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Abstract 

Current approaches for petroleum extraction in northern Alberta oil sands use heat, 

agitation, chemicals, and water to separate useable bitumen from oil sand deposits. During this 

process, caustic chemicals and sequestered compounds of environmental concern become 

concentrated in these waters. These waters are referred to as oil sands process-affected waters 

(OSPW), and are alkaline, slightly brackish waters that contain several organic and inorganic 

compounds that have been shown to be detrimental to organism physiology and normal 

biological function using both in vivo and in vitro approaches. The deleterious effects of OSPW 

are often contributed to recalcitrant contaminants such as naphthenic acids (NAs), but there are 

no clear guidelines regarding acceptable limits for NAs in the environment. As a result, these 

waters are currently held under a zero-discharge policy, resulting in the accumulation of 1.44 

billion m3 of OSPW as of 2022. As required by provincial legislation, these waters must be 

returned to a pre-industrial state within 10 years of site closure, prompting significant efforts to 

remediate OSPW. A variety of treatment regimens that target NAs for removal are currently 

being tested and will require intensive toxicity monitoring to inform water quality status. As 

these waters are complex mixtures, the tools used to assess their toxicity and treatment efficacy 

must be equally varied and sensitive. While in vivo assays provide biologically relevant data for 

affected organisms, in vitro approaches allow for rapid, high-throughput screening of water 

samples to inform treatment decisions and further toxicity testing. Despite their apparent value in 

guiding both treatment and toxicity testing, relatively few approved in vitro methods exist for use 

in aquatic toxicity assessments. As government and industry seek new toxicity assessment tools 

to help achieve time sensitive OSPW remediation targets, new approaches must be considered to 

fill these technical gaps. Bacterial toxicity assays are a candidate for this role, as these 
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approaches are inexpensive, robust, reproduceable, and high throughput, making them a 

potentially valuable tool in informing rapid decisions on OSPW treatment, release, and 

monitoring. In clinical settings, growth inhibition as determined by microdilution minimum 

inhibitory concentration (MIC) assays have long stood as the gold standard for the assessment of 

antimicrobial activity against indicator organisms. These approaches are well standardized, 

widely accepted, and are supported by data showing their effectiveness and sensitivity. As such, I 

investigated the viability of adapting a microdilution MIC assay for determining the detrimental 

effects of OSPW and NAs on bacterial growth. Through preliminary optimization, a modified 

microdilution MIC assay was determined to be stable when exposed to physiochemical 

parameters seen in freshwater and OSPW. Additionally, this assay demonstrated dose-dependent 

inhibitory effects on growth as a result of commercial naphthenic acid (cNA) and OSPW 

exposures, with values comparable to what is observed in the most sensitive in vivo and in vitro 

aquatic toxicity assays. To further establish the sensitivity of this approach, a cNA standard and 

several OSPW samples were treated to remove organic contaminants. Removal of organic 

compounds was tracked using fluorescence spectroscopy, with chemical analysis data revealing 

efficient removal of potential contaminants. When assessed using a modified microdilution MIC 

approach, the reduction in organic compounds was associated with a decrease of inhibitory 

effects on growth. These approaches were then compared to a standardized bacterial 

luminescence inhibition assay currently approved for use in aquatic toxicity testing. My data 

showed that the modified microdilution MIC approach had greater sensitivity to untreated cNA 

and OSPW, with similar trends observed in terms of monitoring removal and persistence of 

toxicity in response to treatment. Furthermore, these approaches were resilient against optical 

interference and several other technical and substrate specific limitations that can perturb 
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bioluminescence assays. Overall, my thesis data suggests that a modified microdilution MIC 

assay is a robust, high throughput, cost effective method for monitoring OSPW toxicity. These 

approaches display sensitivity equivalent to or greater than what is observed in bacterial 

luminescence inhibition assays but require less sample modification and have exposure times and 

toxicity endpoints of greater ecological and technical relevance. 
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Chapter I 

General Introduction 

1.1 Introduction 

The introduction of contaminants into the environment as a result of human industrial 

activity is an ongoing challenge that has consequences that will reach into the distant future. 

Currently, industries and government prioritize monitoring the presence and impact of these 

contaminants while preventing their accidental release. As perspectives and priorities shift, 

efforts are underway to remediate and eventually release previously contaminated substrates 

upon their successful restoration to a pre-industrial state. A crucial part of this process will 

involve extensive toxicity monitoring with a wide range of endpoints to ensure the efficacy of 

remediation and minimize the impact on natural ecosystems.  

One such industry that has had a significant impact on the Canadian environment is the 

petroleum industry. Canada has a proven reserve of 171 billion barrels of oil, with 97% of these 

located in the Alberta oil sands (Government of Canada 2020). The Alberta oil sands represent 

the third largest known oil reserve in the world, and the extraction of bitumen from these oil 

sands has made Canada the fourth largest global producer of crude oil as of 2023 (CAPP 2024a). 

The petroleum extraction industry built around mining the Alberta oil sands produced an average 

of ~2.8 million barrels/day of total crude oil in 2023 (AER 2023a) and generated $14.2 billion 

dollars in royalties, 56% of Alberta’s non-renewable resource revenue (Government of Alberta 

2023a).  
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The Alberta oil sands encompass 142,000 km2 in the Athabasca, Cold Lake, and Peace 

River boreal forest area (Government of Alberta 2023b). These oil sands are unique from other 

bitumen deposits as 20% of the reserves exist within 75m of the surface, allowing them to be 

mined without advanced extraction techniques such as steam assisted gravity drainage (SAGD) 

or cyclic steam stimulation (CSS) (CAPP 2024b). The viscous petroleum embedded in these 

mined sand deposits requires careful extraction and treatment before it can be further refined to a 

variety of useable petroleum products. The most common bitumen extraction processes are 

derivative of the Clark Hot Water Extraction (CHWE) process, which involves using a 

combination of steam, heat, agitation, and water flow to separate oil sands into their component 

parts (Masliyah et al. 2011). 

 From 2013 to 2022, every barrel of useable crude oil extracted by oil sands mining 

required on average 2.47 barrels of freshwater. This process has slowly become more efficient, 

and as of 2022, 80% or 830 million m3 of the total water used in bitumen extraction from mining 

was recycled from previous processes (AER 2023c). Despite this, these waters eventually 

accumulate enough contaminants that they are no longer useable in bitumen extraction. This 

water is moved to tailings ponds to allow for dense contaminants to settle out of the water and 

may be chemically or physically treated before or after this process to enhance remediation 

(Masliyah et al. 2011). The layer of water that forms on top of these settling basins is considered 

oil sands process-affected water (OSPW), a term which refers to all waters used in the oil sands 

and may refer to OSPW at various points of remediation and treatment.  

While the physiochemistry varies greatly depending on source, both whole OSPW and its 

specific components have consistently shown detrimental effects on organism physiology in vivo 

as well as interference with normal biological function in vitro (Li et al. 2017; Mahaffey and 
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Dube 2017; Allen 2008a). Due to a lack of provincial regulation and approved remediation 

options, these waters are held on industrial sites under a zero-discharge policy, leading to the 

accumulation of a total of 1.44 billion m3 of fluid tailings as of 2022 (AER 2023b). As 

production continues to increase to meet global demand, the volume of affected waters will only 

continue to rise, seeing a 100.3 million m3 increase in 2022 alone. In response, the Government 

of Alberta set in place the Lower Athabasca Region: Tailings Management Framework for 

Mineable Oil Sands (TMF) to dictate the reduction, management, and remediation of tailings 

ponds. Supported under the Environmental Protection and Enhancement Act (EPEA), Water Act, 

and Oil Sands Conservation Act (OSCA), this legally binding framework requires sustainable 

remediation of fluid tailings and mining sites to pre-industrial status within 10 years of closure, 

as well as monitoring and mitigation of any environmental effects both during and after 

operation (AER 2023b). As operators attempt to achieve these objectives for closing and current 

mining projects, extensive efforts have been made to develop new OSPW treatment techniques 

as well as improve current tools for monitoring OSPW toxicity. In vitro approaches have been 

identified as serving a crucial role in initial determination of treatment efficacy. These models 

allow for cost-effective determination of treatment success, allowing for investigation with more 

technically demanding in vivo models. When treatment is not determined to be effective as per in 

vitro assays, they can rapidly guide remediation protocols to optimize technologies for toxicant 

removal (Hatfield Consultants 2019). 

1.2 Research Objectives  

  As these waters are complex mixtures, the tools used to assess their toxicity and 

treatment efficacy must be equally varied and sensitive. While the Government of Canada has 

approved approaches for assessing aquatic whole effluent toxicity (WET), both industry and 
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government have identified a need for more rapid, sensitive methodology to identify and 

prioritize contaminants of concern (Government of Canada 2024; Viegas et al. 2021). In vivo 

toxicity approaches are, and will likely remain, the most ecologically significant methods that 

provide insight on biologically relevant organisms and systems. Alternatively, in vitro 

approaches allow for rapid, high-throughput, cost-effective testing that can have strong 

predictive accuracy for whole organism toxicity and allows for rapid decision making in 

treatment and monitoring scenarios.  

Despite the strengths of in vitro testing, only two of the nine aquatic toxicity approaches 

approved by the Government of Canada for WET testing are in vitro approaches. Microalgae 

have shown high sensitivity to whole OSPW but are technically demanding to culture and 

enumerate, making their use limited. Alternatively, the bacterial luminescence inhibition 

approaches are the most common in vitro aquatic toxicity approach used to assess OSPW and its 

constituents. Despite a low technical burden, this assay relies on outdated protocols that have 

several technical limitations associated with whole effluents and OSPW in particular. Though 

these assays have limitations, bacteria still have several technical advantages for toxicity testing 

as these approaches are inexpensive, reproducible, and high throughput. Outside of 

environmental settings, distinct guidelines exist for determining the susceptibility of bacteria to 

antimicrobial compounds. With this considered, the objective of this thesis was to explore the 

possibility of adapting clinical antimicrobial assessment tools for use in measuring OSPW 

toxicity. To achieve this, I sought to; 1) establish a modified minimum inhibitory concentration 

(MIC)/broth microdilution assay for use in freshwater and OSPW toxicity settings; 2) perform 

treatment of OSPW to remove compounds of concern and compare chemical analysis data with 
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toxicity endpoints in a modified MIC assay; and 3) compare chemical analysis data and MIC 

data to a traditional bacterial luminescence inhibition assay. 
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Chapter II 

Literature Review 

2.1 OSPW Composition 

 Oil sands process-affected waters can vary greatly in origin and treatment, and this 

variability is reflected in their water chemistry. Overall, OSPW is an alkaline, moderately 

brackish water that contains several key components that contribute to both acute and chronic 

toxicity. Typically, these waters are comprised of 70-80% water, 20-30% solids such as sand, silt, 

and clay, and 1-3% residual bitumen (Allen 2008a). When analyzing OSPW composition, it is 

common to separate the complex mixture into organic and inorganic fractions (OF and IF, 

respectively). The OF includes a broad range of organic compounds including, benzene, toluene, 

ethylbenzene, xylene (BTEX), polycyclic aromatic compounds (PACs), phenols, and naphthenic 

acids (NAs) (Hussain and Stafford 2023). A generally less understood but better characterized 

component of OSPW, the IF is mostly comprised of inorganic ions, namely calcium, magnesium, 

sodium, chloride, sulfate, and bicarbonate, but also includes a selection of trace metals of 

environmental and toxicological significance (Allen 2008a). 

2.1.1 Organic Fraction - BTEX 

 A group of volatile organic compounds, BTEX refers to benzene, a monoaromatic 

hydrocarbon, as well as its alkyl derivatives. In OSPW, BTEX compounds are introduced with 

industrial solvents used to improve bitumen yield by reducing oil viscosity (Government of 

Canda 2023). BTEX compounds are often assessed as a group producing lethal concentration 

50% (LC50) values ranging from 15 – 37 mg/L, 21 mg/L, 37.8 mg/L in Daphnia, Artemia, and 

Chironomus sp., respectively (EPA 2024; Li et al. 2013). In Pimephales promelas, LC50 values 
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were observed as low as 5 mg/L, with endocrine and cardiac developmental defects being seen in 

several teleost fish as low as 4 µg/L (Headley et al. 2001; Xu et al. 2020). Notably, the combined 

effect of these compounds increases toxicity significantly when compared to their effects in 

isolation. The proposed mechanism of action for BTEX toxicity is believed to be non-selective 

membrane disruption, or narcosis, due to the highly lipophilic nature of its chemical structure, 

with effects decreasing with alkylation and molecular weight within this group (Sikkema et al. 

1995; Xu et al. 2020). 

Though not as extensively evaluated as other parts of the OF, BTEX compounds have 

been observed at concentrations ranging from 10-21 mg/L in OSPW, concentrations that far 

exceed Federal water quality guidelines (Stasik et al. 2015). Though much lower in 

concentration, BTEX compounds have also been detected in surface waters of the Athabasca 

region impacted by the oil sands in concentrations ranging from 3-20µg/L, suggesting their 

potential spread from industrial activity (ECCC 2023). Chemical properties of BTEX often lead 

to it persisting in the environment for long periods of time, also being able to outgas from surface 

water and spread to the air and neighboring environments (Weelink et al. 2010). 

2.1.2 – Organic Fraction - PAC 

 Another important component of the OF are polycyclic aromatic compounds. This large 

group includes thousands of compounds from two major groups: heterocyclic aromatic 

compounds (NSO-PAC) and polycyclic aromatic hydrocarbons (PAH). The NSO-PAC 

compounds contain nitrogen, sulfur, and oxygen substitutes in the ring structures, while PAHs 

are comprised of only carbon and hydrogen (Achten and Andersson 2015). Though distinct, these 

groups of compounds are similar in both behaviour and analysis, with PAHs being significantly 

better researched due to their association with anthropogenic activity (Blumer 1976). Some PACs 
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may be produced naturally though pyrogenic events such as volcanic activity and forest fires, but 

large volumes of these compounds are petrogenic, existing in complex mixtures of crude oil and 

coal. During bitumen extraction from the oil sands, large volumes of PACs, predominantly 

PAHs, are released into process waters and can be found in OSPW (Ahad et al. 2020).  

 Like BTEX, PACs have been established as potentially carcinogenic to humans and have 

several adverse outcomes for exposed aquatic organisms (Menzie et al. 1992). While specific 

outcomes and concentrations are dependent on the specific PAC tested, high molecular weight 

compounds tend to exert greater effects than low molecular weight PACs (Geier et al. 2018). In 

teleost fish, PAHs compounds showed detrimental effects on cardiac and morphological 

development in concentrations as low as 0.7 µg/L, with further negative effects on liver and bone 

metabolism, as well as endocrine disruption observed in adult fish (Honda and Suzuki 2020).  In 

aquatic invertebrates, LC50 values were dependentdependent on specific PAH compound, 

ranging from 0.004 – 41 mg/L, 8 – 20 µg/L, and 250 – 490 µg/L for Daphnia, Artemia 

Chironomus sp., respectively (Leblanc 1980, Kagan et al 1985, Suedel and Rogers 1996; 

Millemann et al. 1984). The proposed mechanism of action for toxicity of PACs is narcosis (Di 

Toro et al. 2020), with observed toxicity increasing with the molecular weight, alkylation, and 

lipophilic characteristics of each compound (Achten and Andersson 2015; Sikkema et al. 1995).  

Concentrations of PACs in OSPW can range from 1.1 – 280 µg/L (Madill et al. 1999; 

Zhang et al. 2015), with several specific compounds exceeding Federal water quality guidelines 

(CCME 1999). Regionally, PACs have been detected at significantly higher concentrations in the 

Athabasca River near oil sands extraction and tailings facilities. Some of these values exceed 

Federal water quality guidelines but can range greatly with seasonality (Kelly et al. 2009). PACs 

are significantly less volatile than BTEX compounds, and thus present a lower risk for 
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mobilization in the environment. Despite this, PACs are a persistent contaminant that is resistant 

to efficient degradation under ambient conditions and contribute to OSPW toxicity (Wallace et 

al. 2020).  

2.1.3 – Organic Fraction - NA 

 A major contributor to the proposed toxicity of the OSPW organic fraction, NAs are a 

large family of acyclic and cyclic carboxylic acids with the general classical formula CnH2n + ZO2 

where n indicates the number of carbon and Z indicates the presence and number of ring 

structures. Outside of the classical formula, atypical NAs have also been described with the 

formula CnH2n + ZOx, where x can range from 2 – 6 (Vander Meulen 2021). Both classical and 

atypical NAs have a high degree of variation in their alkyl chains, which in combination with 

variable ring structures, produce a wide range of molecular weights and conformations (Brown 

and Ulrich 2015). Naturally existing in petroleum deposits, NAs become solubilized during 

extraction of bitumen and contaminate OSPW (Mahaffey and Dube 2017). NAs are an 

undesirable by-product of bitumen extraction, reducing efficiency and potentially damaging 

equipment, ultimately requiring increased cycling of water (Scott 2007). While BTEX and PACs 

may be a product of several other industrial processes and activity, NAs are unique to petroleum 

extraction and refinement as they can be found naturally within bituminous deposits in the oil 

sands.  

 NAs were originally identified as a crucial component of OSPW mixtures that 

contributed to acute and chronic toxicity outcomes for aquatic organisms (MacKinnon and 

Boerger 1986, Mahaffey and Dube 2017). NAs extracted from OSPW have been shown to be 

acutely toxic to fish, resulting in an effective concentration 50% (EC50) of 5.0 – 12.4 mg/L for 

Pimephales promelas embryos, and concentrations of 5.0 mg/L and lower producing several 
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developmental deformities related to cardiovascular and spinal structure (Marentette et al. 2015). 

In aquatic invertebrates, LC50 values have been observed at 1.9 – 3.8 mg/L, 2.8 – 6.1 mg/L, and 

2.3 –10.9 mg/L for Daphnia, Hyalella, and Chironomus sp., respectively (Kinley et al. 2016).  

Like BTEX and PAC compounds, narcosis is proposed to be the mechanism of toxicity 

for NAs due to their lipophilic characteristics. Compared to other compounds discussed, the 

relationship between structure and toxicity for NAs is complicated. Generally, low molecular 

weight NAs have a stronger association with toxicity than high molecular weight NAs (Frank et 

al. 2008; Holowenko et al. 2002). However, for similarly structured NAs, as molecular weight 

increases toxicity increases, but structural differences such as alkyl groups may have a greater 

influence on toxicity overall (Frank et al. 2008; Brown and Ulrich 2015). A large degree of the 

observed toxicity in OSPW has been associated specifically with O2 NAs, making this group a 

key focal point for treatment and chemical analysis (Hughes et al. 2017). 

 Despite large degrees of structural variation, concentrations of NAs in OSPW are well 

documented. Total NA concentrations in OSPW often exist within the range of 2.9 – 100 mg/L 

(Allen 2008a, Mahaffey and Dube 2017; Hussain and Stafford 2023), though unlike BTEX and 

PACs, no guidelines currently exist to detail acceptable environmental limits of NAs. This is 

partially due to challenges associated with characterization of the large group of compounds, as 

well as high variation in structure specific toxicity (Brown and Ulrich 2015; Vander Meulen 

2021). In fact, for NAs, concentration is often a poor predictor of toxicity, with structure having a 

greater impact on toxicity outcomes (Bauer et al. 2019a, Brown and Ulrich 2015). In regions 

surrounding the oil sands, NA concentrations were measured at values up to 10 mg/L, values 

which far exceed the 4 ng/L-2 mg/L measured in areas not affected by bitumen extraction (Ross 

et al. 2012; Sun et al. 2017; ECCC 2024a). As with other components of the OF, their toxicity is 
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complicated by their persistence in the environment and resistance to timely degradation via 

natural processes, posing a major risk to surrounding aquatic environments and groundwater 

(Ross et al. 2012).  

2.1.4 – Organic Fraction – Summary  

 Overall, the OSPW OF represents a large group of compounds that are challenging to 

remediate and significantly contribute to OSPW toxicity. The OF presents a major barrier for 

remediation for two major reasons: persistence and analysis. Components of the OF often 

represent compounds that are not easily removed by natural process under ambient conditions 

and can readily spread to surrounding environments (Zhang et al. 2015; Weelink et al. 2010). The 

OF also encompasses a massive number of compounds that require advanced analysis techniques 

to track, each with their own advantages and trade-offs. The variation of analysis techniques 

employed makes it difficult to consistently quantify and evaluate the presence of these 

problematic compounds, not to mention the cost required for thorough analysis (Han et al. 2008). 

These combined factors have made it difficult for regulators to provide clear guidelines on OF, 

and specifically NA management and removal, resulting in a lack of policy. 

 Narcosis remains the mode of toxic action associated with all components of the OF, 

largely due to the strong relationship between molecule hydrophobicity/lipophilicity and toxicity 

(Frank et al. 2009). Despite this relationship, complex interactions with whole organism 

endocrine, cardiac, and immune systems suggests this may be an oversimplification (Wallace et 

al. 2020; Incardona 2017).  For many components of the OF, concentration can be a poor 

predictor of toxicity, with individual chemical structural motifs contributing more to toxic 

outcomes than concentration alone (Jones et al. 2011). To fully understand the toxicity mediated 
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by these fractions, it will likely require analysis of individual chemical species and the results of 

their exposure both in vitro and in vivo (Brown and Ulrich 2015; Frank et al. 2008).   

