecule than the parent compounds. A targeted 

screening of known PAH derivatives was used but was limited by characterized 

molecules that could be identified so it is possible more, smaller OHPAHs appeared in 

the samples but were not identifiable in this screening. Smaller photoproducts of BaP 

and FLT have been identified previously, but to the author’s knowledge, none have 

identified a variety of smaller photoproducts at precise, time points shortly following 

UVA irradiation (Kot-wasik, A., et al., 2004; Fasnacht, M.P., et al., 2002; Rachna, et 

al., 2019, Wen. S., et al., 2003). These studies have proposed ring-opening reactions, 

hydroxylation, and oxygenation occurs only during irradiation (Wen. S., et al., 2003, 
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Rachna, et al., 2019). Hydroxylation of PAHs to yield OHPAHs has been shown to be 

the initial photodegradation step, but BaP has had conflicting results (Librando, V., et 

al., 2014; Bai, H., et al., 2017; Dabestani, R., et al., 1999). It has been stated that 

hydroxy groups promote epoxide re-arrangement into quinones, so it is possible 

hydroxylation and epoxidation occur simultaneously (Hulbert, P., et al., 1983). The 

OHPAH, 1-hydroxynaphthalene, was a primary photoproduct of both BaP and FLT 

samples (neither PAH contained parent-derived OHPAH photoproducts). This 

suggests, upon UVA absorption, photodissociation of the naphthalenic ring of FLT and 

likely the lower bay region rings of BaP occurred and were subsequently hydroxylated. 

naphthalenic hydroxylation of FLT has been suggested by Bai, H., et al., 2017 and 

hydroxy-naphthalenes have been identified during BaP irradiation, but 

photodissociation of the parent molecules has never been suggested. The identification 

of smaller OHPAH photoproducts in all three PAHs investigated suggests 

photodissociation occurs upon UVA absorption which has only previously been 

observed in astronomical studies (Cook, A.M., et al., 2015; Schaveling, M., 2016; 

Bouwman, J., et al., 2009). We propose that hydroxylation and oxygenation events 

continue following irradiation due to the continued formation of many photoproducts 

identified during our chemical screenings. 

 

The primary OHPAH photoproduct of PYR following UV exposure was 1-

hydroxypyrene, but many other smaller photoproducts formed as well. No other 

hydroxylated PYR derivatives were targeted in this study so it is possible other isomers 

of hydroxypyrene were formed. Previous studies suggested the clustered ring 

arrangement of PYR requires more photoenergy to induce photochemical reactions 

(Dabestani, R., et al., 1999; Wen, S., et al., 2003). In agreement with previous studies, 

it is likely photodissociation of the PYR molecule required more photoenergy than BaP 

or FLT because of its clustered aromatic arrangement. Smaller photoproducts of PYR 

have been identified previously, but to the author’s knowledge, none have identified 

this variety of OHPAH photoproducts smaller than the original PYR molecule (Wen, 

S., et al., 2003). The concentrations of the smaller OHPAH photoproducts appeared at 

much lower concentrations (< 30 µg/L) than 1-hydroxypyrene (> 50 µg/L). The low 
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concentrations may indicate photodissociation of the PYR molecule occurred at a later 

time during UVA irradiation.  

Photoproducts of differing ring arrangements and/or larger size than the original PAH 

molecules were identified in all PAH samples. No products larger than BaP were 

targeted for screening in our investigations. To the author’s knowledge, this is the first 

instance where larger OHPAH and OPAH photoproducts have been identified 

following UVA irradiation of these three PAHs. Although, evolution of PAHs into 

larger, more complex molecules has been discussed extensively in astronomical 

investigations of PAH evolution in space (Giese, C.C., et al., 2019; Schaveling, M., 

2016). Studies have shown PAH photodegradation favours degradation into smaller 

molecules for continued breakdown and subsequent mineralization in the environment 