2.1.5 – Inorganic Fraction – Inorganic Ions  

 The inorganic ions present in OSPW contribute to the water being moderately hard, with 

average calcium and magnesium concentrations of 2 – 25 mg/L and 5 – 11 mg/L, respectively. 

OSPW also has concentrations of total carbonate species that range between 575 – 1025 mg/L, 

resulting in pH values of 7.5 – 8.6 (Celsie et al. 2016). In extreme cases, these values may exceed 

what is traditionally observed in the Athabasca River and regional lakes, though on average are 

similar (Allen 2008a, Mahaffey and Dube 2017; ECCC 2024a). 

 Another important measurement of inorganic water chemistry is total dissolved solids 

(TDS), which measures inorganic salts and small organic mater present in water. In OSPW, TDS 

values can range greatly depending on source but are generally between 400 – 2539mg/L, far 

more than what is observed in regional freshwater and rivers (Allen 2008a, Mahaffey and Dube 

2017; ECCC 2024a). In OSPW the contribution of salts to TDS is generally quite high, with 

combined sodium, chloride, and sulfate values totalling ~2600mg/L in some samples, resulting in 

OSPW being considered brackish (Celsie et al. 2016). Conductivity and TDS increase as salinity 

increases, making these a good indicator of salinity in the absence of specific ion analysis 

(Rusydi et al. 2018). The conductivity, salinity, and TDS of OSPW greatly exceed what is 

observed in regional freshwater, posing a risk to several freshwater organism such as Daphnia, 

Chironomus, and Pimephales sp. (Bright and Meier 2007; Hassel et al. 2006; Schuytema et al. 

1996). Analysis of groundwater and surface water in oil sands affected regions suggest potential 

infiltration from OSPW sources increasing parameters such as TDS and salinity (Roy et al. 

2016). In addition to environmental concerns, the accumulation of inorganic ions and salinity 
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reduces the viability of waters for use in further bitumen extraction, increasing freshwater 

consumption (Allen 2008a). 

2.1.6 – Inorganic Fraction – Trace metals 

 Several trace metals of toxicological concern are frequently observed in OSPW as part of 

the inorganic fraction. These trace metals are often naturally enriched in bitumen deposits and 

concentrated in OSPW, similar to what occurs for NAs (Hussain and Stafford 2023). Nickel, 

boron, copper, lead, and arsenic can be found in concentrations over 2.8 mg/L, 3.8 mg/L, 0.9 

mg/L, 0.19 mg/L, and 0.015 mg/L, respectively (Allen 2008a), far exceeding water quality 

guidelines for protection of aquatic life (CCME 1999). In addition to acute and chronic toxicity 

in exposed organisms, trace metals are unique from components of the OF as they have a high 

propensity for bioaccumulation (Scott et al. 2020). This means lower-trophic organisms may 

uptake these compounds and concentrate them, as well as spreading them to other environments 

and higher-trophic organisms in greater quantities (Rainbow 2007). Trace metals are also 

generally resistant to removal through natural chemical processes, and pose a strong potential to 

infiltrate groundwater in areas surrounding tailings ponds (Holden et al. 2013).  

2.1.7 – Inorganic Fraction – Summary 

 Overall, the IF is an important though significantly less understood component of whole 

OSPW. When tested in isolation, the IF had metabolic and immune modulating effects in vitro, 

but little toxicity testing has been done beyond this (Phillips et al 2020; Qin et al. 2019a). 

Interestingly, components of the IF may modulate and enhance the toxicity of one another, 

suggesting the importance of analyzing this fraction as a whole, rather than only investigating its 

component parts (Celise et al. 2016; Puttaswamy et al. 2012). Despite this, the IF is rarely 
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analyzed as a fraction and rather attention is given to its component parts. This is likely due to 

easier chemical analysis of a smaller total range of components in the IF, as well as more 

challenging extraction techniques compared to acid extraction of the OF (Bauer et al. 2019b). In 

addition to complex interactions within the fraction, the IF has been shown to contribute to 

increased toxicity in whole OSPW, suggesting that these fractions have independent, but 

cumulative effects on toxicity (Qin et al. 2019a, Phillips et al. 2020). 

2.1.8 – OSPW Composition Summary 

OSPW is a complex mixture with several components that make it of ecotoxicological 

concern. Often divided into OF and IF to better analyze constituents of concern, each fraction of 

OSPW has unique environmental considerations. The OF encompasses a massive body of 

compounds that, while difficult to characterize, are well studied and have strong associations 

with toxicity outcomes. Though analytical techniques allow for precise characterization, the IF 

contribution to toxicity remains less clear. Both fractions contain individual components that 

exceed environmental guidelines, where they exist, and are of significant ecological and health 

concerns. In whole OSPW, the effects of both fractions could interact chemically and 

biologically in complex ways that make toxicity difficult to predict. It is crucial to understand 

OSPW composition to both choose effective tools to monitor toxicity, as well as effectively plan 

remediation strategies to address components of concern. Understanding individual component 

toxicity emphasizes the need for precise chemical analysis approaches that allow for a better 

understanding of resulting whole OSPW toxicity.  

2.2 OSPW Toxicity 
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While the previous section indicates specific components of concern in both the IF and 

OF, it is important to evaluate toxicity of whole OSPW in addition to individual extracted 

constituents. As with composition, toxicity for whole OSPW is highly variable and source 

dependentdependent. Several methods have been implemented to understand the toxicity of 

whole OSPW and can be generally divided into in vivo and in vitro testing. From a regulatory 

perspective, 7 of the methods approved by the Federal government for measuring OSPW toxicity 

are in vivo, while only 2 are in vitro (Government of Canada 2024). Both methodologies provide 

unique insights into OSPW toxicity, as well as having different sensitivities.  

2.2.1 – In vivo Tests 

Though expensive and more technically demanding, in vivo models stand to provide the 

most ecologically relevant understanding of the effects of OSPW exposure. These assays have 

numerous endpoints that provide valuable insight on the effects of OSPW exposure on organism 

physiology and use a broad range of approaches in mammals, birds, fish, and invertebrates. From 

designing environmental guidelines to approving treatment approaches, in vivo outcomes often 

have, and likely will, serve as the final checkpoint for regulation.  

2.2.2 – In vivo Testing – Mammals 

Testing of OSPW exposure in mammals has generally been limited to mice and rats and 

have shown a variety of effects on organism physiology. In rats, oral high dosage exposures for 

14 days produced severe complications such as brain hemorrhaging and cardiac defects while 

longer sub-chronic exposures at lower doses had effects on liver weight and function (Rogers et 

al. 2002). Oral exposure of mice for 7 – 14 days resulted in minimal effects on body weight, but 

downregulated pro-inflammatory gene expression (Garcia-Garcia et al. 2011a; Garcia-Garcia et 
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al. 2012). Longer exposures between 28 – 56 days had significant effects on pro-inflammatory 

gene expression and immune function, but this could be suppressive or stimulatory depending on 

the cytokine and function investigated (Garcia-Garcia et al. 2011b; Garcia-Garcia et al. 2012). 

Exposure of pregnant mice for 14 – 42 days produced no significant affects on pregnancy or 

lactation, though exposure doses were lower at 55 mg/kg/week compared to some of the higher 

doses discussed above (1500-100 mg/kg/week) (Li et al. 2019). Notably, most in vivo exposures 

in mammals are done using the acid extracted OF from OSPW as opposed to whole OSPW. 

2.2.3 – In vivo Testing – Birds 

 Much of the research surrounding the effects of OSPW on birds has been done in situ, 

exploring the effects of OSPW being added to artificial wetlands on mine sites. This work is 

done on tree swallows (Tachycineta bicolour) that naturally inhabit the region and consume 

mostly aquatic insects (Li et al. 2017). Reproductive performance, fledgling size, and hatching 

success were all negatively impacted on birds nesting in the region, but effects on metabolism 

and immune function appeared limited (Gentes et al. 2006; Gentes et al. 2007a). It was noted that 

environmental conditions such as rain and wind may have influenced these outcomes as well as 

exposure to compounds of concern. Notably, exposure of tree swallow hatchlings to low 

concentrations of NAs for 7 – 13 days produced no measurable effect on growth or biochemistry, 

further emphasizing the variability in fractional toxicity compared to whole OSPW (Gentes et al. 

2007b).  

2.2.4 – In vivo Testing – Fish 

 The effects of OSPW in fish have been extensively explored due to their ecological 

relevance in the environment and their defined guidelines as important toxicity risk assessment 
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checkpoints. Rainbow trout and fathead minnows (Oncorhynchus mykiss and Pimephales 

promelas, respectively) comprise the majority of OSPW exposure research in fish, likely due to 

their establishment as standardized approaches for assessing WET as per the Federal government 

(Government of Canada 2024). In Oncorhynchus mykiss, exposure to whole OSPW for 96 hours 

produced LC50 values ranging from 3-35% (v:v) (MacKinnon 1981, MacKinnon and Boerger 

1986, Zubot et al. 2012). In addition to lethality, olfactory sensitivity and associated behaviour 

responses were impaired at 2% (v:v) OSPW exposure, with concentrations below this threshold 

resulting in avoidance behaviour from the fish (Lari et al. 2019; Lari and Pyle 2017). For 

Pimephales promelas, 96-hour exposure resulted in low mortality but had an inhibitory effect on 

immune activity, with longer 21-day exposures negatively affecting fecundity, spawn rates, and 

endocrine function (Bauer et al. 2019a, Farrell et al. 2004; Kavanagh et al. 2011). Similarly, 

mortality was low in goldfish and walleye (Carassius auratus and Sander vitreus, respectively), 

though significant upregulation of organism immune function and oxidative stress was observed 

(Marentette et al. 2017; Hagen et al. 2013). 

2.2.5 – In vivo Testing – Invertebrates  

 Like fish, a selection of invertebrates that serve as sentinel species are frequently used to 

assess OSPW toxicity, as indicated in Federal WET guidelines (Government of Canada 2024). 

Water fleas, non-biting midges, and scuds (Daphnia spp., Chironomus spp., and Hyalella azteca, 

respectively) all serve as highly sensitive organisms that are primarily aquatic and easier to test 

than larger organisms. A 96-hour exposure of whole OSPW produced LC50 values ranging from 

2 – 100% (v:v) for Daphnia pulex and Daphnia magna, with effects on feeding, movement, and 

chemosensory function being inhibited with exposures as low as 1% (v:v) (MacKinnon and 

Boerger 1986, Zubot et al. 2012; Lari et al. 2016; Bauer et al. 2019a, Bauer et al. 2019b).  
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In Chironomus spp., survival and growth of the organism ranged from 100 – 65% and 100 

– 80%, respectively, depending on the length of whole OSPW exposure (Anderson et al. 2012). 

Additional effects on reproductive success were also observed on exposed organisms, as well as 

reductions in oxidative stress response (Wiseman et al. 2013; Anderson et al. 2012).  

Potentially the most sensitive of the three invertebrates to OSPW, Hyalella azteca is very 

sensitive to inorganic and organic fractions, as well as whole OSPW (Bauer et al. 2022). Hyalella 

azteca saw a 66% loss in viability when exposed to whole OSPW that similarly produced no 

response in Daphnia, Chironomus and Pimephales spp. when tested under Federal WET 

guidelines (Bauer et al. 2019a, Bauer et al. 2022). When exposed to whole OSPW, Hyalella 

showed LC50 values 4 times lower than Aliivibrio fischeri, a bacterium that is largely considered 

one of the most sensitive in vitro indicator assays available. To NAs specifically, LC50 values 

were as low 0.7%, suggesting this organism has strong potential to sensitively detect toxicity 

from both the OF and IF (Bartlett et al. 2017). Hyalella has also served as a valuable tool to 

investigate the IF of OSPW, allowing for monitoring of uptake and metabolism of trace metals 

due to a high level of sensitivity and ease of analysis (Jensen-Fontaine et al. 2014).  

2.2.6 – In vivo Tests – Summary 

While most in vivo testing is done with the organisms detailed above, the use of 

additional genus and species only serves to further our understanding OSPW toxicity. Exposures 

in amphibians, mussels, and plants mimic what is seen in other organisms, with effects ranging 

from mortality to physiological and developmental defects (Robinson et al. 2023; Bartlett et al. 

2017; Pouliot et al. 2012). Recently, the northern leopard frog (Lithobates pipiens) was approved 

by the Federal government for use in WET testing. This represents a larger effort to understand 

the complex effects of OSPW exposure on whole organism physiology, as well as understand the 
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impact of these substrates on organisms of regional ecological relevance (ECCC 2024b). Though 

effective for providing high resolution toxicity data, protocols for in vivo assessment have high 

technical burdens, long exposure times, and are generally quite costly (Borghesan et al. 2007). 

Challenges with in vivo approaches are amplified when tested in situ, where confounding 

variables and stochastic factors can greatly influence outcomes (Gentes et al. 2007b; Li et al. 

2017).  

2.2.7 – In vitro Tests 

 In comparison to in vivo testing, in vitro testing is generally less technically demanding, 

inexpensive, and has high reproducibility (Li et al. 2017; Lillico et al. 2023). In addition to these 

advantages, in vitro methods fulfill the criteria of the 3Rs. Established in 1959 and refined in 

1992, these principles by Russel and Burch seek to refine, reduce, and eventually replace animal 

testing for ethical reasons (Archibald 2018; NRC 2011; Russell et al. 1992). The development of 

new in vitro approach methodology and predictive modeling tools has allowed for a significant 

reduction in the use of animal models (Scarlett et al. 2012; Frank et al. 2009). Given the number 

of potential compounds of concern in OSPW, in vivo testing will likely not be feasible for rapid 

screening or point detection of contaminants (Islam et al. 2014; De et al. 2022) As such, in vitro 

testing and predictive toxicity will be an important element of plans for effective remediation and 

monitoring of OSPW (Redman et al. 2018). 

2.2.8 – In vitro Testing – Eukaryotic Approaches  

 Generally, commonly employed in vitro methods for assessing OSPW toxicity can be 

divided by those that use eukaryotic or prokaryotic cells and organisms. A common eukaryotic 

approach is to use immortalized cell lines from mammals and fish to interrogate the effects of 
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exposure on biological function (Li et al. 2017). Beyond immortalized cells, eukaryotic 

organisms such as algae and yeast are also used, with algae being of ecological relevance 

depending on species chosen (Barrow et al 2023; Debenest et al. 2012).  

Exposure of immune cells to OSPW allows for multiple levels of resolution by evaluating 

effects ranging from cytotoxicity to transcriptional changes and production of functional proteins 

such as cytokines (Lillico et al. 2023; Qin et al. 2019a). When measured using flow cytometry, 

extracted OF from OSPW caused a 40% reduction in viable cells at a concentration of 14 mg/L 

O2 NAs. Interestingly, whole OSPW diluted to produce the same concentration of O2 NAs did 

not have a significant effect on cell viability, suggesting complex and potentially antagonist 

effects of fractions on whole OSPW toxicity (Qin et al. 2019a). Viability and cellular metabolism 

as measured by the 3-(4,5-Dimethylthiazolyl-2)-2,5 Diphenyltetrazolium bromide (MTT) assay 

showed greater sensitivity as low as 2 mg/L for acid extracted O2 NAs from the OF from OSPW, 

though similar sensitivity was not observed in whole OSPW (Qin et al. 2019a).  

Additional sensitivity can be achieved from immune cells by measuring the release of 

functional proteins and identifying transcriptional changes in response to OSPW exposure. 

Sensitivity to both fractionated and whole OSPW can be determined by measuring the 

production of inducible nitric oxide synthase (iNOS), a potent pro-inflammatory protein. 

Sensitivity as measured by iNOS production allowed for detection of whole OSPW at 

concentrations as low as 0.4% (v:v), as well as differentiation between OSPW sources and 

fractions (Lillico et al. 2023). Similar, if not greater sensitivity is achieved by analyzing 

transcriptional changes and cytokine release in immune cells upon exposure to fractionated and 

whole OSPW. Pro-inflammatory cytokines such as Interleukin-1 beta (IL-1β) and Tumour 

Necrosis Factor alpha (TNF-α) serve as strong indicators of immune cell activation, and 
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significantly increase upon cell exposure to OSPW (Paul et al. 2023). This sensitivity is further 

increased when investigating the transcriptome, as OSPW exposure causes increases in 

numerous pro-inflammatory and stress associated genes (Paul et al. 2023).  

Rainbow trout gill and liver cells are also frequently used to examine the effects of 

OSPW exposure on biological function, though cells from fathead minnows and goldfish are also 

used. Like what is described for mammalian cells, exposure to both whole OSPW and the OF 

significantly reduced cell viability in gill and liver cells, though exposure to the OF has a larger 

impact (Sansom et al. 2013). Similarly, sublethal exposures in liver cells showed significant 

impacts of OSPW and OF exposure on metabolic and endocrine transcriptional profiles (Gagne 

et al. 2013). The collective findings of immortalized cell work suggest that narcosis may not be 

the only process that mediates OSPW toxicity, as many of these exposures are performed at sub-

lethal concentrations and may potentially be receptor mediated (Sansom et al. 2012; Gagne et al. 

2013; Lillico et al. 2023; Paul et al. 2023). Though not an approved approach, these assays are 

sensitive, rapid, and highly reproducible, providing critical insight into OSPW toxicity.  

The freshwater microalga Raphidocelis subcapitata is commonly used and has ecological 

relevance as a major primary producer in aquatic ecosystems (Debenest et al 2012). Due to its 

relevance in aquatic ecosystems, the use of R. subcapitata in toxicity testing was established as 

one of two approved in vitro WET models. These assays rely on growth inhibition, and have a 

72-hour exposure time, longer than many in vitro approaches (Government of Canada 2024). 

Raphidocelis subcapitata has shown sensitivity to whole OSPW at concentrations as low as 1.9% 

(v:v), and are sensitive to OSPW extracted NAs at concentrations of 15 mg/L (Debenest et al. 

2012; Swigert et al 2015). Numerous other algae species have been used, though sensitivity to 

NAs ranged from 14 mg/L – 1000 mg/L depending on the species tested (Beddow et al. 2016; 
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Woodworth et al. 2012). Some species were entirely resistant to the NAs even with 14 – day 

exposures at concentrations exceeding 1000 mg/L, suggesting a potential for these organisms in 

remediation uses rather than toxicity screening (Woodworth et al. 2012). Despite these 

advantages, algae stocks respond poorly to freezing, requiring persistent culturing with slow 

growth, making these approaches technically demanding (Government of Canada 2004b).  

With in vivo testing suggesting potential endocrine disruptive properties of OSPW, the 

yeast androgen/estrogen screening (YA/ES) tests using Saccharomyces cerevisiae have been used 

for OSPW screening. These approaches use genetically modified yeast with human estrogen and 

androgen receptors and a reporter gene, the product of its expression leading to a colour change 

in medium. When used to test OF extracted from whole OSPW, the YE/AS assay showed 

effective concentration 50% (EC50) as low as 0.5 – 16mg/L (Leclair et al. 2015).  Despite this, 

when used to assess whole OSPW, receptor activation is similar to what is seen from regional 

freshwater, though some seasonal peaks were noted (Barrow et al. 2023; Gault et al. 2023). 

Though useful, the YE/AS assay is not frequently used for OSPW toxicity testing, and is 

susceptible to receptor binding interference, a major concern given the complexity of OSPW as a 

substrate (Barrow et al. 2023). 

2.2.9 – In vitro Testing – Prokaryotic Approaches 

While prokaryotes represent the smallest organism discussed so far for testing, they also 

represent one of the most commonly used approaches for freshwater toxicity. Bacterial 

luminescence inhibition approaches use the symbiotic marine bacterium A. fischeri, which 

produces light when present in sufficient density under normal metabolic conditions. Briefly, the 

production of light is ultimately regulated by quorum sensing, a form of chemical intercellular 

communication used to coordinate bacterial population and community behaviours such as 
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biofilm formation, pathogenesis, or the production of antimicrobial compounds (Miyashiro and 

Ruby 2012). As the bacterium grows, the luxI gene regulates synthesis of an autoinducer called 

N-3-oxohexanoyl-homoserine lactone (3-oxo-C6 HSL), which accumulates as part of normal 

metabolic activity. This compound can freely diffuse from the cell, requiring sufficient 

concentration of this compound to accumulate to reach critical concentrations required to bind to 

LuxR (Schaefer et al. 1996). Once LuxR has been bound, it activates transcription of the 

luxICDABEG operon that encodes for various components of the bioluminescence reaction. The 

luxAB gene encodes for luciferase, the enzyme required to produce luminescence while luxCDE 

synthesizes a crucial aldehyde substrate used in this reaction (Miyamoto et al. 2000). In the 

presence of oxygen, luciferase releases light as part of the reaction between aldehyde compounds 

and reduced flavin mononucleotide (FMNH2) (Brodl et al. 2018; Miyamoto et al. 2012). 

Disruption of metabolism in the bacteria, or reduction in density of active cells prevents 

autoinducer accumulation and thus inhibits luminescence emission. For the purposes of toxicity 

testing this allows for sensitive, though indirect detection of bacterial density and metabolic 

function using photometry. The use of lyophilized organisms facilitates easy on-site testing of 

toxicity, with the short 30-minute exposure time allowing for rapid screening (Environment 

Canada 1992).  

Aliivibrio fischeri has been used extensively for the assessment of both fractionated and 

whole OSPW. For whole OSPW, inhibitory concentrations 50% (IC50) ranged from 32% – 100% 

depending on OSPW, with extracted OFs having IC50 values ranging from 1.2% – 83.9% (Frank 

et al. 2008; Scarlett et al. 2012; Jones et al. 2011; Scott et al. 2008; Holowenko et al. 2002). 

When exposed alongside Daphnia, Chironomus, Hyalella and Pimephales spp. to the same 

substrate, sensitivity of A. fischeri was at best equivalent, if not lower (Bartlett et al. 2017; Frank 
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et al. 2008; Bauer et al. 2019). The relatively low technical burden makes this organism an ideal 

choice when doing high-throughput screening, and as such, it is often used to characterize 

toxicity of large groups of chemicals such as NAs and PACs. When paired with chemical 

analysis, this organism has accounted for most of the known relationships between toxicity and 

structure, molecular weight, and lipophilicity for NA species (Holowenko et al. 2002; Jones et al. 

2011). In toxicity assessment of OSPW and its treatment, most experiments use A. fischeri as the 

only toxicity endpoint, severely limiting the biological and ecological relevance of these findings 

(Mahaffey and Dube 2017). While still useful as an initial screening tool, the short exposure time 

and poor correlative performance suggests a need for increased toxicity endpoints when 

assessing OSPW (Bartlett et al. 2017).  

2.2.10 – In vitro Tests – Summary  

 In vitro testing remains a popular choice for toxicity testing due to the low technical 

burden and relatively high reproducibility. Eukaryotic approaches provide high sensitivity at a 

range of endpoints including cytotoxicity, metabolism, protein secretion, and transcriptional 

changes. This resolution makes these tools invaluable in exploring the mechanisms of toxicity of 

OSPW, though only microalgae are currently approved for WET testing as per the Federal 

government. Inhibition of luminescence in A. fischeri is one of the most popular choices for 

assessing OSPW toxicity in general, and boasts low technical burden, high reproducibility, and 

rapid results. Despite these advantages, this organism is of no ecological relevance in freshwater 

settings and has consistently shown to be less sensitive when compared to other in vivo and in 

vitro tests, with poor predictive accuracy for whole organism toxicity outcomes when dealing 

with effluents. 

2.2.11 – OSPW Toxicity – Summary 
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 The toxicity of OSPW has been extensively researched using a wide range of organisms 

in highly standardized approaches. In vivo approaches provide insight into the effects of 

exposure on whole organisms, and as such are of significant biological and ecological relevance. 

Beyond this, these assays represent the majority of Federally approved WET tests, but their 

execution is generally technically demanding and expensive, limiting their practicality as high-

throughput screening tools. In vitro approaches are cheaper, highly reproduceable, and have a 

lower technical burden, though can lack ecological relevance. Recent efforts to expand in vitro 

approaches beyond measuring cytotoxicity have greatly increased the resolution these tests 

provide with respect to the mechanism of OSPW toxicity. Despite their value, there are few 

Federally approved in vitro tests for WET assessment, suggesting an area for investigation given 

the demand for rapid screening approaches that can reduce the need for animal testing.  

2.3 OSPW Remediation 

 Significant effort has gone into investigating how to remove problematic components in 

OSPW to potentially reduce toxicity. While petroleum operators have several active extraction 

sites that meet regulatory requirements for tailings management, only a single tailings facility has 

been considered reclaimed (AER 2023b; Suncor Energy Inc. 2024). Outside of this successful 

example, the Alberta Energy Regulator has consistently been required to issue notices of 

noncompliance to operators for issues ranging from data quality and reporting to failure to 

contain industrial wastewaters (AER 2024b). As of 2022, one of the largest operators in the 

region has only managed to treat 31 million m3 of OSPW, less than 4% of the total tailings this 

operator has accumulated, and only 11% of the total freshwater used that year (AER 2024b).  

Given that the TMF requires a return of water and land quality to pre-industrial state 

within 10 years of mine closure, the need for effective treatment approaches is critical (AER 
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2024b). While there is not currently a standardised approach to treatment, numerous broad 

strategies exist. These approaches prioritize the OF in OSPW for degradation due to its strong 

association with toxicity and can be divided into active and passive (Allen 2008b). Active 

treatments are engineered approaches that use chemical or physical stimulation to break down 

compounds of concern, while passive treatments intend to rely on natural biological process and 

native organisms to remove or sequester compounds of concern from OSPW (Saborimanesh 

2018).  

2.3.1 – Active Remediation 

 While fluid tailings are complex source specific mixtures, generally all treatment begins 

with some form of phase separation. The first step in this process is coagulation, which involves 

adding chemicals such as metal salts and organic polymers to bind together charged organic and 

inorganic compounds (Wang et al. 2015). Once aggregated, these compounds can be removed 

from water using filtration, centrifugation, or can be left to settle out of solution. Notably, 

coagulation alone tends to increase the toxicity of OSPW and requires separation to be an 

effective treatment approach (Fort and Stover 1995). These separated solids can be stored in 

basins such as end pit lakes (EPL) and capped with fluid tailings and freshwater, with the hope 

that problematic compounds will settle and deposit at the bottom of the basin. This approach can 

be effective for removal of problematic compounds from tailings water but results in their 

deposition and concentration into sediment, with a potential for infiltration into regional 

groundwater (Allam et al. 2021). Additionally, slow release of toxic compounds from dewatered 

tailings into the water cap is a possibility, resulting in persistent toxicity that is difficult to predict 

(Allam et al. 2021). Despite these concerns, coagulation and separation approaches have been 
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shown to marginally decrease the toxicity of OSPW, but effectiveness is further increased by 

combing approaches (Wang et al. 2015). 

  In additional to mechanical separation of toxicants, chemical processes may be used to 

target specific compounds of concern and degrade them into less harmful intermediates. An 

example of one such approach is oxidation, which involves adding oxidants such as chlorine, 

peroxide, ozone, or sulfate to OSPW in addition to a catalyst (Abdalrhman and Gamal El-Din 

2020). When catalyzed, these compounds produce reactive oxygen species and hydroxyl radicals 

that can partially or fully degrade compounds of concern. These approaches have already shown 

strong efficacy in breaking down large compounds such as PAC and NAs and can effectively 

mineralize trace metals for removal (Quinlan and Tam 2015). A major advantage of these 

approaches is that they do not require storage or disposal like what is seen in coagulation, as 

compounds are ideally reduced to harmless products (Andreozzi et al. 1999).  

 Oxidation alone has been shown to significantly reduce the toxicity of whole OSPW and 

NAs, but these approaches may be further stimulated by using ultraviolet light (UV), electrical 

current, and even ultrasound (He et al. 2012; Deng and Zhao 2015). Called advanced oxidation 

processes (AOP), the energy provided from these stimulants drive additional oxidation for 

enhanced degradation of persistent organic compounds. Originating in wastewater treatment, 

AOPs have been extensively investigated for treatment of OSPW, showing strong efficacy in 

reducing organic contaminants, NAs, and OSPW toxicity (He et al. 2012; Wang et al. 2016; 

Ganiyu et al. 2022a; Sanchez-Montes et al. 2024; Leshuk et al. 2018). Despite the promising 

findings for AOPs, these treatments are expensive, technically demanding, and do not currently 

exist in a scale that could practically be used to perform meaningful remediation of fluid tailings 

(Ganiyu et al. 2022b; Allen 2008b) 
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2.3.2 – Passive Remediation 

 While not as rapid and targeted as active remediation, passive remediation is currently 

being tested at-scale by several oil sands operators as a potential solution for remediating OSPW 

(AER 2023b). Passive remediation involves the construction of artificial wetland ecosystems that 

can facilitate degradation of contaminants through microbial and plant-mediated metabolism and 

biotransformation, or through physical processes such as sedimentation or photolysis (Cancelli 

and Gobas 2022; Qin et al. 2019b). Though the kinetics of passive processes are significantly 

slower than active remediation, they have shown to be effective at removing compounds of 

concern such as NAs, PACs, BTEX, and trace metals (Saborimanesh 2021; Ajaero et al. 2018; 

Allen 2008b). Correlating with a reduction in compounds of concern, these systems have shown 

significant decreases in toxicity for OSPW, though notably effects are still observed years after 

establishment suggesting the presence of residual toxicity (Allen 2008b; Cancelli and Gobas 

2022).  

 A major contributor to the efficacy of passive remediation, bacteria have a large range of 

metabolic strategies that allow them to break down contaminants of concern. Though effective, 

under ambient conditions in situ, these processes are quite slow, limiting  practicality (Xue et al. 

2018; Chegounian et al. 2020). These processes may be further enhanced in bioreactors, which 

are a semi-passive form of treatment that creates optimal growth conditions for microbial 

degradation of organic compounds. This process is enhanced by modifying temperature, adding 

growth factors, or supplementing biomass with organisms of value to further increase 

biodegradation (Zhang et al. 2018; Liu et al. 2015). Notably, though these compounds may be of 

lower toxicological significance, NAs of high molecular weight were more resistant to microbial 
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degradation, and thus a combination of approaches will likely be needed to entirely remediate 

OSPW (Quagraine et al. 2005). 

 Microbial degradation, while primarily performed by bacteria, is not exclusively done by 

this domain of life. The majority of Archaea present are methanogens, performing 

methanogenesis to create optimal conditions for the degradation of high molecular weight 

organic compounds (Shahimin et al. 2021). Larger eukaryotic organisms such as algae also have 

been implicated in reducing OSPW toxicity, but the majority of biodegradation is done by the 

microbial constituents (Mahdavi et al. 2015) 

2.3.3 – OSPW Remediation – Summary 

Though no one treatment approach has been fully adopted, numerous effective pilot scale 

strategies have been developed to remediate OSPW. Most of these approaches seek to target the 

OF, as it is strongly associated with OSPW toxicity. Active remediation is rapid and allows for 

targeting of specific compounds of concern, but scales poorly to deal with the volume of OSPW 

that needs treating. Passive remediation is a more practical approach but can be slow without 

additional stimulation and may have limits to what compounds can be removed from suspension. 

Overall, effective remediation will likely need to incorporate a range of approaches to effectively 

remove or sequester the massive suite of contaminants present in OSPW and will require detailed 

chemical and toxicological analysis to validate treatment efficacy.  

2.4 Bacteria and OSPW 

 The relationship between bacteria and OSPW is complicated and serves as a testament to 

the diversity of observed bacterial physiology. On one hand, bacteria are some of the first 

organisms to colonize OSPW and have metabolic processes which can degrade components that 
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significantly contribute to OSPW toxicity (Chegounian et al. 2020). At the same time, the most 

used in vitro test for determining OSPW toxicity measures the inhibition of A. fischeri 

bioluminescence, relying on the sensitivity of this test organism to a broad range of toxicants 

(Mahaffey and Dube 2017). This balance of resilience and sensitivity makes bacteria a dynamic 

solution to complex environmental problems such as fluid tailings.  

 In OSPW, a wide range of bacterial genera exist that utilize a broad group of metabolic 

processes. Bacteria present in OSPW have two major sources; namely the freshwater from the 

Athabasca River used for extraction, and organisms that resided in the previously buried bitumen 

deposits. The physical and chemical forces used in this process change the identity of these 

bacterial communities, and the resulting microbiota can vary greatly depending on water 

physiochemistry, age, and season (Foght et al. 2017). Much of bacterial community dynamics are 

dictated by the type of carbon available in OSPW, with major changes occurring as degradation 

progresses and availability shifts. In settled tailings, anaerobic fermenters and syntrophs such as 

Desulfurivibrio, Tolumonas, and Trichococcus spp. use hydrocarbons to produce carbon dioxide, 

hydrogen, nitrate and acetate (Schlegal et al. 2013; Golby et al. 2012). These compounds serve as 

precursors for methanogenic archaea which can degrade short-chain hydrocarbons and BTEX 

compounds to produce methane (Siddique et al. 2012). The methane produced can be oxidized 

by methanotrophic bacteria such as Methylobacter, Methyloparacoccus, and Methylovulum spp. 

as part of metabolism that results in the biodegradation of halogenated hydrocarbons 

(Albakistani et al. 2022; Semrau 2011). This process is cyclical, and involves the contribution of 

numerous manganese-, iron-, sulfur-, and nitrate-reducing bacteria to stimulate metabolism under 

anaerobic conditions (Semrau 2011).   
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Beyond their involvement in biodegradation, several common freshwater bacteria also 

inhabit OSPW including Cyanobacteria, Actinomycetota, and Pseudomonas, likely contributing 

to the intricate metabolic cycles occurring (Yergeau et al. 2012; Foght et al. 2017). These 

organisms are generally associated in biofilms, which confers an enhanced protection to the 

antimicrobial activity of compounds present in OSPW, as well as an increased potential to 

biodegrade these compounds (Demeter et al. 2015; Chakraborty et al. 2012; Frankel et al. 2016). 

These communities can also increase the proliferation of genes associated with environmental 

resistance and biodegradation of compounds of concern, allowing for persistence in these hostile 

environments (Dejonghe et al. 2000). Both in isolation and as a part of microbial communities, 

these organisms are well suited to inhabit OSPW and have strong tolerance of freshwater 

conditions and contaminants introduced to OSPW.  

In stark contrast, A. fischeri is a valuable organism in aquatic risk assessment that has 

displayed  sensitivity to a massive range of compounds of ecotoxicological concern including 

PACs, BTEX, trace metals, and industrial effluents (Hao et al. 1995). This sensitivity has been 

extensively supported by correlative data which suggests reasonable predictive accuracy for 

whole organism outcomes in traditional aquatic toxicity settings (Environment Canada 1992). 

For these reasons, as well as its low technical burden, this assay has been approved for testing 

aquatic toxicity and is the most common in vitro toxicity test used for assessing OSPW 

components, fractions, or whole waters (Brown and Ulrich 2015; Clemente and Fedorak 2005; 

Frank et al. 2008; Jones et al. 2011; El-Din et al. 2011).  

Despite its widespread use, as noted earlier, this assay has shown to have poor predictive 

accuracy and sensitivity compared to other approved approaches used to assess OSPW (Bartlett 

et al. 2017; Frank et al. 2008; Bauer et al. 2019). These results should not be surprising given the 
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sensitivity and predictive accuracy established for this assay is with isolated toxicants in 

saltwater, nearly the opposite of the conditions presented by OSPW and effluents (Hao et al. 

1995). In OSPW and freshwater, simple parameters such as salinity and pH exist outside the 

ranges A. fischeri can tolerate, requiring significant modification of samples that reduce exposure 

concentrations and may change observed toxicity (Environment Canada 1992).  

In addition to poor correlative and predictive accuracy, there are several other 

considerations that may limit bacterial luminescence inhibition assay validity for assessing 

OSPW toxicity. Firstly, the longest recommended exposure time is 30 minutes, with most 

literature reporting values after only 15 minutes (Hao et al. 1995; Li et al. 2017; Brown and 

Ulrich. 2015). This is significantly shorter than the recommended 72-hour exposure for the most 

rapid currently approved in vitro WET method using algae (Environment Canada 2007). Even 

beyond approved approaches, the shortest standardized bacterial toxicity assessment still has a 

90-minute exposure with an endpoint of metabolic inhibition (Viegas et al. 2021). Another 

limitation of this assay is related to its claims that is can effectively measure genotoxicity. 

Protocols designed for the assessment of mutagenicity suggest performance at optimal growth 

temperatures over periods of time (48 hrs) that allow for sufficient accumulation of genetic 

damage across generations of organisms (Tjes 2008). While it is possible that severe genetic 

damage could occur in the 30-minute exposure recommended for bacterial luminescence 

approaches, its performance at low temperatures and short time periods would require acute 

effects from compounds tested (Hauser et al. 1997). 

Another major limitation of this assay is its reliance on luminescence as a reporter for 

viability. As previously discussed, the production of luminescence by A. fischeri is related to 

both cell density and metabolic activity. As such, it is possible to observe reductions in 
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luminescence without affecting cell density due to interference with metabolism or autoinducer 

induction and accumulation, an effect that is amplified in complex mixtures (Miyamoto et al. 

2000; Gellert et al. 2000). Though interference with metabolic activity can still be considered a 

form of toxicity, this interpretation is difficult to differentiate without further testing. From a 

measurement perspective, photometry is generally effective when sample turbidity is low, though 

there are scenarios where this can be problematic. Depending on size, many nanoparticles 

possess high adsorption and light absorption properties, and often can scatter light that this assay 

measures (Qiu et al. 2017; Kroll et al. 2009). These phenomena have shown to interfere with a 

variety of photometric and colorimetric assay readouts in a toxicity setting. This can result in 

inhibition of luminescence that may or may not be associated with toxicity to the test organism 

(Ong et al. 2014; Monteiro-Riviere 2006). While nanoparticles themselves are a substance of 

environmental concern, these compounds are also used as part of environmental remediation in 

removal of metals and organic contaminants, emphasizing the need for effective toxicity 

monitoring tools (Song et al. 2021; Yue and Economy 2005). 

2.5 Summary 

 Any waters that are used as part of bitumen extraction from oil sands are considered 

OSPW, and these waters can be at various stages of treatment or storage. Generally divided into 

the OF and IF for analysis purposes, these complex waters contain several compounds of 

ecotoxicological concern such as BTEX, PACs, NAs, inorganic ions, and trace metals. When in 

mixture, these compounds can have synergistic or antagonistic effects on toxicity with 

concentration being a poor predictor of toxicity in whole OSPW. The toxicity of these 

components in isolation, fractions, or as a part of whole OSPW has been tested extensively with 

several organisms from a range of taxa. Toxicity testing has revealed that outcomes are largely 
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organisms and source dependent, but exposure generally results in acute or chronic toxicity as 

well as adverse effects on organism physiology.  

 In vivo approaches have strong biological and ecological relevance, but are generally 

expensive, technically demanding, and are actively being downscaled in modern toxicity testing 

to achieve the 3Rs. In vitro approaches are rapid, inexpensive, and highly reproduceable, 

resulting in their popularity for assessing OSPW toxicity. As with in vivo testing, a wide range of 

endpoints allows for high-resolution investigation into the mechanism of OSPW toxicity. Despite 

this, there is a limited number of approved in vitro methods, and current models have several 

technical limitations and can lack ecological relevance. Regardless of the method chosen, whole 

OSPW has shown significant toxicity using these models, and as such, remediation is of the 

utmost importance to achieve regulatory standards for these waters.  

Though there are no currently standardized treatment approaches, several OSPW 

remediation approaches exist that are generally divided into active and passive remediation. 

Active remediation involves using chemical or physical processes for targeted removal of 

compounds of concern. Approaches such as AOPs have shown significant reduction in organic 

contaminants in OSPW, and greatly improved toxicity outcomes for treated waters. Despite this, 

they are expensive and currently are not practical in scale to reasonably address the volume of 

fluid tailings that require treatment. Passive remediation is much more cost effective and can be 

reasonably scaled to begin addressing current OSPW production volumes. Passive techniques 

rely on using natural biogeochemical processes to degrade compounds of concern. This approach 

has been reasonably successful under ambient conditions but can be further stimulated by 

creating optimal conditions for microbial degradation of both organic and inorganic compounds 

of concern.  
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From a microbiology perspective, bacteria present unique opportunities for resolving 

challenges associated with bitumen extraction and the resulting waste waters. In OSPW, native 

microorganisms are actively working to degrade compounds of concern as part of complex 

metabolic pathways. These organisms show high resiliency to components of concern in OSPW 

and are well suited to survive in tailings and freshwater conditions. In the lab, a marine 

luminescent bacterium has provided the majority of currently exiting in vitro toxicity data for 

OSPW and its constituents. Though this assay has been useful for screening aquatic toxicity, it 

has several technical limitations that limit its significance for this purpose. 

Overall, both industrial operators and government regulatory agencies have indicated a 

demand for in vitro approaches that can be used to rapidly screen toxicity when storing, treating, 

and eventually releasing OSPW. As such, I sought to leverage some of the strengths of already 

existing antimicrobial assessment tools to investigate an approach that could overcome some of 

the challenges the bacterial luminescence inhibition approaches face. Specifically, I aimed to 

demonstrate that an alternative microbial toxicity assay could be modified to interrogate the 

effects of NAs and whole OSPW. Furthermore, I explored if this approach would be sensitive to 

OSPW with differing physiochemistry, and ultimately responsive to treatments that reduce 

contaminants of concern in OSPW. Lastly, this modified approach was compared to a 

standardized bacterial luminescence inhibition assay to try and understand how this data relates 

for waters of varying physiochemistry. 
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Chapter III 

Materials and Methods 

3.1 General Notes 

 All pipettes used were validated quarterly to be within ± 5% of the set value. Culturing 

and assay reagents are listed in detail in Table 3.1. All solutions were prepared to volume in 

sterile ultra pure water (UPW) unless otherwise indicated. All glassware and reagents used were 

sterilized via autoclaving where possible. When autoclaving was not possible, reagents were 

filtered using 0.22 µm bottle top filters.  