(Rachna, et al., 2019; Wen, S., et al., 2003; Bai, H., et al., 2017). Alternatively, if 

recombination of photodissociated molecules or photoproducts results in more stable 

molecules (increased aromatic sextets) then it is likely recombination into larger 

products will be favoured by the PAH molecule (Dabestani, R., et al., 1999). This may 

also be said for re-arrangements of the aromatic rings of the PAH molecule, which was 

observed in all PAHs investigated in this study. OPAH photoproducts identified in this 

study that were either the same size or larger than the original PAH molecules 

maintained the same concentrations over time, which may be the result of increased 

molecular stability. These results imply that following UVA absorption, some of the 

photodissociated molecules or photoproducts recombine and/or rearrange to yield more 

stable molecules that are subsequently hydroxylated and oxygenated which persist in 

the aqueous phase.  

 

PAHs in the presence of TiO2-NPs contained more dihydroxy OHPAH photoproducts 

and/or showed higher concentrations of primary OHPAH photoproducts compared to 

PAHs in the absence of TiO2-NPs. No dihydroxy by-products larger than 

dihydroxynaphthalene were targeted in the photoproduct screening so these results do 

not confirm that only these dihydroxy photoproducts were formed. Extensive studies 

of TiO2-NP photocatalysis have all confirmed that the generation of ·OH from TiO2-

NPs contributes to increased hydroxylation events during UVA irradiation (Bai, H., et 
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al., 2017; Woo, O.T., et al., 2009; García-Martínez, M.J., et al., 2006; Wen, S., et al., 

2003). In line with previous studies, we also suggest that the heightened OH attacks 

contributed by TiO2-NPs continue to occur, following UVA irradiation. Within our 

defined time course of 1, 2, 4, and 6 hpi, we identified substantial 1-hydroxynapthalene 

concentrations (35- 160 µg/L) in FLT+ TiO2-NP samples that continued to increase at 

6 hpi. In the presence of TiO2-NPs, more isomers of dihydroxynaphthalenes were 

identified in BaP samples while PYR samples displayed particular increases in 1,5-

dihydroxynaphthalene and 1-hydroxypyrene concentrations. These results, in 

agreement with previous studies, indicate that TiO2-NP generated ·OH radicals 

contribute to the hydroxylation of PAH photoproducts, but we also suggest these 

heightened hydroxylation events continue (within our time course) once UVA 

irradiation has ended. 

 

5.4.3. Oxidative potential changes 

The observed oxidative potential fluctuations reflected the time-depedent formation of 

OHPAH photoproducts for all PAHs, paticularly in the presence of TiO2-NPs. This 

study was the first to assess oxidative potential changes of irradiated BaP, FLT, and 

PYR in the presence of TiO2-NPs using this particular DTT assay, so interpretation is 

based on results obtained within this study combined with previously known 

photochemical mechanisms of the individual PAHs. Interestingly, the presence of 

TiO2-NPs did not heighten the overall oxidative potential of any of the PAHs but the 

time-dependent oxidative potential patterns corresponded perfectly with OHPAH 

formation (disscussed previously). This supports the validity of this assay as an 

accurate predictor of increased or decreased OHPAH photoproduct formation, 

particularly in the presence of TiO2-NPs. The lower oxidative potential of PYR 

compared to BaP and FLT following UVA irradiation is likely due the clustered ring 

arrangement of the molecule which requires more photoenergy for photoactivation and 

subsequent photoproduct formation (Fasnacht, M., et al., 2002). The lowered oxidative 

potential of PYR+ TiO2-NP observed is not supported by the increased OHPAH and 

OPAH photoproduct concentrations identified in the presence of TiO2-NPs, but the 

time-dependent formation patterns do correspond. Each PAH displayed a distinct 
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oxidative potential pattern which corresponded very well with OHPAH by-product 

formation observed previously. 