Table 3.1. Reagents and materials 

Tryptic soy broth (TSB)  

30 g/L   Tryptic soy broth - 22092 - Millipore 

Tryptic soy agar (TSA)  

40 g/L   Tryptic soy agar - 22091 - Millipore 

Luria-Bertani (Miller) + salt (LBS)  

25 g/L   LB broth (Miller) - 244610 - BD Difco 

10 g/L   NaCl -S27110 - Fisher 

Luria-Bertani (Miller) + salt agar (LBSA)  

1X   LBS 

15 g/L   Agar - 214010 - BD Bacto 

Cryopreservation solution  

50% (v:v)  Glycerol - G5516 - Sigma 

1/2M sodium hydroxide  

40/80 g/L  NaOH - MFCD00003548 - Fisher 

1M hydrochloric acid 

85.8 mL/L  HCl - 2104 - Supelco 

0.9% saline 

9 g/L   NaCl -S27110 - Fisher 

2.0 % saline 

20 g/L   NaCl -S27110 - Fisher 
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Commercial naphthenic acid (cNA) solution  

300 mg/L  Naphthenic acid - 70340 - Sigma 

2 mL/L  2 M NaOH 

  1M HCl  

1X OSPW replicant 

1.5 g/L   NaCl -S27110 - Fisher 

0.35 g/L  MgCl2 • 6H2O - M33 - Fisher 

0.006 g/L  CaCl2 • 2H2O - SLCK7949 - Sigma 

  1 M NaOH  

3,5-Dichlorophenol 

100 mg/L  C6H4Cl2O - A1532806 - Thermo;  

20 g/L   NaCl -S27110 - Fisher 

Broth media 5.7 

30 g/L   NaCl -S27110 - Fisher 

6.1 g/L  NaH2PO4 • H2O - 1.06346 - Thermo 

2.75 g/L  K2HPO4 • 3H2O - P5504 - Sigma 

0.204 g/L  MgSO4 • 7H2O - 230391 - Sigma 

0.5 g/L   (NH4)2HPO4 - 1.01207.0500 - Sigma 

3mL/L   Glycerol - G5516 - Sigma 

5 g/L   Tryptone - 211705 - Gibco 

0.5 g/L   Yeast extract - 212750 - Gibco 

Agar media 5.8 

1X   Broth media 5.7 

12 g/L   Agar - 214010 - BD Bacto 

Protective media 5.9 

660 g/L  C6H12O6 • H2O - 49159 - Sigma 

40 g/L   NaCl -S27110 - Fisher 

20 g/L   L-Histidine - H800 - Sigma 

5 g/L   Bovine serum albumin - A7906 - Sigma 

Reconstitution solution 5.5 

8 g/L   C6H12O6 • H2O - 49159 - Sigma 

20 g/L   NaCl -S27110 - Fisher 

2.035 g/L  MgCl2 • 6H2O - M33 - Fisher 

0.3 g/L   KCl - P9541 - Sigma 

11.9 g/L  C8H18N2O4S (HEPES) - H3375 - Sigma 

Osmotic adjustment solution 5.10 

220 g/L  NaCl -S27110 - Fisher 
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3.2 Preparation of Microorganism Stocks 

 Organisms used in MIC assays were received from stocks provided by the Microbiology 

265: Introduction to Microbiology technical staff at the University of Alberta. The clinical 

organisms received were Klebsiella pneumoniae (no strain reference given), Pseudomonas 

aeruginosa ATCC 10145, Enterococcus faecalis ATCC 19433, and Staphylococcus warneri 

NCTC 5955. A stock of Escherichia coli K12 MG1655 was available in lab as a freezer stock. 

All organisms provided were initially cultured on solid agar media. In a 14mL culture tube, 

10mL of sterile TSB was inoculated and organisms were incubated on a rotary shaker at 37 °C 

for 24 hours, 110rpm. Following incubation 1000µL of overnight culture was diluted in 1000µL 

of cryopreservation solution in a cryovial and subsequently stored at -80 °C. A similarly prepared 

stock of A. fischeri NRRL-B-11177 was available in lab. All primary (1°) cultures used in 

experiments were inoculated from these freezer stocks.   

3.3 Culturing of Microorganisms  

 Primary cultures for experiments were generated by streaking bacteria from the freezer 

stocks described in section 3.1 on TSA for clinical organisms and LBSA or agar media 5.8 for A. 

fischeri. Plates were incubated for 24 hrs at 35 °C for all clinical species and 24 hrs at 28 °C for 

A. fischeri using a humidified incubator. Following incubation, these plates were parafilmed and 

stored at 4 °C and served as 1° cultures for experiments for a maximum of 14 days. Liquid 

overnight (O/N) and secondary (2°) agar cultures were all inoculated using single colonies from 

a 1° culture of the respective organisms.  

3.3 Commercial naphthenic acid  
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The cNA solution used in this thesis was generated using a technical grade NA solution 

available from Sigma Aldrich (70340). This reagent was a mixture of alkylated cyclopentane 

NAs with the general formula C10H18O2. At pH values lower than 7, NAs have low solubility, 

making the generation of a homogenous solution challenging (Headley et al. 2002). One 

approach that increases the solubility of NAs is ionizing these compounds into sodium 

naphthenate salts. Over 99% of NAs found in aqueous tailings are in this protonated form, 

making this approach a more consistent representation of how these compounds are found in 

OSPW (Clemente and Fedorak 2005). NAs can be ionized by adding NAs to sodium hydroxide, 

which increases the pH and provides sodium for ionization into sodium naphthenate salts (Young 

et al. 2007). Similar to what is described in Bartlett et al. (2017) and Kinley et al. (2016) for 

dissolving NAs for aquatic exposure, the technical grade NA was added to NaOH, and was 

subsequently volume adjusted to achieve a final concentration of 300 mg/L. This solution had 

the pH adjusted to a final value of 8.4 to reflect the water chemistry of test and environmental 

samples described in Table 3.2. This solution was filter sterilized as described in section 3.6.  

3.4 General MIC Procedure 

 The protocol used for the microdilution MIC protocol was adapted from what is 

described in Chapter 3 of M07-A10, Methods for Dilution Antimicrobial Susceptibility Tests for 

Bacteria That Grow Aerobically, 11th Edition (CLSI 2018). The principle of this assay involves 

the suspension of an antimicrobial compounds in organism specific media (OSM) to prepare a 

concentrate. This solution is diluted in OSM to achieve a range of antimicrobial concentrations in 

a 96-well plate. These are considered the test wells and are used to assess the effects of 

compound exposures on organism growth. Growth control wells are prepared by adding 100% 

OSM with no antimicrobial compound present, allowing them to serve as a reference to identify 
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optimal growth without inhibition. A positive control, typically a known effective antimicrobial 

compound is also prepared in a dilution series. This serves to monitor the consistency in 

antimicrobial sensitivity of an organism across experiments. Sterility controls are also generated 

by filling additional wells with all solutions used in the experiment, including OSM, diluents, 

and all test samples.  

All solutions, both test and control are added at 180 µL/well and are generated in 

triplicate in a 96-well plate. This plate is considered the challenge plate, and the challenge is 

initiated by inoculating all test, growth control, and positive control wells with 20 µL of test 

organism suspended at 5x106 CFU/mL in OSM. This results in a microbial load of approximately 

5x104 CFU/well in the challenge plate. Sterility controls are inoculated with 20 µL sterile OSM 

to encourage the growth of any potential contaminants already present in each solution. The 

inoculated challenge plate is then incubated for 16-20 hrs at 35±2 °C sealed in a bag to prevent 

drying. Following incubation, the MIC is determined by viewing the challenge plate with the 

unaided eye and evaluating what wells have no observable growth.  

From the above protocol, several general and experiment specific modifications were 

made for the experiments in this study. For the later experiments described in this thesis, the 

general layout described in Figure 3.1 was followed for challenges. The negative control row in 

Figure 3.1. shows all growth controls used for the environmental MIC. The growth control (GC) 

wells were used to describe wells with OSM or an alternative control as described in later 

experiments. If multiple challenge plates were prepared for the experiments, growth controls 

were prepared in each plate and averaged to calculate the log reduction. Environmental controls 

(EC) were also established to confirm the organism’s growth under regional freshwater 

conditions. As the inoculum was prepared in OSM, the OSM also had sterility controls prepared 
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in addition to the GC media, regional freshwater (EC), and the diluent (DL) used in enumeration. 

For these experiments a stock of 3,5- dichlorophenol suspended in 2.0% saline was used as a 

positive control. This is as recommended in Biological Test Method: Toxicity Test Using 

Luminescent Bacteria (Environment Canada 1992), ISO 11348-1 2nd Edition protocol (2007), 

and Microtox Acute Toxicity Basic Test Procedure (Microbics 1995).  

The target inoculum density was also reduced from the recommended 5x106 CFU/mL to 

1x106 CFU/mL and was a deviation from the traditional MIC microdilution protocol. As the 

modified MIC used does not use OSM as a control, this change was made to account for the 

reduced concentration of nutrients available to the test organisms, as traditional MIC 

microdilution assays are performed with test compounds suspended in 100% OSM. 

 Figure 3.1. Modified MIC plate layout. Section 3.4 describes abbreviations and well 
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3.5 Bacterial Enumeration  

 All bacterial enumeration was done using serial dilution and spot plate techniques that are 

similar to what is described in Thomas et al. (2015). Briefly, LBSA or TSA was poured in 

150x15mm petri dishes to achieve an approximate agar depth of ~4 mm. These plates were left 

to dry for 7 days before being stored at 4 °C until use. For serial dilution, 80-100 µL of the 

sample to be enumerated was transferred in triplicate to row A of a 96-well challenge plate. 

Rows B-H had 180 µL of 0.9% saline for clinical organisms and 2.0% saline for A. fischeri 

added to each well. Using a 12-well multi-channel pipette, a serial dilution was performed from 

row A to row H to generate samples diluted from a factor of 100 to 108. Following dilution, 10 

µL was transferred from each well of the dilution plate and spot platted on LBSA for A. fischeri 

and TSA for all other organisms. Spot plates were incubated for 24 hrs at 28 °C or 35 °C in a 

humidified incubator for A. fischeri and all other organism, respectively. Following incubation, 

the lowest dilution with countable isolated colony forming units (CFU) was used to determine 

CFU/10 µL. This value was multiplied by the dilution factor and was multiplied by 20 to 

determine CFU/well and was then log transformed to determine log growth. Log reduction was 

determined by calculating the difference in growth between the control and the test sample after 

the incubation period. A diagram of this workflow is shown in Figure 3.2 calculating the 

difference between the growth control and the test sample. A diagram of this workflow is shown 

in Figure 3.2. 
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3.6 Filtration  

Filter size is important for toxicity assessment, as compounds of concern may be lost due 

to filtration, affecting the toxicity of the test samples. At the same time, when performing 

microbial growth and enumeration assays it is crucial that test samples do not introduce 

additional bacteria, especially those that can be enriched under test conditions.  It is 

acknowledged that bacteria cultured with minimal media and high agitation can result in 

monodispersed cells that are of small enough body size to pass through a 0.45 µm filter, as 

observed with Brevundimonas diminuta (Lee et al. 2002). Despite this, 0.45 µm filters prove 

sufficient to exclude most environmental organisms when not used in applications where 

organisms can colonize the filter, such as long-term continuous flow filtration (Hasegawa et al. 

2003; MilliporeSigma 2020).  

Figure 3.2. Procedure for high throughput enumeration of CFU. This process is repeated 8 times to 

fully enumerate an entire 96-well challenge plate.   
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To ensure the efficacy of the filtering technique used, an unfiltered aliquot of each OSPW 

was serially diluted and spot platted following the methods described in 3.5. Spot plating was 

performed on TSA and plates were incubated at 35 °C for 24 hrs to replicate test conditions. The 

colony forming units CFU/10 µL were averaged and converted to CFU/mL. For OSPW A, B, C, 

D the average (n=3) CFU/mL was enumerated at 6.7x101, 9.3x104, 1.0x102, and 1.6x102 

CFU/mL, respectively. At the same time, an aliquot of each OSPW was filtered using 0.45 µm 

and 0.22 µm filters, and 200 µL of the filtrate was spread platted on TSA and incubated at 35 °C 

for 24 hrs. No colonies were observed from either filtrate after 24 hours, so an additional 24-hour 

incubation was done at 35 °C which did not reveal any colonies. Based on these findings, the 

decision was made to use 0.45 µm filters due to their exclusion of contaminating organisms 

while allowing more potential compounds of concern through than 0.22 µm filters. To ensure 

that no contaminating organisms were introduced, all filtered samples used in experiments had 

200 µL spread plated on appropriate agar and were incubated under experimental time and 

temperature to be monitored for any growth. In addition to this screening, for each replicate, test 

media was combined with sterile growth control media to enrich for the presence of 

contaminating organisms.  

3.7 Screening of Clinical Indicator Organisms for Sensitivity to NAs 

From a 1° culture generated for each of the clinical organism described in section 3.1, a 

2° culture was prepared by streaking a single colony on TSA and incubating this plate for 22 hrs 

at 37 °C. From the 2° cultures, single colonies were picked and used to inoculate 100% TSB. 

This inoculum had the optical density (OD600nm) measured and an online tool (Agilent 

Genomics… [accessed 2024]) was used to estimate CFU/mL based on the observed OD. All 

inoculums were adjusted to an estimated density of 1x106 CFU/mL by further dilution in 100% 
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TSB. To verify, the initial inoculum and the diluted inoculum were all enumerated following the 

challenge based on the procedure described in 3.5.  

The test wells of the challenge plate were filled with 180 µL of the 300mg/L cNA mixture 

described in section 3.3. This solution was serially diluted from 300 mg/L to 37.5 mg/L in 0.9% 

saline using ½ step increments. At the time of this experiment, neither the EC nor positive 

control had been established yet. The GC used in this experiment was 0.9% saline, as it best 

represented the tests conditions created in the cNA solution. All test and control wells were 

prepared in triplicate. The test and GC wells had 20 µL of the inoculum added to them, and the 

SC wells had 20 µL of sterile 100% TSB added to them. Notably, the addition of inoculum 

results in the final concentration of test wells being 90% (v:v). The challenge plate was then 

incubated in a humidified incubator at 22.5 hrs at 35 °C on a microplate rotary shaker set to 282 

rpm. Following incubation, wells were enumerated as per the procedure described in 3.5. This 

experiment was repeated three times for a total of n=3 replicates. 

3.8 Validation of CFU Estimations from Optical Density for Staphylococcus warneri 

From a 1° culture of S. warneri, a 2° culture was prepared by streaking a single colony on 

TSA and incubating this plate for 22 hrs at 37 °C. From the 2° culture, single colonies were 

picked and used to inoculate 100% TSB. The inoculated TSB was then diluted in 100% TSB to 

achieve a range of OD values from 0.440 to 0.020, and the diluted solutions had OD600nm 

measured in cuvettes using a Thermo Scientific Genesys 30 Visible Spectrophotometer. The 

diluted TSB solutions were then enumerated in triplicate as described in section 3.5. This 

experiment was repeated sixteen times for a total of n=16 replicates. 

3.9 Assessment of Staphylococcus warneri Salt Tolerance  
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From a 1° culture generated for S. warneri a 2° culture was prepared by streaking a single 

colony on TSA and incubating this plate for 22 hrs at 37°C. From the 2° culture, single colonies 

were picked and used to inoculate 100% TSB. Using the formula generated by the experiment in 

section 3.8, CFU/mL was estimated in the initial inoculum based on the measured OD and was 

diluted to an estimated density of 1x106 CFU/mL in 100% TSB. To verify, the initial inoculum 

and the diluted inoculum were enumerated following the challenge based on the procedure 

described in 3.5. All future inocula were generated following this procedure unless indicated 

otherwise.  

The test wells of the challenge plate were filled with 180 µL of 3.9% – 0.0011% NaCl 

diluted in UPW (v:v). The GC used in this experiment was 100% TSB to assess the growth of the 

organism under optimal conditions. The TSB used had a NaCl concentration of 0.5% (w:v) when 

prepared at 30 g/L as per the manufacturer. All test and control wells were prepared in triplicate. 

The test and GC wells had 20 µL of the inoculum added, and the SC wells had 20 µL of sterile 

100% TSB added. Notably, the addition of inoculum results in the final concentration of test 

wells being 90% (v:v). The challenge plate was then incubated in a humidified incubator for 22.5 

hrs at 35 °C on a microplate rotary shaker set to 282 rpm. Following incubation, wells were 

enumerated as per the procedure described in 3.5. This experiment was repeated three times for a 

total of n=3 replicates.  

3.10 Assessment of Staphylococcus warneri pH Tolerance 

The test wells of the challenge plate were filled with 180 µL of 100% TSB that was pH 

adjusted using 1 M HCL and 1 M NaOH to achieve a range of pH values from 5.1 – 12.0. The 

GC used in this experiment was 100% TSB with no pH modification to assess the growth of the 

organism under optimal conditions. The pH of all solutions was measured using an OHAUS 
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ST3100-F meter with and OHAUS ST300 pH electrode. This meter was calibrated prior to use 

using a 3-point slope, and slope values were reported at 97±2%. All test and control wells were 

prepared in triplicate. The test and GC wells had 20 µL of an inoculum prepared as described in 

section 3.9 added to them, and the SC wells had 20 µL of 100% TSB added to them. Notably, the 

addition of inoculum results in the final concentration of test wells being 90% (v:v). The 

challenge plate was then incubated in a humidified incubator at 22.5 hrs at 35 °C on a microplate 

rotary shaker set to 282rpm. Following incubation, wells were enumerated as per the procedure 

described in 3.5. This experiment was repeated three times for a total of n=3 replicates. 

3.11 Assessment of Staphylococcus warneri Nutrient Limitation  

An inoculum was generated as described in section 3.9; however, an additional inoculum 

was created with the bacteria being suspended in 0.9% saline rather than 100% TSB. The test 

wells of the challenge plate were filled with 180 µL of 100% – 0.08% TSB diluted in 0.9% saline 

(v:v). The GC used in this experiment was 100% TSB to assess the growth of the organism under 

optimal conditions. All test and control wells were prepared in triplicate. The wells with 100% 

TSB were inoculated using the inoculum suspended in 100% TSB. The remaining diluted wells 

had 20 µL of the inoculum generated in 0.9% saline added to them as to not affect the final 

intended media concentration. All SC wells had 20 µL of 100% TSB added to them. The 

challenge plate was then incubated in a humidified incubator at 22.5 hrs at 35 °C on a microplate 

rotary shaker set to 282 rpm. Following incubation, wells were enumerated as per the procedure 

described in 3.5. This experiment was repeated three times for a total of n=3 replicates. 

3.12 OSPW Replicant Control Preparation  
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Traditional MIC assays involve the preparation of an antimicrobial compound in 100% 

OSM for the test organism. As this is not possible for whole effluent water samples, a negative 

control was created that replicated major physiochemical properties of whole OSPW.  Notably 

total dissolved solids, calcium/magnesium ion concentrations, and pH were adjusted to target the 

middle of the ranges described in Table 3.2. The composition of this solution is described in 

Table 1. The final pH of this solution was adjusted to 8.4 using 1 M NaOH and 1 M HCl. A 100X 

concentrate of this solution was also generated and was used to adjust the parameters of the 

previously described cNA solution from section 3.3. 

3.13 OSPW Sampling 

Whole OSPW samples were labelled OSPW A, B, C, and D and were provided by Suncor 

Energy Inc. and Imperial Oil Ltd. Samples A and B are treated using a preliminary permanent 

aquatic storage structure (PASS) process, which dewaters tailings using coagulation and 

flocculation technologies (Suncor Energy Inc. 2024). Sample A was received in October 2018 

and Sample B was received in March 2022. Sample C and D are from a similar dewatering 

facility and were received in May and September of 2023, respectively. All OSPW samples were 

stored in sealed polyvinyl chloride containers and stored at 4 °C until used in experiments.  

3.14 OSPW Characterization 

 Basic physiochemical parameters of the OSPW samples used were analyzed in part by 

members of the Gamal El-Din lab (Department of Civil and Environmental Engineering, 

University of Alberta). Members of this research group also performed the AOP treatment 

described in section 3.19 and the synchronous fluorescence spectroscopy (SFS) analysis 

described in section 3.20. Initial measurements of classical O2 NAs were performed using ultra-
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performance liquid chromatography with quadruple time-of-flight mass spectrometry (UPLC 

QTof-MS). Specific details on equipment use and settings mirror what is described in Sanchez-

Montes et al. (2024) and Huang et al. (2018). Values for pH and TDS were measured in lab, with 

an overview of all measured OSPW physiochemistry available in Table 3.2. pH values were 

measured using an OHAUS ST3100-F meter with and OHAUS ST300 pH electrode. This meter 

was calibrated prior to use using a 3-point slope, and slope values were reported as 97±2%. 

Values for TDS and conductivity were also measured in lab using a Thermo Scientific Elite CTS 

Tester. Prior to use, the CTS meter was calibrated using 1413 µS/cm and 12.9mS/cm standards. 

Table 3.2. Basic water chemistry of whole OSPW and freshwater 

*Ranges compiled from various OSPW samples at various points of processing, as outlined and reviewed in Hussain 

and Stafford (2023), Mahaffey and Dube (2017), and Allen (2008a) 

**Range represents total NA species (O2-O6), as these were the reported values    

***Data is compiled from the lower Athabasca River between the years of 1998-2024, available from Environment 

and Climate Change Canada (ECCC 2024) and the Government of Alberta (Government of Alberta 2024). Values 

were cross referenced with technical reports from the Government of Alberta (Hebben 2009), (Laceby and 

Emmerton 2021).   