 

5.4.4 Integration of different approaches 

Many photoproducts were identified at all times targeted within the time course, in all 

UVA irradiated PAH samples. Reduced bioavailability of PAHs in the presence of 

TiO2-NPs has been observed prior to this study, but these interactions are PAH-specific 

(Patsiou, D., et al., 2019). Our identification of photoproducts in all samples, at each 

time point confirms photoproduct formation occurred in larval zebrafish exposures of 

irradiated PAHs, with or without TiO2-NPs, regardless of the observed gene expression 

changes since irradiation of solutions occurred prior to exposures. The observed PAH-

specific gene expression changes in the presence of the NP were likely influenced by 

the adsorptive capabilities of the individual PAHs, and thus, bioavailability of the PAH 

and its subsequent photoproducts. FLT appeared to adsorb strongly to the TiO2-NP 

surface, indicated by the reduction in cyp1a expression of FLT+ TiO2-NP exposures, 

but this did not reduce induction of ephx1, ephx2, or sod1 expression. Despite 

diminished bioavailability of the FLT molecule due to adsorption to the TiO2-NP 

surface, this did not sequester subsequent photoproducts or by-products resulting from 

this interaction. PYR showed significant inductions of genes, in both irradiated and 

non-irradiated exposures with particularly higher inductions in UVA irradiated TiO2-

NP exposures. This suggests that PYR and TiO2-NP interactions resulted in more 

bioavailable photoproducts which are biodegraded by the zebrafish. Quantification of 

PAHs, their photoproducts, and TiO2-NPs within the zebrafish was not done because 

gene expression profiling of larval zebrafish elucidated PAH-specific biodegradative, 

photodegradative, and adsorptive differences, particularly when combined with the 

identification and quantification of diverse photoproducts during GC-MS analyses. 

These results illustrate the complex interplay of adsorption, bioavailability, 

biodegradation, and photodegradation of distinct PAHs in the aquatic environment.  
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5.5. Conclusion 

Findings from this chapter suggest photodissociation of BaP, FLT, and PYR occurs 

upon UVA absorption, followed by hydroxylation indicated by OHPAH photoproducts 

smaller than the original PAH molecules. Hydroxylation and oxygenation of 

photoproducts, determined through the formation of OHPAH and OPAH by-products, 

continued through the specified time course in this study at 1, 2, 4, and 6 hpi. 

Recombination and/or ring re-arrangements of photodissociated molecules and/or 

photoproducts was observed following UVA irradiation of all three PAHs investigated. 

The larger photoproducts and re-arranged photoproducts displayed similar 

concentrations over all the time points they were identified at, which suggests increased 

molecular stability and persistence in the aqueous phase. The presence of TiO2-NPs in 

all three PAH samples displayed either more OHPAH photoproducts or higher 

concentrations of OHPAH photoproducts, which is indicative of enhanced 

hydroxylation likely through the generation of ·OH by the TiO2-NP, 

Regardless of adsorptive differences with the TiO2-NP, all the PAHs formed 

photoproducts that became bioavailable. Interestingly, all PAHs favoured the 

formation of 9,10-phenathraquinone which has not been previously seen prior to this 

study. Many different OHPAH and OPAH photoproducts were identified at 6 hpi, some 

at increasing concentrations. These findings demonstrate the importance of the amount 

of time that passes following UVA irradiation of these three PAHs, and likely other 

PAHs, to ensure by-products have fully degraded. This is particularly important during 

the deliberate application of TiO2-NPs for environmental remediation purposes. More 

investigations are needed to assess the larger photoproducts identified in this study to 

more deeply understand their persistence and potential environmental impacts.   

 
 
Britney Phase: Shaved head 
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Chapter 6: Synthesis and Future Work 
 

Innovative application of multiple techniques has been done to interrogate the 

complexity of aqueous phase PAH photoproduct formation and the influence of TiO2-

NPs which provided novel insight into these photochemical processes. A targeted 

screening using GC-MS analyses of parent and non-parent-derived oxygenated PAH 

(OPAH) and hydroxylated PAH (OHPAH) photoproducts was performed to identify 

and quantify photoproducts of individual PAHs both in the absence and presence of 

TiO2-NPs. To further examine PAH and TiO2-NP interactions, subsequent 

photoproducts, and altered bioavailability, early life stage zebrafish (Danio rerio) were 

employed to evaluate time-dependent inductions of key genes that encode enzymes 

involved in PAH metabolism. Finally, a novel high throughput method developed at 

Oregon State University (OSU) that had been used to measure the oxidative potential 

of particulate matter was modified to assess PAHs and TiO2-NPs. This chapter 

summarizes the work carried out in this PhD project followed by conclusions and future 

work. 

 

6.1. Summary 

 

6.1.1. Chapter 4: Altered photoproduct formation of aqueous phase anthracene and 

phenanthrene in the presence of TiO2-NPs. 

 

The aim of Chapter 4 was to enhance our understanding of ANT and PHE 

bioavailability and photoproduct formation upon interaction with TiO2-NPs following 

the end of UVA irradiation in the aqueous phase. Findings from Chapter 4 may be 

summarized by: 

1) Photodissociation of ANT and PHE to form smaller by-products occurred 

upon UVA absorption. 

2) Hydroxylation, to form OHPAH by-products, was the initial oxidation 

event for both ANT and PHE. 
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3) The presence of TiO2-NPs caused increased PHE hydroxylation and 

oxygenation initially, OHPAH and OPAH yield, but then decreased by 6 

hours following the end of UVA irradiation. 

4) ANT in the presence of TiO2-NPs had higher OHPAH yields than ANT 

alone but showed the same time-dependent pattern where OHPAH 

formation began to decrease by 2 hours following the end of UVA 

irradiation. 

5) The presence of TiO2-NPs did not alter the time-dependent increase in 

oxygenation, OPAH formation, up to 6 hours following the end of 

irradiation but OPAH yields were lower. 

6) Recombination of photoproducts into larger by-products following the end 

of UVA irradiation of ANT and PHE occurred. 

7) Ring re-arrangements of the ANT and PHE molecules occurred to form 

isomeric by-products. 

8) The presence of TiO2-NPs promoted degradation of ANT and PHE 

photoproducts into smaller molecules as decreased yields of larger by-

products were observed in PAH+ TiO2-NP samples. 

9) ANT and PHE formed bioavailable photoproducts, regardless of adsorptive 

differences of the parent molecules. 

10) ANT and PHE had the same primary photoproducts; 9,10-

phenanthraquinone and 1-hydroxynaphthalene. 

11) Photoproducts of ANT and PHE were still identified up to 6 hours following 

the end of UVA irradiation. 

 

6.1.2. Chapter 5: PAH-specific photoproduct formation of higher molecular weight 

PAHs and the influence of TiO2-NPs in the aqueous phase. 

 

The aim of Chapter 5 was to investigate BaP, FLT, and PYR bioavailability and 

photoproduct formation upon interaction with TiO2-NPs following the end of UVA 

irradiation in the aqueous phase. Findings from Chapter 5 can be summarized by:  

1) Photodissociation of BaP, FLT, and PYR to form smaller by-products 

occurred upon UVA absorption. 
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2) Hydroxylation, to form OHPAH by-products, was the initial oxidation 

event for BaP, FLT, and PYR. 

3) TiO2-NPs caused increased hydroxylation of BaP, FLT, and PYR.  

4) BaP in the presence of TiO2-NPs showed decreased hydroxylation but 

continued oxygenation, OHPAH and OPAH formation, up to 6 hours 

following the end of UVA irradiation. 

5) FLT in the presence of TiO2-NPs showed continued hydroxylation but 

decreased oxygenation, OHPAH and OPAH formation, up to 6 hours 

following the end of UVA irradiation. 

6) PYR in the presence of TiO2-NPs showed decreased hydroxylation and 

oxygenation, OHPAH and OPAH formation, by 6 hours following the end 

of UVA irradiation. 

7) Recombination into larger by-products and/or ring re-arrangements of the 

original PAH molecules or photoproducts occurred. 