 

 

 

Parameter OSPW A OSPW B OSPW C OSPW D OSPW 

range* 

Regional 

freshwater*** 

pH 8.5 8.6 7.74 8.04 7.64 - 8.66 8.1± 0.2 

Conductivity (mS/cm) 4.35 4.47 1.31 1.42 1.12 - 4.01 0.205± 0.04 

DOC (mg/L) 66.0 60.8 33.8 36.2 26 - 67 2.24± 2.65 

COD (mg/L) 232 244 147 158 86 - 422 52.2± 18.4 

TDS (mg/L) 2784 2860 944 730 400 - 2539 165.2± 45.4 

Classical O2-NAs (mg/L) 17.8 23.9 10.5 10.2 2.9 - 100.0** 0.000004± 0.000001 

Mg (mg/L) 10.8 9.4 - - 4.1 - 30.0 9.42± 1.8 

Ca (mg/L) 2.1 1.9 - - 6.2 - 123 34.4± 5.9 

K (mg/L) 18.7 16.4 - - 9.1 - 18.5 1.36± 0.4 
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3.15 Assessment of Whole OSPW and OSPW Control Using a Modified MIC Assay 

The test wells of the challenge plate were filled with 180 µL of 100% OSPW A, 0.9% 

saline, or 100% OSPW replicant control described in section 3.12. Additional test wells were 

prepared by diluting OSPW A to 75%, 50%, and 25% (v:v) in OSPW replicant. The GC used in 

this experiment was 100% TSB to assess the growth of the organism under optimal conditions. 

All test and control wells were prepared in triplicate. The test and GC wells had 20 µL of an 

inoculum prepared as described in section 3.9 added to them, and the SC wells had 20 µL of 

100% TSB added to them. Notably, the addition of inoculum results in the final concentration of 

test wells being 90% (v:v). The challenge plate was then incubated in a humidified incubator at 

22.5 hrs at 35 °C on a microplate rotary shaker set to 282 rpm. Following incubation, wells were 

enumerated as per the procedure described in 3.5. This experiment was repeated three times for a 

total of n=3 replicates. 

3.16 Assessment of Staphylococcus warneri cNA MIC Values 

The adjusted cNA solution from section 3.3 was initially diluted 1:9 in OSPW replicant 

to generate a solution at 33.3 mg/L of cNA. Of this diluted solution, 180 µL was added to the 

challenge plate and serially diluted in OSPW replicant to generate a concentration gradient from 

33.3 mg/L – 2.1 mg/L can. The GC used in this experiment was 100% OSPW replicant to assess 

the growth of the organism under similar physicochemical conditions as seen in the test samples. 

The EC wells were filled with 180 µL of freshwater from a lake in Northern Alberta. The 

positive control used was the 3,5- dichlorophenol solution, diluted from 100 mg/L – 12.5 mg/L in 

OSPW replicant. All test and control wells were prepared in triplicate. The test, GC, EC, and 

positive control wells had 20 µL of an inoculum prepared as described in section 3.9 added to 

them, and the SC wells had 20 µL of 100% TSB added to them. Notably, the addition of 
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inoculum results in the final concentration of test wells being 90% (v:v). The challenge plate was 

then incubated in a humidified incubator at 22.5 hrs at 35 °C on a microplate rotary shaker set to 

282 rpm. Following incubation, wells were enumerated as per the procedure described in 3.5.  

This experiment was repeated three times for a total of n=3 replicates. 

3.17 Assessment of Evaporation Effects on a Modified MIC Assay 

 Challenge plates were prepared in duplicate, with both plates having rows A-D filled with 

180 µL of 100% OSPW A and rows E – F filled with 100% OSPW replicant. The first challenge 

plate had the edges of the plate sealed with parafilm, while the second did not. No specific 

positive or negative controls were implemented given the objective of this experiment. The test 

and GC wells had 20 µL of an inoculum prepared as described in section 3.9 added to them. 

Notably, the addition of inoculum results in the final concentration of test wells being 90% (v:v). 

The challenge plates were then incubated in a humidified incubator at 22.5 hrs at 35 °C on a 

microplate rotary shaker set to 282 rpm. Following incubation, wells were enumerated as per the 

procedure described in 3.5. All wells in columns 1, 2, 11, and 12 and rows A and H were 

considered on the edge of the plate. Wells in rows B – G, 3 – 10 were considered in the middle of 

the plate. In addition to enumeration, the fluid volume was taken from all wells and weighed 

using a Mettler Toledo New Classic MF ML204 balance to determine the volume lost from 

evaporation. This experiment was repeated three times for a total of n=3 replicates. 

3.18 Assessment of a Modified MIC Freezer Inoculum  

In addition to an inoculum generated as described in section 3.9, an O/N culture was 

generated by inoculating 10 mL of TSB in a 14 mL culture tube and incubating on a rotary 

shaker at 37 °C for 23 hours, 110rpm. Following incubation, the solution was diluted 1:10 in 
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TSB and the OD600nm was measured. From the diluted solution and using the formula generated 

from section 3.8 the CFU of the O/N culture was estimated to be 1x109 CFU/mL. This stock 

solution was diluted 1:5 in 100% TSB to achieve an estimated density of 2x108 CFU/mL. This 

solution was then diluted 1:2 in cryopreservation solution (v:v) and placed into cryovials and 

frozen at -80 °C. The stock solution, diluted freezer stock pre-freezing, and diluted freezer stock 

post-freezing were enumerated using the procedure described in section 3.5.  

Challenge plates were prepared in duplicate, with both plates having wells filled with 180 

µL of OSPW A, OSPW replicant, or cNA. OSPW A and cNA were serially diluted in OSPW 

replicant (v:v) to achieve concentrations ranging from 100% – 12.5%. No additional positive or 

negative controls were implemented given the objective of this experiment. All wells were 

prepared in triplicate. One plate was inoculated with 20 µL of the inoculum generated from agar 

stock. A vial of the freezer inoculum was thawed and was diluted in TSB to an estimated density 

of 1x106 CFU/mL based on previous enumeration of the freezer inoculum. The second challenge 

plate was then inoculated with 20 µL of the diluted freezer inoculum. To verify accuracy, the 

diluted freezer stock and T0 GC wells from the challenge plate were enumerated following the 

challenge based on the procedure described in 3.5. Notably, the addition of inoculum results in 

the final concentration of test wells being 90% (v:v). The challenge plates were then incubated in 

a humidified incubator at 22.5 hrs at 35 °C on a microplate rotary shaker set to 282 rpm. 

Following incubation, wells were enumerated as per the procedure described in 3.5. This 

experiment was repeated three times for a total of n=3 replicates. 

3.19 Treatment of OSPW and NAs Using Advanced Oxidation Processes 

 An aliquot of OSPW B and C, as well as a 300 mg/L stock of cNA were treated with a 

UV-A stimulated AOP. Briefly, samples were placed in a glass beaker and agitated using a 
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magnetic stirrer. Samples were stirred for 5 minutes prior to applying treatment to ensure 

homogenous sample mixture. Peroxydisulfate (PDS; S2O8 – Fisher Scientific) was added to each 

sample to achieve a concentration of 1.0 mM in 50 mL. Following addition of PDS, samples 

were exposed to an LED with a 365 nm main emission line (SOLIS-365C – Thorlabs). Irradiance 

was adjusted to a value of 0.80 mW/cm2 using a power controller (DC-20 – Thorlabs). Samples 

were exposed to UVA conditions for a total of 60 minutes. Following exposure, samples had 1.0 

M Na2SO3 solution added to prevent residual oxidation activity. Specific details on OSPW 

treatment mirror what is described in Sanchez-Montes et al. (2024). 

 OSPW D was treated with a similar AOP process that used biochar with iron oxide 

nanoparticles (BC-Fe) to stimulate oxidation. A BC-Fe composite catalyst was generated by 

adding 100 mL of 0.1 M FeCl3 to 5 g of raw flax straw. This mixture was agitated for 60 minutes 

at 200 rpm on a rotary shaker before being placed on a magnetic stirrer at 80 °C for 2 hrs to 

evaporate water. Following this, the mixture was placed in a 105 °C oven overnight before being 

transferred to a 600 °C furnace for 2 hrs. The resulting product was finely ground and then 

passed through a 425 µm mesh. To perform the treatment, 1 g/L of the BC-Fe catalyst was added 

to the OSPW D and placed on a rotary shaker and agitated at 200 rpm at 25 °C. Subsequently, 

peroxymonosulfate (PDSKHSO5 · 0.5KHSO4 ·0.5K2SO4 – Sigma-Aldrich) was added to achieve 

a concentration of 1.0 mM in OSPW. Following addition of PMS, samples were agitated for 90 

minutes. Following treatment, samples had 1.0 M Na2SO3 solution added to prevent residual 

oxidation activity. Treated samples were subsequently filtered using a 0.22 µm filter to remove 

residual composite catalyst. Specific details on OSPW treatment and BC-Fe preparation are 

identical to what is described in Vasquez-Aldana (2024). 

3.20 Synchronous Fluorescence Spectroscopy Analysis 
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 To monitor the presence of aromatic hydrocarbons, like those seen in NAs and PAHs, 

SFS was used. This semi-quantitative approach allows for the detection of fluorescent aromatic 

organic compounds and has been shown to be an effective technique to detect aromatic 

hydrocarbon compounds in complex mixtures (Sunuwar and Manzanares 2021). This approach 

has already been used to good effect to measure the presence of organic acids in OSPW due to 

their signature aromatic structural motifs. When analyzed using SFS, single, double, and triple 

ringed aromatic compounds such as NAs produce high intensity peaks at wavelengths around 

~270 nm, ~310 nm, and ~325 nm, respectively (Kavanagh et al. 2009, Martin et al. 2014). As a 

result, SFS analysis was performed on cNA, OSPW B, and OSPW C untreated (UT) and 60-

minute treated samples with fixed excitation and emission wavelength ranges of 200-600nm and 

218-618nm, respectively. Specific details on equipment use and settings mirror what is described 

in Sanchez-Montes et al. (2024).  

3.21 Assessment of AOP Treatment on OSPW and cNA Using a Modified MIC Assay 

A flow chart of the modified MIC assay workflow is described in Figure 3.3. An 

inoculum was generated as described in section 3.9; however, in addition to verifying the stock 

and diluted inoculum density, an additional set of GC wells were prepared in the plates and 

recovered after the challenge prior in incubation to verify the final inoculum density in the plates.  

A sample of the UT cNA solution described in section 3.3 was initially diluted 1:9 in 

OSPW replicant to generate a solution at 33.3 mg/L of cNA. This same procedure was also 

followed for the 60-minute treated cNA to ensure consistency between samples. Additional test 

wells were prepared by diluting the 33.3 mg/L cNA solution to 75%, 50%, and 25% (v:v) in 

OSPW replicant. For the UT OSPW B, C, and D, a similar dilution series was prepared to 
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determine the MIC by diluting the sample to 100%, 75%, 50%, and 25% (v:v) in OSPW 

replicant. The 60-minute and 90-minute treated samples were not diluted.  

180 µL of all UT and treated samples, as well as any dilution series prepared were added 

to the challenge plates. Negative and positive control wells were prepared as described in section 

3.16 and added at 180 µL/well.  All test and control wells were prepared in triplicate. All test, 

GC, EC, and positive control wells in the challenge plates had 20 µL of the inoculum added to 

them. The SC wells had 20 µL of 100% TSB added to them. Notably, the addition of inoculum 

results in the final concentration of wells being 90% (v:v). The challenge plates were then placed 

inside a Biotek Synergy H1 plate reader/incubator (Software – Gen 5 2.04). The plate was then 

incubated for 22.5 hrs at 35 °C with an orbit of 282 rpm. The plate reader measured the OD600nm 

every 30 minutes during incubation to form a growth curve. Following incubation, wells were 

enumerated as per the procedure described in 3.5. This experiment was repeated three times for a 

total of n=3 replicates.  
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3.22 Validation of CFU Estimations from OD for Aliivibrio fischeri    

As the A. fischeri luminescence inhibition protocol used estimated bacterial concentration 

using optical density, a similar procedure as is described in section 3.8 was performed to validate 

the relationship between CFU and OD600nm. From a 1° culture of A. fischeri a 2° culture was 

prepared by streaking a single colony on LBSA and incubating this plate for 22 hrs at 20 °C. 

From the 2° cultures, single colonies were picked and used to inoculate 100% LBS. The 

inoculated LBS was then diluted in ½ step increments, and the diluted solutions were aliquoted 

and had OD600nm measured in cuvettes using a Thermo Scientific Genesys 30 Visible 

Figure 3.3. General workflow for a modified MIC assay. 
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spectrophotometer. The diluted LBS solutions were then enumerated in triplicate as described in 

section 3.5. This experiment was repeated nine times for a total of n=9 replicates. 

3.23 Implementation of a Standardized Bacterial Luminescence Inhibition Assay 

The bacterial luminescence inhibition assay used for screening of these OSPW was 

adapted from the ISO 11348-1 2nd Edition protocol (2007), Biological Test Method: Toxicity Test 

Using Luminescent Bacteria (Environment Canada 1992), and Microtox Acute Toxicity Basic 

Test Procedure (1995). While commercially available kits with lyophilized bacteria are available 

for this assay, this protocol outlined the preparation of freezer stocks and subsequent experiments 

using these stocks. Solutions used in the protocol are described in Table 3.1. A 1° culture of A. 

fischeri was generated by streaking bacteria from the freezer stocks described in section 3.1 on 

agar media 5.8 and incubating for 70 hrs at 21 °C. Using visual observation in the dark, 

luminescent colonies from this plate were marked and used to generate a 2° culture on agar 

media 5.8 under identical incubation conditions as the 1° culture. From the 2° culture, a single 

luminescent colony was used to inoculate 50 mL of broth media 5.7 that was incubated at 21 °C 

for 21 hrs on a rotary microplate shaker set at 300 rpm. Following incubation, the OD600nm of the 

liquid O/N preculture was measured and based on the estimated cell density from the equation 

established in 3.22 a main culture of 100% broth media 5.7 was inoculated with the pre culture to 

reach an estimated cell density of 2.0x107 CFU/mL. Both the preculture and diluted main culture 

were enumerated based on the protocol in section 3.5, and the main culture was incubated under 

the same conditions as described for the O/N preculture. Following incubation, the cell density 

was determined using the enumeration protocol described in section 3.5. 

All solutions used in stock preparation were cooled on ice prior to use, and all glassware 

was precooled in a refrigerator. To generate freezer stocks from the main culture, the main 
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culture was centrifuged at 5000 g in a Thermo Sorvall - Legend XTR refrigerated centrifuge set 

to 4 °C. Following centrifugation, the supernatant was decanted, and the pellet was resuspended 

in 10 mL of 2% saline and centrifuged under the same conditions described previously. The 

supernatant was again decanted, and the pellet was resuspended in 500 µL of 2% saline. The 

bacterial suspension was then transferred to a beaker in an ice bath on a magnetic stirrer. Under 

constant agitation, the solution was slowly diluted 1:8 in protective media 5.9 (v:v). This solution 

had an aliquot diluted 1:100 in 2% saline (v:v), and the OD600nm was measured to estimate cell 

density. This solution was further diluted with 15 mL of protective media 5.9 to achieve an 

approximate cell density of 1.5x109 CFU/mL. An aliquot of the suspension was enumerated prior 

to freezing as per the protocol described in section 3.5 to determine cell density. This solution 

was stirred for 15 minutes on ice and then aliquoted into cryotubes and stored at -80 °C.  

3.24 Comparison of Cell Density and Luminescence in Aliivibrio fischeri       

All solutions used were placed on ice, and the opaque 96-well plate used was placed on a 

Echotherm IC22 cooling block set at 15 °C to cool. Initial attempts to use the freezer stock 

immediately upon rehydration resulted in large fluctuations in luminescence. As such, a freezer 

stock described in section 3.23 was slowly thawed by placing the cryovial in ice water. After 

thawing, the solution was diluted 1:5 in reconstitution solution 5.5 (v:v) and placed on ice for 15 

minutes. Following this, the solution was further diluted 3:41 in reconstitution solution 5.5 (v:v) 

and mixed well before resting for 15 minutes on the cooling block set at 15 °C. Following this 

waiting period, 200 µL of the bacterial suspension was added to row A and B wells 1-3 of a 

cooled opaque 96-well plate. All remaining wells had 100 µL of 2% saline added to them. The 

bacterial suspension was then diluted in ½ step increments with 3-wells space being left between 

rows and columns to prevent sample luminescence from affecting readouts in adjacent wells. 
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This resulted in a dilution series from 1:1 to 1:32,768 (v:v) across 16 samples. Following 

dilution, plates were placed in a plate reader and had the luminescence measured in each well as 

relative light units (RLU) using the blue light filter set to 440-460nm. Following measurement of 

luminescence, the plates were enumerated using the protocol described in section 3.5. This 

experiment was repeated three times for a total of n=3 replicates. 

3.25 Assessment of AOP Treatment on OSPW and cNA using a Bacterial Luminescence 

Inhibition Assay  

A flow chart of the bacterial bioluminescence inhibition assay workflow is described in 

Figure 3.4. All solutions used were placed on ice, and the opaque 96-well plate used was placed 

on a Echotherm IC22 cooling block set at 15 °C to cool. A freezer stock was thawed and diluted 

following the procedure described in section 3.24. Following the second dilution, the bacterial 

suspension was added to an opaque 96-well plate at a concentration of 20 µL/well for all test 

wells while sterility control wells had 20 µL/well of 2% saline added to them. Following this 

addition, the inoculated plate was place on a cooling block set at 15 °C and left for 15 minutes. 

Upon completion of the final waiting period for the inoculated plate, the plate was placed in a 

plate reader to measure the initial luminescence (I0) as RLU using the blue light filter set to 440-

460nm. 

While preparing the inoculum, the challenge plates were prepared similar to what is 

described in section 3.21 for the MIC assay. The pH of all samples to be used was measured and 

if below 6.5 or above 7.5, the samples were adjusted. All test samples and the regional freshwater 

control were adjusted to a pH of 7.0 ± 0.2 using either 1 M HCl or 1 M NaOH. It was ensured 

that adjustment of pH with NaOH and HCl solution did not increase the total volume by greater 

than 5%. The cNA sample used in this experiment was diluted 1:8 in 2% saline to produce a 
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starting concentration of 37.5 mg/L. This same procedure was also followed for the 60-minute 

treated cNA to ensure consistency between samples. For untreated and treated OSPW B, C and 

D, as well as the treated samples of each, no initial dilutions were done. A similar dilution series 

was prepared as is described in section 3.21; with the cNA solution, OSPW B, C, and D being 

suspended at concentrations of 100%, 75%, 50%, and 25% v:v. All test samples and the regional 

freshwater control were determined to have salinity values below the recommended 20 g/L. As 

such, osmotic adjustment solution 5.10 was added 1:10 (v:v) to the regional freshwater control 

and test samples to adjust the salinity to an approximate target range of 20-30 g/L. The 

adjustment of pH and salinity for samples reduced the starting concentration of these samples to 

~91% (v:v).  

 As opposed to the replicant OSPW, the GC used was 2% saline (v:v) as recommended by 

the protocol and required no pH or salinity adjustment. A stock of 100 mg/L 3,5- dichlorophenol 

(Thermo Scientific - AAA1532806) suspended in 2% saline was used as a positive control and 

was diluted from 100% - 12.5% (v:v) in 2% saline. In the instance that multiple challenge plates 

were needed, it was determined that samples would have controls established in each plate and 

these controls would be used to determine luminescence inhibition. This was done to limit the 

variability introduced on a per plate basis, as each plate had to be inoculated using a new freezer 

stock while the MIC used a universal inoculum for multiple challenge plates. As it was intended 

that these samples were to be enumerated in addition to having luminescence measured, sterility 

controls were prepared in an identical fashion to what is described for the MIC assay. For all test 

and control samples, 200 µL of each was added to a 96-well plate in triplicate and placed on a 

cooling block set at 15 °C to cool while inoculum preparation occurred.  
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After the I0 reading, 180 µL of all test and control solutions were added to the inoculated 

plate after which the plate was moved back to the cooling block set to 15 °C. This 9:1 dilution 

results in all wells being at a final concentration of 81% (v:v). The luminescence was read again 

at 5, 15, and 30 minutes (I5, I15, and I30, respectively). Luminescence inhibition was determined 

by first standardizing all values to the ratio of change observed between the 2% control at I0 and 

I30. Following this standardisation, the difference in luminescence from I0 to Ix for each well was 

calculated to determine the precent inhibition. Following the final I30 reading, all wells in the 

plate were enumerated following the procedure described in section 3.5. This experiment was 

repeated three times for a total of n=3 replicates. 
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Figure 3.4. General workflow for a bacterial luminescence inhibition assay. 
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3.26 Statistical Analysis  

 All data analysis and graphing were done in GraphPad Prism 10.2.3. Datasets from 

experiments in section 3.9, 3.10, 3.11, 3.15, 3.16, 3.21, and 3.25 were analyzed for normality 

using a Shapiro-Wilk test. If the dataset was determined to be normally distributed (α = 0.05) a 

Brown-Forsythe and Welch ANOVA test was done, with significance being indicated by p 

<0.001. Post testing was done using a Dunnett’s multiple comparison test with p <0.001 being 

considered significant. If data was not determined to be normally distributed, a Kruskal-Wallis 

test with Dunn’s posttest was performed, with significance being indicated by p <0.001. 