8) The larger photoproducts and isomeric by-products of increased stability 

than the original BaP, FLT, and PYR molecules persisted over this study’s 

time course, regardless of the presence of TiO2-NPs. 

9) BaP, FLT, and PYR formed bioavailable photoproducts, regardless of 

differing adsorptive difference of the parent molecules. 

10) BaP, FLT, and PYR had the same primary OPAH by-product; 9,10-

phenanthraquinone. 

11) The primary OHPAH by-product of BaP and FLT was 1-

hydroxynaphthalene, while PYR’s were 1-hydroxypyrene and 4-

hydroxychrysene. 

12) Photoproducts of BaP, FLT, and PYR were still identified up to 6 hours 

following the end of UVA irradiation. 

 

6.2. Conclusions 

 

ANT, PHE, BaP, FLT, and PYR photoproduct formation and transformation continued 

following the end of UVA irradiation, and the presence of TiO2-NPs altered these 

photochemical processes. The alternation between biodegradation and 
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photodegradation of the PAHs upon UVA irradiation is PAH-specific. Upon UVA 

irradiation, the original PHE and FLT molecules deviated to photodegradation while 

ANT, BaP, and PYR employed both biodegradation and photodegradation processes. 

Ultimately, photoproducts of all PAHs were bioavailable at some point following the 

end of UVA irradiation regardless of adsorptive differences among the PAHs.  

 

All PAHs investigated recombined to form larger photoproducts except BaP (no by-

products larger than BaP were assessed), and/or re-arranged into aromatic isomers of 

the original PAH molecule. Recombination and re-arrangement of PAHs and their 

photoproducts yielded more stable molecules that persisted to 6 hours following the 

end of UVA irradiation. The OPAH, 9,10-phenanthraquinone, was a primary 

photoproduct of all five PAHs investigated which is likely owed to its high molecular 

stability. The OHPAH, 1-hydroxynaphthalene, was the primary photoproduct of all 

PAHs except PYR. The OHPAHs, 1-hydroxypyrene and 4-hydroxychrysene were the 

primary hydroxy by-products of PYR which is likely a result of PYR’s resistance to 

photodissociation (Wen, S., et al., 2003). 

 

The presence of TiO2-NPs showed PAH-specific OPAH and OHPAH formation and 

transformation over the time points following the end of UVA irradiation. In the 

presence of TiO2-NPs, ANT, PHE, BaP, and PYR all showed increased hydroxylation, 

OHPAH photoproducts, at 1 hour following the end of UVA irradiation and decreased 

OHPAH formation by 6 hours following the end of UVA irradiation. FLT displayed 

the opposite pattern where initial OHPAH formation was lower but increased 

substantially at 6 hours following the end of UVA irradiation. Increased oxygenation, 

OPAH formation, of ANT and BaP occurred by 6 hours following the end of UVA 

irradiation while PHE, FLT, and PYR showed decreased OPAH formation in the 

presence of TiO2-NPs. These time-dependent differences are likely indicative of altered 

photocatalytic reactions attributed by the presence of TiO2-NPs, but definitive PAH-

specific mechanisms require future studies. 

 

The time-dependent patterns of photoproduct formation are incredibly important to 

fully understand the environmental and human health implications of these 
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photoprocesses. For instance, the intentional release of TiO2-NPs in environmental 

remediation techniques has proven useful in the degradation of PPAHs, but this study 

has found that this increases the formation of diverse and bioactive photoproducts. 

Thus, remediation techniques which harness the photocatalytic power of TiO2-NPs 

must consider the amount of time that passes prior to deeming a polluted site “safe”. 

The identification of prevalent photoproducts (9,10-phenanthraquinone and 1-

hydroxynaphthalene), formed by all five PAHs investigated, suggests these derivatives 

could be used to detect not only the stage of PAH photodegradation, but also be 

employed as chemical indicators of safety. 