Following a Shapiro-Wilk normality test data from experiments in section 3.7, 3.17, and 3.18 

was analyzed using a two-way ANOVA with Tukey multiple comparison analysis where 

significance was indicated by p <0.001. Simple linear regression analysis was done to analyze 

the relationship between variables in sections 3.8, 3.22, and 3.24 where best fit was determined 

for 95% confidence intervals. From this analysis, an equation was formed for the line of best fit 

and the r value was reported. Correlation was also investigated between Log(CFU/well) reduction 

data for S. warneri and A. fischeri and the observed luminescence inhibition for the datasets from 

section 3.21 and 3.25. This was performed on a per sample basis including controls from the 

experiment. Similarly, correlation was investigated between Log(CFU/well) reduction data for S. 

warneri and A. fischeri for the datasets from section 3.22 and 3.25. This was performed on a per 

sample basis including controls from the experiment. The Pearson correlation coefficient was 

determined for the 95% confidence interval. 
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Chapter IV 

Adapting a modified broth microdilution MIC assay for assessing 

OSPW toxicity 

4.1 Introduction 

 From a technical perspective, bacterial culturing and assays are generally inexpensive, 

robust, and highly reproduceable (Viegas et al. 2021). In addition to these advantages, bacteria 

provide several sub-cytotoxic toxicity endpoints as well as efficient methodologies to determine 

the impact of toxicant exposures on growth and viability. The generally shorter life cycle of 

bacteria combined with a smaller scale for testing also allows for a higher throughput approach 

that requires smaller sample volumes (Viegas et al. 2021). This makes bacteria-based ecotoxicity 

assessments a potentially valuable tool in making rapid decisions on OSPW treatment, release, 

and monitoring. 

 Beyond the technical advantages, bacteria have shown sensitivity to a broad range of 

compounds of environmental concern including BTEX, hydrocarbons, trace metals, and more 

recently nanoparticles (Sikkema et al. 1995; Blum and Speece 1991; Ameen et al. 2021). Despite 

this sensitivity, bacteria also display significant resilience as they occupy and thrive in every 

possible niche on the planet. Consequently, bacteria must tolerate diverse environmental 

conditions such as osmolarity, pH, nutrient availability, and even radiation, allowing them to 

thrive in a dynamic range of conditions that other species would not (Marles-Wright and Lewis 

2007). In this study, I assessed the potential to leverage the sensitivity and resiliency of bacteria 

to develop a system that would be stable under a wide range of freshwater conditions but was 

sensitive to both whole OSPW and components of concern within these waters. By directly 
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assessing the effect on growth, I also sought to implement endpoints that were more robust than 

that of traditional microbial ecotoxicity assessments given the complexity of the waters being 

tested. 

A large component of susceptibility and resistance bacteria display against antimicrobial 

compounds is associated with the cell wall. The structure of the bacterial cell wall generally 

divides bacteria, with a few notable exceptions, into Gram-positive and Gram-negative bacteria. 

Gram-positive bacteria have a thick cell wall composed largely of peptidoglycan, but also 

contains several polymers covalently attached to the cytoplasmic membrane (Salton and Kim 

1996). This thick outer layer can confer protection to extreme environmental conditions by 

maintaining the cell shape against turgor pressure (Garde et al. 2021). Alternatively, the Gram-

negative membrane contains a cytoplasmic membrane with a thin layer of peptidoglycan 

anchored to an outer membrane. This outer membrane contains a vast array of regulatory 

proteins as well as containing lipopolysaccharides (LPS), which may also provide protection 

against environmental conditions and antimicrobial activity (Impey et al. 2020). In addition to 

these structures, bacteria may also possess a capsule and form slime layers and biofilms that 

further increase their protection against antimicrobial compounds and environmental stress 

(Mathivanan et al. 2021). 

When encountering traditional antimicrobial compounds such as antibiotics, the cell wall 

plays a major role in toxicity outcomes for organisms. Generally, the Gram-negative membrane 

is more selective and less permeable, conferring greater resistance to these antimicrobial 

challenges (Reygaert 2018). The outer membrane requires that even antibiotics that target the 

cell wall must first pass this outer barrier, while those that target intracellular machinery must 

pass through both barriers (Miller 2016). Alternatively, the Gram-positive membrane is 
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significantly less regulated, with less selectivity and a thick layer of peptidoglycan on the 

exterior of the cell presenting a major target for antibiotics. These factors result in greater 

antibiotic susceptibility in Gram-positive bacteria when compared to Gram-negative bacteria 

(Garde et al. 2021, Kohanski et al. 2010). While the relationship between bacterial cell wall and 

traditional antibiotic susceptibility is well understood, this relationship is not as predictable when 

investigating other antimicrobial compounds.  

Many compounds of environmental concern, especially those found in OSPW, are 

predicted to exert toxicity through narcosis. This process is by-definition non-selective, forgoing 

the need for specific target sites that are utilized by antibiotics. Highly lipophilic compounds 

such as BTEX, PACs, and NAs may deposit in the membrane and thus disrupt structural integrity 

(Di Toro et al. 2020; Xu et al. 2020; Holowenko et al. 2002). The LPS on the Gram-negative 

membrane is lipophilic, and while it prevents the access of many hydrophobic compounds, it has 

been shown to allow highly lipophilic compounds to penetrate the cell wall (Sikkema et al. 

1995). Alternatively, hydrophilic compounds, depending on molecular weight, may enter through 

regulatory proteins called porins embedded in the outer membrane. Despite these possibilities, 

Gram-negative bacteria generally remain more resilient due to the gross protection afforded by 

possessing multiple membrane barriers to maintain structural integrity (Sikkema et al. 1995; 

Bitton et al. 1988).  

Similar trends are observed when investigating the effects of trace metals on bacteria. 

Generally, Gram-negative bacteria have greater tolerance for heavy metal exposure due to the 

outer membrane preventing easy absorption of metals into the cell (Sterritt and Lester 1980). 

Metal exposure in bacteria can have a range of detrimental effects from non-specific ion 

imbalance and membrane disruption to interference with specific systems such as redox reactions 
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in aerobic respiration (Igiri et al. 2018). While overt cytotoxicity is an outcome for metal 

exposure in bacteria, a trend which is also described for hydrocarbon compounds, several 

sublethal effects can also be observed such as inhibition of growth and structural abnormalities 

(Sterritt and Lester 1980). It must be noted that the effects are heavily species and contaminant 

dependent, and for almost all the previously discussed sensitivities and susceptibility, there are 

exceptions and bacteria with specific systems for resolving encounters with these toxicants 

(Wani et al. 2023).  

Given these findings, it is apparent that components of concern in OSPW may have 

deleterious effects on bacterial physiology. Yet effective assessment of the toxicity of compounds 

require that organisms are resilient to changes in substrate conditions that these compounds are 

suspended in. Eukaryotic cells generally require strict regulation of pH in the external 

environment to maintain the optimal pH of 7.3 inside the cell (Casey et al. 2010). Though 

bacteria only have a slightly larger observed optimal internal pH range of 6.3 – 8.5, many 

bacteria persist in hostile environments with external pH conditions ranging from 3.0 – 12.0 

(Dhakar and Pandey 2016). To maintain internal pH conditions, bacteria implement both passive 

and active approaches in concert to regulate pH. Active strategies include uptake and efflux of 

protons or generation and consumption of protons via enzymatic activity while passive strategies 

involve structural organization to repel or attract protons (Krulwich et al. 2011). Beyond 

extremophiles, most neutrophilic bacteria can tolerate a wide range of pH conditions between 4.8 

– 9.0 without requiring significant pH regulation strategies or seeing impacts on growth and 

viability (Slonnczewski et al. 2009). 

Another major factor in bacterial survival is the osmolarity of the environment. Both high 

and low salt environments present potential challenges to microbial growth, with bacteria 
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possessing a range of passive and active solutions. Halophiles can tolerate salt concentrations in 

excess of 150 g/L, environments that require significant adaptation to maintain structural 

integrity under osmotic pressure (Dhakar and Pandey 2016). Conversely, numerous halotolerant 

bacteria can survive low salt concentrations that similarly threaten structural integrity of the cell. 

In these settings, compounds such as sugars, alcohols, and amino acids may be used as 

compatible solutes to maintain turgor pressure (Margesin and Schinner 2001). Bacteria may 

employ symport or antiport through membrane proteins to maintain cell osmolarity, in addition 

sequestration or accumulation of ions or compatible solutes through metabolic processes (Wood 

et al. 2001).  

Another important consideration for bacteria growth and survival is the availability of 

nutrients. Bacterial metabolic diversity is truly staggering and can produce chemical energy via a 

large range of carbon sources under both oxic and anoxic conditions. Some bacterial species can 

even generate energy without oxidation of organic compounds using sunlight or inorganic ions as 

energy sources to drive the production of chemical energy (Jurtshuk 1996). In addition to a 

carbon and energy sources, bacteria also require crucial compounds such as nitrogen, sulfur and 

phosphates to grow and perform basic physiological functions (Shimizu 2013). When present in 

sufficient concentration, as seen in OSM and non-selective media, bacteria may replicate freely. 

If any one of these factors begins to become limited, bacteria may implement a range of 

scavenging or sequestration strategies, in addition to activating alternative metabolic pathways to 

continue to grow (Harder and Dijkhuizen 1983). When facing severe nutrient limitation bacterial 

growth may be limited, but bacterial populations can persist for extended periods in the absence 

of nutrients without seeing significant reduction in viable populations (Ferenci 2001; Kjelleberg 

et al. 1993).  
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When nutrient, pH, osmolarity, and temperature conditions are optimal for a species, 

normal metabolic processes and bacterial growth can occur. It is worth noting that like what is 

mentioned for antimicrobial effects, for all the previously described resiliency, there are 

examples of organisms that experience significant reductions in growth, metabolic activity, and 

even survival if any one of these factors deviates from the optimal conditions (Aertsen and 

Michiels 2008). As such, the establishment of any bacterial toxicity assay requires the validation 

of a model organism that is relatively stable under changing substrate conditions but displays 

sensitivity to potential contaminants of concern (ECHA 2017).  

Based on these principles numerous bacteria have been investigated and established for l 

use in toxicity assessment. Disruption of metabolic activity and genotoxicity of bacteria such as 

Escherichia coli or Salmonella typhimurium can be investigated using reporter genes being fused 

to genes associated with hydrolytic enzymes or DNA repair, respectively (EBPI 2024a; EBPI 

2024b). Colorimetric assays can also be used to determine the production of metabolic 

byproducts or membrane damage (Hach 2024; Padilla-Martinez 2015; Viegas et al. 2021). 

Aliivibrio fischeri bioluminescence inhibition assays are the most common bacterial aquatic 

toxicity test, and while this test will be discussed in detail in Chapter VI, it too uses 

luminescence as a measure of normal bacterial metabolic activity (Miyamoto et al. 2000; 

Environment Canada 1992). While using a proxy for normal metabolism or physiological 

integrity allows for faster interpretation of data, it can be complicated by assay interference 

common in environmental settings (Ong et al. 2014; Qiu et al. 2017). Though current bacterial 

luminescence inhibition assays have several challenges that complicate their use in aquatic 

toxicity, bacteria still have the potential to serve a critical role in ecotoxicity assessment and 

screening. 
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While assessing the antimicrobial effects of compounds on bacteria is a valuable tool in 

an environmental setting, it can be a matter of life and death in a clinical setting. Antimicrobial 

efficacy testing is crucial in evaluating new antibiotics, monitoring the development of antibiotic 

resistance in organisms, and developing treatment strategies in a clinical setting (Radlinski and 

Conlon 2018). In this setting, a select list of approaches has been stringently reviewed and long 

used to suit this purpose. Even as advanced tools have been developed to discover new 

antibiotics and monitor antibiotic resistance in the environment, traditional antimicrobial efficacy 

testing is still relied upon to validate these findings (Zisanur et al. 2022; Ishii 2020). These 

approaches are primarily broth and agar dilution MIC assays, highly standardized assays where 

antimicrobial endpoints can be precisely quantified. Broth microdilution, specifically, is the most 

widely accepted approach for determining antimicrobial activity, delivering quantitative data that 

is precise, high throughput, and rapid, as is demanded in clinical settings (Balouiri et al. 2016). 

Broth microdilution assays have strong correlation with other antimicrobial efficacy tests such as 

the Etest and agar dilution approaches, and have well defined guidelines as per CLSI, a testament 

to their reliability and effectiveness (Balouiri et al. 2016).  

In this thesis chapter I worked to establish and optimize a modified microdilution MIC 

protocol to investigate the toxicity of NAs and whole OSPW. To do this I also sought to establish 

relative stability of the assay under similar physiochemical conditions to that observed in whole 

OSPW and regional freshwater. The specific aims of this chapter were as follows: 1) to screen 

traditional clinically significant bacteria for sensitivity to NAs, 2) to assess the growth of 

sensitive species under physiochemical conditions like those observed in freshwater and OSPW, 

3) to determine the MIC of sensitive species to NAs and a whole OSPW, and 4) to further 

optimize the MIC protocol to ensure accuracy and reduce technical burden.  
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4.2 Results  

4.2.1 The effect of naphthenic acid exposure on the growth of clinically significant bacteria  

 Five clinically significant bacteria were diluted to an estimated density of ~1x106 

CFU/mL in TSB. The inoculum was then added 1:9 (v:v) towels containing cNA solution at 

concentrations ranging from 300 mg/L to 37.5 mg/L diluted in 0.9% saline. Challenge plates 

were incubated for 22.5 hr at 35 °C on a rotary shaker after which all wells were enumerated. 

Log reduction was calculated by determining the difference in growth between the cNA exposed 

wells and the 0.9% saline control for each respective organism. Significance was determined by 

a p-value < 0.001.  

Table 4.2 details the average stock and diluted inoculum densities for all organisms used. 

All the inoculums were within ± 0.3x106 CFU/mL of the targeted 1x106 CFU/mL. No significant 

reduction in growth was observed for K. pneumoniae and P. aeruginosa after 22.5 hrs at any of 

the tested cNA concentrations (Fig. 4.2.1). Alternatively, E. coli saw a significant reduction at 

both 270 mg/L and 135 mg/L with an average log reduction of 1.23 ± 0.22 and 0.42 ± 0.12 

Log10(CFU/well), respectively. No significant reduction was observed at 67.5 or 33.75 mg/L 

(Fig. 4.2.1). Enterococcus faecalis saw a significant reduction in growth after exposure to cNA at 

concentrations of 270, 135, and 75 mg/L with average log reduction values of 2.66 ± 0.16, 1.71 ± 

0.34, and 1.05 ± 0.22 Log10(CFU/well), respectively (Fig. 4.2.1). Notably, the growth of E. 

faecalis in the 0.9% saline control was significantly lower at 6.34 ± 0.21 Log10(CFU/well) as 

opposed to the 8.39 ± 0.10, 8.26 ± 0.11, 8.05 ± 0.22, and 7.12 ± 0.20 Log10(CFU/well) growth 

observed for P. aeruginosa, K. pneumoniae, E. coli, and S. warneri.  
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Of all the organisms assessed, S. warneri was the most sensitive to cNA exposure under 

experimental conditions. At concentrations of 270, 135, 67.5, and 33.75 mg/L cNA, growth was 

significantly reduced by 3.94 ± 0.22, 3.14 ± 0.26, 2.59 ± 0.25, and 2.01 ± 0.28 Log10(CFU/well), 

respectively, when compared to the control (Fig. 4.2.1). The growth in the 0.9% saline control for 

S. warneri was ~1 Log10(CFU/well) lower than what was observed for P. aeruginosa, K. 

pneumoniae, and E. coli but greater than what was observed for E. faecalis. 

4.2.2 The relationship between optical density and colony forming units for Staphylococcus 

warneri  

 A tube of sterile TSB was inoculated with colonies from a 2° culture of S. warneri and 

diluted in TSB. Diluted cultures had OD600nm measured and were subsequently enumerated to 

determine CFU/mL. The enumerated CFU/mL was graphed as a function of OD to determine the 

linear relationship between the variables. Simple linear regression analysis was performed to 

determine the goodness of fit and equation for the line of best fit with 95% confidence intervals. 

The slope was determined to be significantly non-zero with a p value of < 0.000001. The 

equation for the line of best fit was calculated to be y = 6.57x108 x + 1.42x106 with an R2 value 

of 0.8415 (Fig. 4.2.2).  

4.2.3 The effect of salt concentration on Staphylococcus warneri growth 

 An inoculum with an estimated density of ~1x106 CFU/mL was generated in TSB. The 

inoculum was added 1:9 (v:v) to wells containing NaCl solutions ranging from 3.9% to 0.0011% 

diluted in UPW or 100% TSB. Challenge plates were incubated for 22.5 hr at 35 °C on a rotary 

shaker after which all wells were enumerated. Log growth was compared between all salt 
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concentrations as well as each concentration and the control. Significance was determined by a 

p-value < 0.001. 

 The stock inoculum was determined to have a concentration of 6.67x107 CFU/mL and 

was diluted to a final concentration of 1.10x106 CFU/mL. No significant difference in log growth 

was observed between any of the NaCl concentrations ranging from 3.5% to 0.001% (Fig. 4.2.3). 

The highest growth observed was the wells with 0.2% NaCl, which had 7.45 ± 0.13 

Log10(CFU/well). The wells with 0.001% NaCl had the lowest growth at 7.25 ± 0.07 

Log10(CFU/well). While no significant difference was observed between any of the test wells, 

the growth in all the NaCl test wells was significantly lower than the 8.24 ± 0.11 

Log10(CFU/well) in the TSB control by an average of 0.86 Log10(CFU/well) (Fig. 4.2.3).  

4.2.4 The effect of pH on Staphylococcus warneri growth 

An inoculum with an estimated density of ~1x106 CFU/mL was generated in TSB. The 

inoculum was added 1:9 (v:v) to wells containing 100% TSB that was pH adjusted to values 

ranging from 5.1 to 12.0 or unmodified 100% TSB. Challenge plates were incubated for 22.5 hr 

at 35 °C on a rotary shaker after which all wells were enumerated. Log growth was compared 

between all adjusted samples as well as each adjusted sample and the control. Significance was 

determined by a p-value < 0.001. 

The initial stock inoculum was determined to have a concentration of 1.08x107 CFU/mL 

and was diluted to a final concentration of 9.44x105 CFU/mL. No significant difference in log 

growth was observed between pH 5.1-10.0 when compared to the unmodified control or any of 

the other adjusted samples in this range (Fig 4.2.4). At pH 11.2, a significant 1.11 

Log10(CFU/well) reduction in growth was observed compared to the unmodified control. This 
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reduction was increased to 7.48 Log10(CFU/well) at pH 12.0 when compared to the unmodified 

control. Similarly, at pH 11.2 and 12.0, log growth was significantly less than what was observed 

in the pH ranges of 5.1-10.0 (Fig 4.2.4). 

4.2.5 The effect of media concentration on Staphylococcus warneri growth 

An inoculum diluted in either 100% TSB or 0.9% saline was generated with an estimated 

density of ~1x106 CFU/mL. The inoculum generated in 100% TSB was added 1:9 (v:v) to wells 

containing 100% TSB, while the inoculum diluted in 0.9% saline was used to inoculate wells 

containing TSB diluted in 0.9% saline at concentrations of 50% to 0.08%. Challenge plates were 

incubated for 22.5 hr at 35 °C on a rotary shaker after which the wells were enumerated. Log 

growth was compared between all concentrations and significance was determined by a p-value 

< 0.001. 

The initial stock inoculum was determined to have a concentration of 2.20x107 CFU/mL 

and was diluted to a final concentration of 1.08x106 CFU/mL for the TSB inoculum and 

1.03x106 CFU/mL for the saline inoculum. There was no significant difference between growth 

observed at 100% and 50% TSB concentrations (Fig. 4.2.5). Growth at TSB concentrations from 

10% to 0.008% were all significantly lower than the 8.07 ± 12 Log10(CFU/well) growth observed 

in 50% TSB and reduced sequentially from 7.66 ± 0.09 to 2.83 ± 0.21 Log10(CFU/well). Notably, 

the largest reductions in growth between dilutions were observed at 50% to 10%, 0.63 to 0.31%, 

and 0.31% to 0.16% with differences of 0.41, 1.51 and 2.03 Log10(CFU/well), respectively (Fig 

4.2.5).  

4.2.6 The effect of whole OSPW and an OSPW control on Staphylococcus warneri growth 
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An inoculum with an estimated density of ~1x106 CFU/mL was generated in TSB. The 

inoculum was added 1:9 (v:v) to wells containing OSPW A at concentrations of 100%, 75%, 

50% and 25% diluted in OSPW replicant, 0.9% saline, 100% OSPW replicant, or 100% TSB. 

Challenge plates were incubated for 22.5 hr at 35 °C on a rotary shaker after which the wells 

were enumerated. Log reduction was calculated by determining the difference in growth between 

the TSB control wells and the wells with saline, OSPW replicant, OSPW A. Log reduction was 

also calculated by assessing the difference between the OSPW replicant and OSPW A at all 

concentrations to determine the MIC. Significance was determined by a p-value < 0.001.  