 

This project was supported as a component of the network EUROPAH (the extensive 

and ubiquitous role of polycyclic aromatic hydrocarbons in space) a consortium of 

researchers funded by the EU under the Horizon 2020 initiative. Interestingly, the 

behaviour of PAHs in interstellar ice is comparable to those in aqueous environments, 

and NPs possess interchangeable characteristics to interstellar dust particles (IDPs). 

The results and conclusions made in this project can be extrapolated for investigations 

of PAH photochemical behaviour in the interstellar medium (ISM) and elucidate 

photochemical outcomes of PAH interactions with IDPs. This is the first study of PAH 

photochemistry with “universal” implications, relevant to PAH photochemical 

behaviour both on earth and in space. 

6.3. Future Work 

 

This project identified diverse photoproducts up to 6 hours following the end of UVA 

irradiation which has been an important step in understanding continued photoproduct 

formation and transformation, bioavailability, and persistence of subsequent by-

products. From this, investigations into subsequent timepoints (later than 6 hours post 

irradiation done in this study) must be done to fully understand how long these 

photoproducts persist as well as their bioavailability throughout extended times 

following the end of UVA irradiation. To establish a better understanding of PAH and 

photoproduct bioavailability, the subsequent uptake of these molecules into zebrafish 

could be measured through a body burden assay using GC-MS (Goodale, B. C., et al., 
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2013). Further to this, gene expression profiles of different genes downstream from 

cyp1a (e.g. nqo1, gsta1, ugt1a6) would be valuable to further explore bioavailability of 

specific photoproducts (e.g., quinones) (Goodale, B. C., et al., 2013; Patsiou, D., 2018).  

 

TiO2-NPs preferentially agglomerate which can decrease PAH adsorption to the 

surface, and thus, reduce photoinduced reactions and photoproduct formation (Gang, 

L., et al., 2010). Investigations of surface modified TiO2-NPs with increased porosity 

and charge have shown decreased NP agglomeration, as well as higher concentrations 

(0.15 g/L) of NP reduced adsorption competition with NP agglomeration (Li, G., et al., 

2007; Gang, L., et al., 2010). Differing concentrations or surface modified TiO2-NPs 

could be assessed to investigate differentiated adsorptive capabilities of the PAHs and 

their effects on photoproduct formation (Bai, H., et al., 2017; Patsiou, D., 2018). Single 

concentrations used in this study limited our overall perspective so dose responses 

(concentrations lower than in this study) of TiO2-NPs alone, and in combination with 

PAHs, under the same experimental conditions could prove useful in understanding NP 

agglomeration. Lower NP concentrations would likely cause enhanced photocatalytic 

capabilities (less competition for the surface interactions) which would be used to 

optimize environmental remediation techniques, and may result in lesser TiO2-NP 

use/release which would be more economically and environmentally beneficial 

(Clemente, Z., et al., 2014). Additionally, confirmation of TiO2-NP (and PAH) uptake 

in the larval zebrafish was not done in this study because the PAH photoproducts 

(confirmed by GC-MS screening) were of primary interest. A body burden assessment 

of TiO2-NPs using inductively coupled plasma optical emission spectrometry (ICP-

OES) would quantify the uptake of the NPs into the larvae to confirm whether or not 

uptake was necessary to induce the observed genetic profiles of cyp1a, ephx1, ephx2, 

and sod1 or if these altered profiles were caused by PAH photoproducts and/or TiO2-

NP radicals without the need for NP uptake (Bar-Ilan, O., et al., 2013). 

 

A targeted screening of PAH photoproducts larger than BaP would be advantageous to 

further assess the extent of photoproduct recombination into larger molecules and how 

long this may occur following UVA irradiation. Most importantly, identification of 

epoxide photoproducts can only be done using liquid chromatography-mass 
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spectrometry (LC-MS) and would be vital for further clarification of chronological 

hydroxylation and oxygenation events (Adeniji, A.O., et al., 2017). The findings from 

this project have identified PAH-specific photoproducts of novel photochemical 

mechanisms, which has generated the need for further investigations into these 

complex processes. 
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