The initial stock inoculum was determined to have a concentration of 1.52x107 CFU/mL 

and was diluted to a final concentration of 1.00x106 CFU/mL. There was a significant 0.48 ± 

0.14 Log10(CFU/well) reduction in growth for the wells with OSPW replicant when compared to 

the 100% TSB (Fig. 4.2.6). This reduction was significantly smaller than the 1.10 ± 0.13 

Log10(CFU/well) reduction observed for wells with 0.9% saline. At 90% concentration, OSPW A 

produced a significant 3.09 ± 0.16 Log10(CFU/well) reduction in growth compared to the 100% 

TSB control, a value that was also significantly higher than what was observed for the OSPW 

replicant and 0.9% saline (Fig. 4.2.6). When Log reduction was calculated using the 90% OSPW 

replicant as a reference control, a MIC of 45 - 22.5% was determined with a 0.60 ± 0.13 and -

0.09 ± 0.28 Log10(CFU/well) reduction in growth, respectively. 

4.2.7 Determination of the MIC of commercial naphthenic acids for Staphylococcus warneri  

An inoculum with an estimated density of ~1x106 CFU/mL was generated in TSB. The 

inoculum was added 1:9 (v:v) to wells containing cNA solution at concentrations of 33.3 to 2.1 

mg/L in OSPW replicant, 100% regional freshwater, dichlorophenol diluted from 100.0 mg/L to 

12.5 mg/L in OSPW replicant, or 100% OSPW replicant. Challenge plates were incubated for 
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22.5 hr at 35 °C on a rotary shaker after which the wells were enumerated. Log reduction was 

calculated by determining the difference in growth between all wells and the OSPW replicant 

wells. Significance was determined by a p-value < 0.001.  

The initial stock inoculum was determined to have a concentration of 1.73x108 CFU/mL 

and was diluted to a final concentration of 1.04x106 CFU/mL. A significant dose dependent log 

reduction was observed for cNA concentrations from 30.0 mg/L to 3.8 mg/L with values ranging 

from 3.81 to 2.26 Log10(CFU/well) reduction, respectively. This resulted in a MIC of 3.8 mg/L - 

1.9 mg/L (Table 6.2). No significant log reduction was observed for the regional freshwater 

control, with a value of 0.23 ± 0.20 Log10(CFU/well) (Fig 4.2.7). The dichlorophenol positive 

control produced a significant dose-dependent log reduction in growth that ranged from 7.99 ± 

0.40 to 1.86 ± 0.70 Log10(CFU/well) at 90.0 mg/L and 11.3 mg/L, respectively. Notably, a 3.43 ± 

0.19 Log10(CFU/well) reduction in growth was observed at 22.5 mg/L dichlorophenol 

concentration (Fig 4.2.7).  

4.2.8 The effect of evaporation in microplates on Staphylococcus warneri growth 

An inoculum with an estimated density of ~1x106 CFU/mL was generated in TSB. The 

inoculum was added 1:9 (v:v) to wells containing 100% OSPW A or 100% OSPW replicant. 

Prior to incubation, one plate was sealed with parafilm. Challenge plates were incubated for 22.5 

hr at 35 °C on a rotary shaker after which the wells were enumerated. Log growth was compared 

between samples in the parafilmed and non-parafilmed plate. Additionally, Log growth was 

compared between wells at the edge of the plate and in the middle of the plate. Liquid was also 

extracted from wells in the middle and edge of the plate and compared in weight to estimate the 

volume evaporated. Significance was determined by a p-value < 0.001.  
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The initial stock inoculum was determined to have a concentration of 5.13x107 CFU/mL 

and was diluted to a final concentration of 9.56x105 CFU/mL. There was no significant 

difference in log growth observed between the parafilmed and non-parafilmed plate for both the 

replicant control and OSPW A wells (Fig. 4.2.8). Furthermore, no significant difference in log 

growth was observed between wells in the middle and edge of the plate for both the OSPW A 

and replicant control wells in the parafilmed and non-parafilmed plate. No significant difference 

was observed in the weight of wells between the parafilmed and non-parafilmed plates. There 

was an average ~5.32 mg less weighed fluid in the wells at the edge of the plate when compared 

to those in the middle for both parafilmed and non-parafilmed plates, however this value was not 

determined to be significant.  

4.2.9 Generation of a Staphylococcus warneri freezer inoculum for an environmental MIC 

 An O/N culture was prepared and diluted in TSB before being diluted again in 

cryopreservation solution and frozen at -80 °C. The initial diluted O/N culture and the 

cryopreservation diluted O/N culture pre- and post-freezing were all enumerated to verify cell 

density. A diluted freezer inoculum and traditional inoculum both at ~1x106 CFU/mL were added 

1:9 (v:v) to wells containing 100% OSPW A and 100% OSPW replicant. Challenge plates were 

incubated for 22.5 hr at 35 °C on a rotary shaker after which all wells were enumerated. Log 

reduction was calculated by determining the difference in growth between all difference between 

the OSPW A and the OSPW replicant wells for each inoculum approach. Additionally, the log 

growth was compared for both OSPW A and the OSPW replicant for each inoculum approaches. 

Significance was determined by a p-value < 0.001. 

It was determined that the initial O/N culture contained 1.30 ± 0.04 x109 CFU/mL. 

Following dilution in cryopreservation media and prior to freezing it was determined that the 
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freezer inoculum had a density of 1.17 ± 0.04 x108 CFU/mL. Following freezing, the thawed 

freezer inoculums were determined to have a density of 8.89 ± 0.015 x106 CFU/mL. The freezer 

inoculum was adjusted to a final density of 1.29x106 CFU/mL while the agar inoculum was 

adjusted to a density of 1.00x106 CFU/mL. When inoculated using the freezer inoculum a log 

reduction of 2.06 ± 26 Log10(CFU/well) was observed after growth in 90% OSPW A. This was 

significantly lower and had far greater variability that the 2.56 ± 0.06 Log10(CFU/well) reduction 

in growth observed for the agar inoculum. Both the 90% OSPW A and 90% OSPW replicant 

wells experienced significantly better growth when inoculated using the agar inoculum compared 

to the freezer inoculum (Fig. 4.2.8). 

4.3 Discussion 

In this chapter, I investigated the use of a modified microdilution MIC assay to test 

OSPW samples and doses of cNAs for toxicity. This was performed by screening a selection of 

bacteria for potential sensitivity to NAs. Upon determining sensitive species, the stability of the 

organism was established under freshwater test conditions before determining sensitivity to 

whole OSPW and cNA. Overall, a modified microdilution MIC assay using S. warneri 

experienced consistent growth that was not inhibited under freshwater and simulated OSPW 

conditions. In addition to this stability, the assay showed sensitivity to cNA and whole OSPW. As 

performed, this modified microdilution MIC approach leverages the precision of culture-based 

enumeration techniques to reliably screen samples for toxicity. 

4.3.1 Species screening  

Traditional microdilution MIC approaches can be further enhanced by directly 

enumerating bacteria following exposures. Despite impressive advancements in genetics and 
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proteomics technologies used to identify the presence of bacteria, culture-based techniques 

remain a major driver in microbiological research and biotechnology (Prakash et al. 2013). More 

specifically, the use of serial dilution and spot platting to estimate microbial load, is the most 

widely implemented techniques to quantify bacteria across microbiology. Even in the face of 

accurate modern techniques such as flow cytometry and quantitative reverse transcription 

polymerase chain reaction (RT-qPCR), serial dilution and spot platting remains a precise and 

cost-effective method to enumerate culturable bacteria, especially when initial concentrations are 

not known (Davis 2014). This approach has the additional advantage of confirming culture purity 

and identifying potential sublethal effects on colony morphology. As such, serial dilution and 

spot plate approaches were implemented to precisely quantify bacterial growth under exposure 

conditions. 

To determine the relative sensitivity of these approaches to one of the major compounds 

of concern in OSPW, a stock solution of commercial grade naphthenic acid was generated. 

Commercially available NA solutions do not reflect the complexity of the NAs present in OSPW, 

as these solutions tend to be formed of primarily classical NA species as opposed to the mixture 

observed in real whole OSPW (Marentette et al 2015). These compounds produce different 

toxicity responses when compared to fractionated or whole OSPW, which have complex 

interactions between compounds of concern that can greatly impact toxicity (Bartlett et al. 2017; 

Brown and Ulrich 2015; Tollefsen et al. 2012). Despite this, these compounds can serve as 

valuable tools to investigate the mechanisms of toxicity of NAs or as an indicator of NA 

sensitivity in systems. This is partially due to their well characterized chemical properties and 

composition compared to extracted NAs, allowing for easier interpretation of results from a 

toxicity perspective (Garcia-Garcia er al. 2011; West et al. 2011).  
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The five organisms tested for sensitivity represent a relatively diverse range of genera 

with unique physiology. In general, the Gram-positive organisms were more sensitive to the cNA 

exposure than the Gram-negative bacteria. These findings are not entirely unexpected, as based 

on molecular mass alone, many NA compounds would be too large to easily pass through the 

outer membrane. Highly lipophilic compounds have been shown to penetrate the membrane 

through interaction with LPS, but this phenomenon is more commonly observed with compound 

such as steroids (Plesiat and Nikaido 1992). With respect to cyclic hydrocarbons, toxicity 

requires integration and disruption of the membrane, a process that is more likely to occur in 

Gram-positive bacteria which lack the additional permeability barrier of the outer membrane. 

This results in greater observed toxicity of hydrocarbons and highly lipophilic compounds for 

Gram-positive bacteria (Lazaroaie 2010; Sikkema 1995).  

The observed resistance in P. aeruginosa and K. pneumonia aligns with research which 

shows that numerous Klebsiella and Pseudomonas spp. have high tolerance to aromatic 

hydrocarbon compounds. When exposed to hydrocarbons, these organisms can implement a 

range of mechanisms including adaptations in the phospholipid and fatty acid composition of the 

membrane, energy-dependent efflux, and vesicle formation (Ramos et al. 2002). In addition to 

these specific hydrocarbon tolerance mechanisms, both K. pneumoniae and P. aeruginosa show 

high levels of resistance to a range of antimicrobial compounds due to low membrane 

permeability and strong biofilm formation (Lordelo et al. 2024). As a result, K. pneumoniae and 

P. aeruginosa strains are frequently isolated from petroleum extraction settings. These strains 

show high levels of tolerance to aromatic hydrocarbons and can facilitate the degradation of 

these compounds (You et al. 2018). Combined, these factors make these organisms better suited 
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to remediation uses, though the high levels of tolerance to aromatic hydrocarbons and NAs can 

allow for sub-cytotoxic assessments of the effects of these compounds (Bookout et al. 2024).  

Based on these findings, it was determined that the modified microdilution MIC would 

use S. warneri NCTC 5955 due to its high sensitivity to cNA. While E. faecalis also showed 

similar sensitivity, it had significantly weaker growth in the 0.9% saline control than S. warneri. 

This may be in part due to the organism being grown in TSB as opposed to brain heart infusion 

(BHI) agar/broth that is recommended by ATCC (ATTC 2022). Though TSB and BHI are both 

common choices for growing E. faecalis that result in similar planktonic growth kinetics and 

density, it is noted that TSB does favour the formation of biofilms. The use of TSB and low 

media concentration can stimulate biofilm formation, potentially resulting in a lower proportion 

of recovered planktonic CFU (Seneviratne et al. 2023; Gelinas et al. 2021). Under these test 

conditions it is difficult to determine if this phenomenon accounts for the lower growth observed, 

or the if the low media concentration (10% v:v) in isolation limited the observed growth. 

Staphylococcus warneri is a Gram-positive, non-motile, coagulase-negative 

staphylococci (CoNS) commonly found as part of the human skin microbiome. As a facultative 

anaerobe, S. warneri can utilize a range of carbon sources through both fermentation and 

respiration pathways (Schleifer and Bell 2015). Genomic analysis suggests the closest relative to 

S. warneri is Staphylococcus pasteuri, but it is also closely related to both Staphylococcus aureus 

and Staphylococcus epidermidis (Liu et al. 2020). This organism is one of the most abundant 

members of the healthy skin microbiota, though it has been isolated from nosocomial infections 

suggesting it may be an opportunistic pathogen (Kanuparthy et al. 2020). There is relatively little 

information on this organism’s tolerance to compounds of ecotoxicological concern, though 

isolates have been shown to be resistant to organic solvents when cultured in the presence of 
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these compounds. This organism is also a strong biofilm former compared to other 

Staphylococcus spp., with similar tolerance to harsh environmental conditions such as salinity 

and pH (Liu et al. 2020; Fu et al. 2013). Limited research exists to inform the suitability of this 

organism for environmental toxicity testing beyond a predicted tolerance for environmental 

stress, though the initial susceptibility observed to cNA appeared promising.  

4.3.2 Optimization of a modified microdilution MIC assay for OSPW toxicity assessment 

 The use of OD is a rapid, effective technique to estimate bacterial density that is precise 

in most substrates and often is well correlated with other enumeration approaches. Though 

accurate, this approach must be validated for each organism, as factors such as cell arrangement 

and body size can influence the relationship between OD and CFU (Szermer-Olearnik et al. 

2014). Preliminary data revealed that the digital tool used overestimated the cell density present 

in the stock inoculum based on OD. This result was not expected, as the tool was developed 

using E. coli, which has a larger cell size than staphylococci, likely leading to it underestimating 

the cell density of the smaller cell (Schleifer and Bell 2015; Scheutz and Stockbine 2015).  

It is possible that the arrangement of staphylococci in clusters leads to the overestimation 

of cell density via OD, as multiple cells can contribute to photometric interference at levels that 

align with what is seen for a single cell of the larger E. coli. This possibility is unlikely however, 

as a similar effect would be observed for CFU enumeration data where multiple clustered cells 

grow into a single colony (Beal et al. 2020).  This has been investigated for S. aureus where it 

was determined that cell aggregation can increase variation but overall does not significantly 

impact the accuracy of OD for estimating cell density (Haaber et al. 2016). Another possibility is 

the presence of dead or quiescent cells that contribute to OD, but do not produce countable 

colonies via culture dependent enumeration techniques (Beal et al. 2020). Regardless of the 
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cause, the relationship as defined by simple linear regression proved accurate and precise in 

estimating the CFU from OD for inoculum preparation.  

As previously discussed, for validation of this assay under OSPW and freshwater 

conditions it was important to ensure stability of organism growth under a range of 

physiochemical conditions that may be encountered. One of the first parameters that was 

investigated was salinity. In luminescence inhibition protocols using A. fischeri samples must be 

adjusted to a minimum 2% (w:v) salinity to prevent inhibitory effects associated with osmotic 

stress. This adjustment is not ideal in whole effluent assessment as osmotic adjustment results in 

sample dilution and potential changes in toxicity as it transitions from freshwater to brackish 

conditions (Environment Canada 1992). As members of the skin microbiota, many Staphylococci 

species display halotolerance with good growth between 7.5% – 10% salinity, and the potential 

to tolerate concentrations greater than 15%. Staphylococcus warneri specifically has been 

demonstrated to have optimal growth at salinity concentrations as high as 10% (Schleifer and 

Bell 2015). While there is a large body of literature that analyzes the halotolerance of 

Staphylococci spp., there is limited discussion on its survival in freshwater and low salt 

conditions. As OSPW and freshwater samples have salinity values between 0.25% – 0.01% 

(w:v), it was imperative to investigate this organism’s tolerance to low salt conditions like those 

seen in freshwater environments (Table 3.2).   

Based on the observed growth, concentrations of NaCl ranging from 3.5% – 0.001% 

(w:v) produced no differential growth between each other, however, growth in this range was 

lower than the 100% TSB control. This disparity likely has less to do with salinity and more to 

do with the optimal nutrient conditions provided by the 100% growth media as opposed to the 

10% media conditions of the test samples. It is worth noting that under exposure conditions of 
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this MIC protocol the minimum salinity exposure would be 0.05% (w:v). The TSB used for 

inoculum preparation had a salinity of 0.5% NaCl (w:v) when prepared as per manufacturer 

instructions (Table 3.1). The organism was suspended in 100% TSB to generate the inoculum 

and then diluted 1:9 (v:v) in the test sample. Even if it is assumed that the test sample provides 

no additional salinity, this would still result in a concentration of 0.05% NaCl. The data shows 

that at this salinity and greater, there is no significant impact on growth, suggesting stability 

under freshwater and OSPW conditions. This data aligns with research showing Staphylococcus 

spp. can survive and readily transition between freshwater and marine conditions (Levin-Edens 

et al. 2011; Silva et al. 2020). This tolerance provides S. warneri with a unique advantage to 

toxicity approaches that use freshwater organisms such as Ceriodaphnia, which can be perturbed 

by the salinity of OSPW (Zubot et al. 2021).  

 A similar investigation was done to determine the tolerance of S. warneri under a range 

of pH conditions. As with salinity, performance of luminescence inhibition assays using A. 

fischeri require adjustment of pH to a range of 6.0 – 8.5 to prevent off-target effects of sample 

pH on luminescence. Depending on the buffering capacity of the sample, this generally does not 

result in significant dilution of the sample but can still have effects on sample chemistry and 

toxicity as acid or base is added to the sample (Environment Canda 1992). As commensal skin 

bacteria, Staphylococci are well adapted to survive the relatively low pH (5.0 – 5.5) of the skin. 

The tolerance of these organisms at higher pH can be species dependent, with frequently cited 

values for S. epidermidis and S. aureus being around 7.5 and 9.3, respectively (Le loir et al. 

2003; Iyer et al. 2021).  

My data shows optimal growth at pH values ranging from 5.1 – 10.0, with significant 

reductions in growth observed outside this range. This is consistent with findings that 
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demonstrate Staphylococci pH tolerance at values exceeding 9.5 under low salt conditions (< 

5.8%) (Vaish er al. 2019). Beyond pH tolerance, it must also be noted that the TSB growth media 

used does contain K2HPO4, a known buffering agent (Becton Dickinson 2022). As the inoculum 

is suspended in TSB and then diluted into the sample 1:9 (v:v), this may introduce some 

buffering capacity into the sample in addition to any tolerance the organism may have for 

alkalinity. The OSPW and freshwater used tended to be alkaline with values around 7.6 – 8.7 

(Table 3.2), which are well within the range of optimal growth for this organism (Iyer et al. 

2021). Optimization of AOP treatment can involve pH adjustment prior to treatment and can 

result in pH changes due to the production of radicals. Treatment with PMS and PDS oxidants 

can produce pH values ranging from 5.7 – 10.0, making the observed tolerance crucial for 

assessing AOP treated OSPW (Fernandes et al. 2018). Resident microbial communities that have 

been isolated from OSPW have been identified as having high tolerance for salinity and alkaline 

pH values (Miles et al. 2019). As I am attempting to isolate the effects of whole OSPW toxicity 

to constituent compounds such as NAs and trace metals, high tolerance for fluctuations in basic 

physiochemical parameters such as pH and salinity can help prevent off target inhibitory effects.  

 In toxicity assessment, it has been previously demonstrated that decreasing nutrient 

concentration can increases sensitivity of compounds tested (Lenz et al. 1986). Traditional broth 

microdilution approaches have the advantage of suspending test compounds in OSM, allowing 

for antimicrobial effects to be isolated to the addition of the compound tested. For environmental 

sampling, this is challenging to do, requiring inoculation of the plate at the desired CFU/well, 

centrifugation and subsequent aspiration of the supernatant, and then resuspension of the bacteria 

in test solutions. This would generate an exposure concentration of ~100% but would introduce 

several drawbacks in addition to increasing the technical burden. In some settings centrifugation 
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has been shown to affect bacteria physiology, changing cell structure and adherence behaviour 

(Peterson et al. 2012). Beyond this, the only nutrients available to the bacteria in each well would 

be introduced by the test sample. As the OSPW samples used are environmental samples, they 

have their own community of microbial constituents (Hussain and Stafford 2023), as partially 

demonstrated by the previous filtration experiment in section 3.6. While filtration was shown to 

effectively remove these constituents, a range of metabolic and cellular byproducts would remain 

in solution that could be used as growth factors for the test organism. This would be challenging 

to standardize and may lead to variation in growth between test samples that is not related to the 

effects of any toxic constituents. 

 To overcome the challenges mentioned previously, it was determined that an effective 

approach would be to suspend the inoculum in TSB. This ensures that each test sample has been 

supplemented with optimal growth media as to standardize the ‘potential’ for growth. As such, I 

investigated the minimum concentration of TSB the organism could be provided while still 

expecting growth. My data showed that there was no significant reduction in growth at 50% 

TSB, but this concentration would not be an improvement on the ~81% exposure concentration 

of luminescence inhibition approaches (Environment Canada 1992). The growth observed at 

10% TSB marked the first significant decrease in growth compared to the 100% TSB sample. It 

was determined that this would be the minimum concentration of TSB provided to the organism 

to allow for the highest exposure concentration of test samples while still ensuring near optimal 

growth.  

 From the previous three experiments, S. warneri showed stability under a range of 

physicochemical parameters at and beyond what would exist in freshwater, untreated OSPW, and 

treated OSPW. However, these findings must be tempered by two major considerations. The first 
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is that the endpoint of these experiments is enumeration, which provides insight into the number 

of cells present at the end of the experiment. Significant deviation in pH, salinity, and nutrient 

concentration can all result in similar growth at the end of incubation, but dramatically different 

kinetics of growth. This phenomenon has been demonstrated for Staphylococcus spp. where pH 

values outside of optimum will affect growth kinetics while still resulting in the same final 

microbial density (Iyer et al. 2021). Similarly, as salt concentrations increase, S. aureus can take 

longer to reach the same terminal growth density (Toshiro 1999). These affects can also be 

observed in compounds of environmental concern such as metals and hydrocarbons, where sub-

cytotoxic doses often lead to disruption of normal growth kinetics (Sikkema et al. 1995; Sterritt 

and Lester 1980). The implementation of a 22.5 hr endpoint that measures terminal growth 

would not be able to assess these effects unless inhibition was severe enough to limit the final 

bacterial density. The most effective way to determine these effects is by monitoring growth 

kinetics via OD, though this approach in isolation has several caveats that will be discussed in 

detail in the next chapter.  

 The second consideration is that the effects of environmental and antimicrobial stress on 

bacteria is often cumulative. This has been displayed for Staphylococcus spp. where increasing 

concentration of salt can decrease pH tolerance (Vaish et al. 2019). These interactions extend to 

factors such as nutrient concentration and temperature, which can cause cumulative stress that 

decreases bacterial growth (Whiting et al. 1996). The increased stress incurred by factors such as 

salinity can also increase the sensitivity of bacteria to antimicrobial compounds, making 

sensitivity unpredictable under stress conditions (Ganjian et al. 2012). Conversely, stress can 

induce biofilm formation, greatly increasing resistance to both environmental factors and 

antimicrobial activity (Mack et al. 2004). If stress conditions are severe enough, it can induce a 
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viable but non-culturable (VBNC) state, which greatly increases bacterial survivability to 

environmental and antimicrobial stresses (Li et al. 2020). Based on the data in Table 3.2, many of 

the physiochemical parameters of the samples tested are well within optimal ranges for 

Staphylococcus spp. and would be unlikely to induce significant stress responses. However, it 

must be acknowledged that it is possible that these factors may have synergistic effects that could 

increases or decrease the observed sensitivity of the organism to toxicants of concern such as 

NAs.  

 With the stability of the organism established under treated OSPW, untreated OSPW, and 

freshwater conditions, the next effort was to determine the sensitivity of this assay to a whole 

OSPW sample. To assist with this process, a new control was prepared to better represent OSPW 

conditions. This control had lower salinity than the 0.9% saline previously used but was 

supplemented with additional physiologically important ions such as magnesium and calcium, as 

well as adjusting the pH to 8.4. In retrospect, supplementation with environmentally relevant 

concentrations of potassium should have been considered due to its crucial role in pH regulation, 

proton motive force generation, and metabolism (Gries et al. 2016). The TSB media used for the 

inoculum does contain potassium, however; this would be diluted significantly in the control 

media compared to what is seen in the OSPW and environmental samples (Table 3.2). 

Ultimately, this would lead to more favourable growth conditions in the test sample, potentially 

underestimating of the effects of toxicants in the sample.  

 Despite this potential limitation, the OSPW replicant showed significantly better growth 

than the 0.9% saline that was previously used. While this growth was still lower than 100% TSB, 

the sub-log reduction demonstrated the stability of the organism under these control conditions. 

The assay showed dose dependent effects of OSPW exposure on growth with a MIC of 45% –
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22.5%, comparable to the 2 – 100% that has been previously described for whole OSPW for 

several in vivo and in vitro approaches, including bacterial luminescence inhibition (Allen 2008a; 

Li et al. 2017). However, these comparisons have limited value due to the source dependent 

physiochemistry that makes OSPW samples distinct from one another. In addition to this 

variation, researchers often implement inconsistent sampling and chemical analysis approaches, 

making comparisons between OSPW samples challenging (Mahaffey and Dube 2017).  

To implement a more standardized measurement of NA sensitivity, a cNA solution was 

prepared. As previously discussed, these solutions are not representative of the complexities of 

OSPW, but are chemically well defined, allowing for easier interpretation of toxicity data than 

what is seen for extracted NAs or whole OSPW. The MIC approach showed a cutoff value of 3.8 

– 1.9 mg/L. This value is comparable to some of the most sensitive model organisms such as P. 

promelas and numerous aquatic invertebrates which often have LC50/IC50 values below 5 mg/L 

for similar commercial solutions (Marentette et al. 2015; Swigert et al. 2015; Kinley et al. 2016). 

These values are also significantly lower than what has been seen for bacterial luminescence 

approaches, with EC50 values that often range from 15 mg/L – 50 mg/L (Bartlett et al. 2017; 

Swigert et al. 2015; Tollefson et al. 2015). These values are more closely comparable to sub-

lethal experiments that investigate transcriptional changes induced by NA exposure, with 

sensitivities often below 2.5 mg/L (Garcia-Garcia et al. 2011a; Bookout et al. 2024). While cNA 

solutions are considerably more standardized than whole OSPW samples, similar variation in 

solution preparation, NA supplier, and protocol implementation can lead to variation in results 

(West et al. 2011; Marentette et al. 2015).  

This experiment also introduced two controls to help standardize the results. The first was 

a 3, 5-dichlorophenol positive control, a known antimicrobial compound used as a toxicity 
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standard in bacterial luminescence inhibition protocols. This compound showed a significant 

dose dependent bactericidal effect, consistent with what is expected for phenolic compounds 

(Bennett 1959). This specific compound was chosen as it is used as a toxicity standard in 

bacterial luminescence inhibition protocols, with these protocols citing an expected I5 IC50 of 9 – 

26 mg/L (Environment Canada 1992; ISO 2007; Microbics 1995). Given the large difference in 

exposure time between these protocols (22.5 hrs compared to 5 mins), no specific result was 

expected, however, this data allowed for comparison between experiments to ensure consistency 

in sensitivity.  

In additional to this positive control, a sample of water was taken from a recreation lake 

located in Northern Alberta. While the replicant control does replicate OSPW conditions, this 

control is generated in lab using pure reagents and under sterile conditions. Though the 

freshwater sample was filtered to remove microbial contaminants, it served as a negative control 

that exposed the organism to freshwater conditions that have been in contact with both abiotic 

and biotic factors from the environment. This control did not produce a significant reduction in 

growth, an expected result given that Staphylococcus spp. have been shown to survive under 

freshwater conditions (Levin-Edens et al. 2011; Silva et al. 2020). 

With the relative sensitivity of the modified microdilution MIC approach to OSPW and 

cNA established, additional efforts were undertaken to optimize the protocol. Edge effects are 

well characterized phenomena in assays that use microplates. Wells at the edge of the plate are 

subject to higher levels of evaporation than those in the middle, resulting in regional variation for 

bioassays (Lau et al. 2015). To prevent this regional variation, traditional MIC assays 

recommend parafilming plates or incubating them in a sealed bag (CLSI 2018), though these 

actions can introduce unwanted condensation and can even effect organism growth (Shinn-
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Thomas et al. 2019). Overall, these experiments showed that wells at the edge of the plate had 

less volume than those in the middle, but this difference was similar whether parafilmed or not. 

In terms of growth, no significant difference was observed between the middle and edge of the 

plate, or between parafilmed and non-parafilmed plates for either control or test wells. This data 

suggests that the use of a humidified incubator was sufficient to prevent significant evaporation 

and edge effects in these experiments.  

To attempt to reduce the technical burden, the preparation of freezer inoculums was 

investigated to try and remove the need for 1° and 2° culturing. While not necessarily technically 

demanding, the generation of 1° and 2° cultures does require that culturing begins at least 48 hrs 

prior to the start of experiments (this time is shortened to 24 hrs if the 1° has already been 

prepared). Protocols for bacterial luminescence inhibition use either frozen inoculums or freeze-

dried cultures to allow for rapid test initiation (Environment Canada 1992; ISO 2007; Microbics 

1995). While these procedures reduce assay start time and technical burden, they must be used 

responsibly as both freeze-drying and simply freezing bacteria has shown to have deleterious 

effects on microbial growth, antimicrobial sensitivity, and stress response (Ray and Speck 1973; 

Sinskey and Silverman 1969; Humphrey and Cruickshank 1985). From my experiment it was 

shown that freezer inoculums did not increase sensitivity to OSPW but rather decreased growth 

in both control and test samples in similar proportions. As a result of these findings, it was 

determined that a freezer inoculum would not be used to directly perform experiments due to the 

detrimental effects on growth.  

4.4 Future Directions 

 Overall, my findings suggest that a modified microdilution MIC assay using S. warneri is 

stable under basic physiochemical parameters found in freshwater and OSPW, but sensitive to 
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NAs, the main toxicant of concern present in OSPW. Given that numerous stress conditions 

result in changes on organism growth kinetics, I determined that OD would be monitored in 

future experiments to further explore how the control solutions and test samples are affecting 

microbial growth. These approaches would also allow us to detect inhibitory effects on growth 

kinetics that may not be observed by a single enumeration endpoint. Additionally, as toxicity to 

compounds can be difficult to compare using literature due to inter-lab variation, additional 

toxicity models should be used to interrogate the same samples to allow for a more direct 

comparison of sensitivity, as was done in later chapters. Lastly, genotypic analysis could allow 

for investigation of cumulative stress on the bacteria. Investigation of genes associated with pH 

and osmotolerance, as well as those associated with membrane structure and DNA repair may 

allow for determination of physiological systems that are affected by OSPW exposure.  
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Table 4.2. Average inoculum density. 

Inoculum Density 

(CFU/mL)  

E. coli S. warneri P. aeruginosa K. pneumoniae E. faecalis 

Stock 9.89x108 4.56x108 1.76x109 1.08x109 5.29x108 

Diluted 1.18x106 1.26x106 1.19x106 1.11x106 2.93x106 

 

 

K
. p

ne
um

on
ia

e 

P. a
er

ug
in

os
a 

E. c
ol

i 

E. f
ae

ca
lis

 

S.
 w

ar
ne

ri
 

0.00

2.00

4.00

6.00

Species

L
o

g
1

0
(C

F
U

/w
el

l)
 r

ed
u

ct
io

n 270 mg/L cNA

135 mg/L cNA

67.5 mg/L cNA

33.75 mg/L cNA

0.9% saline✱

✱

✱

✱

✱

✱

✱

✱

✱

Figure 4.2.1. Effect of naphthenic acid exposure on the growth of various bacteria. Bacteria 

were suspended at an average density of 1.11x106 CFU/mL in TSB. The inoculum was then 

diluted 1:9 (v:v) in 0.9% saline or cNA solution diluted from 300 mg/L to 37.5 mg/L in 0.9% 

saline. Plates were incubated at 35 °C for 22.5 hrs, 282 rpm after which the wells were 

enumerated. Bars represent mean Log reduction ± SD (n=3). A Shapiro-wilk test for normality 

was performed, after which a two-way ANOVA was performed with Tukey post test. * represent 

significance (p < 0.001). 
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Figure 4.2.2. Relationship between CFU/mL and optical density for Staphylococcus warneri. 

Colonies were suspended from solid agar in TSB and diluted. Following dilution optical density at 

600nm was measured. After OD600nm measurement, dilutions were serially diluted and spot plated 

for enumeration. Simple linear regression analysis was performed. The line represents best-fit with 

95% confidence intervals (n=16). 

R2 = 0.84 



95 

 

 

3.
50

0%

1.
00

0%

0.
20

0%

0.
10

0%

0.
05

0%

0.
02

5%

0.
00

1%

T
SB

 (0
.5

%
)

0.00

2.00

4.00

6.00

8.00

10.00

NaCl concentration (%w:v)

L
o

g
1

0
(C

F
U

/w
el

l)
 g

ro
w

th ns

✱

Figure 4.2.3. Effect of NaCl concentration on Staphylococcus warneri growth. Bacteria were 

suspended at an average density of 1.10x106 CFU/mL in TSB. The inoculum was added 1:9 (v:v) 

to 100% TSB or NaCl solutions ranging from 3.9% to 0.0011% diluted in UPW. Plates were 

incubated at 35 °C for 22.5 hrs, 282 rpm after which the wells were enumerated. Bars represent 

mean Log growth ± SD (n=3). A Shapiro-wilk test for normality was performed, after which a 

Brown-Forsythe and Welch ANOVA was performed with Dunnett post test. * represent 

significance (p < 0.001). 
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Figure 4.2.4. Effect of pH variation on Staphylococcus warneri growth. Bacteria were 

suspended at an average density of 9.44x105 CFU/mL in TSB. The inoculum was added 1:9 (v:v) 

to 100% TSB with pH values adjusted to 5.1 to 12.0. Plates were incubated at 35 °C for 22.5 hrs, 

282 rpm after which the wells were enumerated. Bars represent mean Log growth ± SD (n=3). A 

Shapiro-wilk test for normality was performed, after which a Brown-Forsythe and Welch 

ANOVA was performed with Dunnett post test. * represent significance (p < 0.001). 
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Figure 4.2.5. Effect of media concentration on Staphylococcus warneri growth. Bacteria were 

suspended at an average density of 1.08x106 CFU/mL in TSB and 1.03x106 CFU/mL in saline. 

The inoculum was added 1:9 (v:v) to 100% TSB with pH values adjusted to 5.1 to 12.0. Plates 

were incubated at 35 °C for 22.5 hrs, 282 rpm after which the wells were enumerated. Bars 

represent mean Log growth ± SD (n=3). A Shapiro-wilk test for normality was performed, after 

which a Brown-Forsythe and Welch ANOVA was performed with Dunnett post test. * represent 

significance (p < 0.001). 
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Figure 4.2.6. Effect of whole OSPW and OSPW replicant media exposure on 

Staphylococci warneri growth. Bacteria were suspended at an average density of 1.00x106 

CFU/mL in TSB. The inoculum was added 1:9 (v:v) to wells containing OSPW A at 

concentrations of 100%, 0.9% saline, 100% OSPW replicant, or 100% TSB. Challenge 

plates were incubated for 22.5 hr at 35 °C on a rotary shaker after which the wells were 

enumerated. Log reductions were determined by calculating the difference between each test 

sample and the TSB reference control. Bars represent mean Log reduction ± SD (n=3). A 

Shapiro-wilk test for normality was performed, after which a Brown-Forsythe and Welch 

ANOVA was performed with Dunnett post test. * represent significance (p < 0.001). 
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Figure 4.2.7. Effect of NA exposure on Staphylococcus warneri growth. Bacteria were 

suspended at an average density of 1.04x106 CFU/mL in TSB. The inoculum was added 1:9 (v:v) 

to wells containing cNA solution at concentrations of 33.3 to 2.1 mg/L in OSPW replicant, 100% 

regional freshwater, dichlorophenol diluted from 100.0 mg/L to 12.5 mg/L in OSPW replicant, or 

100% OSPW replicant. Challenge plates were incubated for 22.5 hr at 35 °C on a rotary shaker 

after which the wells were enumerated. Log reductions were determined by calculating the 

difference between the test sample and the OSPW replicant control. Bars represent mean Log 

reduction ± SD (n=3). A Shapiro-wilk test for normality was performed, after which a Brown-

Forsythe and Welch ANOVA was performed with Dunnett post test. * represent significance (p < 

0.001). 
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Figure 4.2.8. Effect of evaporation on Staphylococcus warneri growth. Bacteria were 

suspended at an average density of 9.56x105 CFU/mL in TSB. The inoculum was added 1:9 (v:v) 

to wells containing 100% OSPW A or 100% OSPW replicant. Prior to incubation, one plate was 

sealed with parafilm. Challenge plates were incubated for 22.5 hr at 35 °C on a rotary shaker 

after which the wells were enumerated. Bars represent mean Log growth ± SD (n=3). A Shapiro-

wilk test for normality was performed, after which a two-way ANOVA was performed with 

Tukey post test. * represent significance (p < 0.001). 
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Figure 4.2.9. Comparison of a freezer stock to a live culture for MIC inoculation. Bacteria 

were suspended at an average density of 1.29x106 CFU/mL from a freezer stock inoculum and 

1.00x106 CFU/mL from a traditional agar inoculum. The inoculum was added 1:9 (v:v) to wells 

containing 100% OSPW A or 100% OSPW replicant. Challenge plates were incubated for 22.5 

hr at 35 °C on a rotary shaker after which the wells were enumerated. Bars represent mean Log 

growth ± SD (n=3). A Shapiro-wilk test for normality was performed, after which a two-way 

ANOVA was performed with Tukey post test. * represent significance (p < 0.001). 
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Chapter V 

Using a modified microdilution MIC assay to assess the effect of 

advanced oxidation process treatment on OSPW toxicity 

5.1 Introduction 

 In the previous chapter it was established that a modified microdilution MIC assay using 

S. warneri was sensitive to a whole OSPW with an MIC value between 45 - 22.5%. Additionally, 

this approach showed high sensitivity to a major component of ecological concern in OSPW with 

a MIC between 3.8 – 1.9 mg/L for commercial grade NAs. Despite this sensitivity, the assay as 

performed was robust against variation in salinity, pH, and nutrient conditions that reflect those 

seen in whole and treated OSPW, as well as regional freshwater. 

 A broad range of treatment procedures are currently being investigated for their use in 

NA removal and OSPW remediation. Though many of these approaches have been shown to be 

successful from a chemical perspective, there remains no accepted standard approach for active 

or passive remediation of OSPW. There is an urgent requirement for high-throughput, low-

technical burden toxicity testing to complement chemical analysis as researchers attempt to 

optimize treatment parameters for efficiency and efficacy. As such, I intended to use a modified 

microdilution MIC approach to assess the effectiveness of two unique advanced oxidation 

treatment approaches on cNAs and three different whole OSPW samples. I also compared the 

resulting toxicity readouts to chemical analysis data to see if these approaches could detect the 

removal of organic compounds from OSPW. The growth kinetics in these experiments were also 

investigated using OD as a proxy for bacterial growth.  
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Though the condition of initial process water poses several challenges for the organisms 

relied on for passive remediation, these approaches can be performed at large scales with 

minimal intervention, making them an appealing option for OSPW treatment (Allen 2008b). 

Despite this potential, NAs present in OSPW can be highly resilient to biodegradation, resulting 

in persistent toxicity that greatly extends the time required for passive remediation (Scott et al. 

2005). As such, active remediation approaches are still extensively investigated to target 

recalcitrant compounds, with a potential to serve in concert with passive approaches for full 

remediation (Scott et al. 2008). One of the most investigated groups of active remediation 

approaches is oxidation, which uses the production of radicals to degrade organic compounds 

into less toxic intermediates. While chemical oxidants in isolation have shown to be effective at 

degrading organic compounds, these techniques are further enhanced in AOPs by encouraging 

production of radicals by adding UV or electrical current (Deng and Zhao 2015). While these 

approaches were originally designed for use in wastewater treatment, they have been 

successfully adapted for use in industrial effluent treatment, reducing organic compounds and 

resulting toxicity (Deng and Zhao 2015, Scott et al. 2008).  

 The use of UVA light to induce oxidant production has been used extensively in industrial 

settings to degrade pharmaceuticals, dyes, and phenols present in effluent (Matafonova and 

Batoev 2018). These approaches tend to use high-power UV diodes that emit light between the 

wavelengths of 365 nm – 405 nm. This source of radiation can generate radicals from oxidants 

such as metal oxides (TiO2, FeO2) and hydrogen peroxide which have high absorption at these 

wavelengths (Matafonova and Batoev 2018). Another strong oxidant that can be used with UV 

radiation is PMS and PDS, which both generate SO4
- and HO- radicals upon activation by an 

energy source such as UV, thermal, or electrical current. These radicals have already shown a 



104 

 

high capacity to degrade aromatic hydrocarbons and other high molecular weight organic acids, 

though the efficiency of this process is highly pH dependent (Liang and Su 2009). Though the 

radicals generated by these approaches have significant toxicity upon production, their high 

reactivity generally ensures that they do not contribute to additional persistent toxicity. 

Additionally, the by-products of reactions between radicals and organic compounds are generally 

less toxic than the original contaminants (Deng and Zhao 2015).  

 Transition metals can also be used to activate oxidants for removal of contaminants from 

effluent. The high reactivity of these compounds makes them effective at activating oxidants, but 

the use of metal oxides and transition metals can result in metal nanoparticle leaching into the 

substrate, further enhancing the toxicity of effluents (Wang et al. 2019). The use of a biochar 

support matrix can prevent metal nanoparticle leaching as well as improving dispersion of metal 

oxides, enhancing electron transfer, and even serving to adsorb degraded by-products for easier 

removal (Wang et al. 2019; Li et al. 2023). When combined with PMS and PDS oxidants, BC-Fe 

matrices have been shown to be effective in degrading NAs like those seen in OSPW (Song et al. 

2022).  

 Recently, the use of UVA PDS AOP has been explored for treatment of OSPW and 

removal of organic contaminants. These approaches have proved to be highly effective at 

removing organic contaminants from OSPW, resulting in a subsequent decrease in toxicity as 

assessed by traditional in vitro approaches (Sanchez-Montes et al. 2024). Additionally, BC-Fe 

has been shown to activate PMS and significantly decreases the presence of NAs in whole 

OSPW with effective adsorption properties for organic contaminants (Vasquez-Aldana 2024). 

With both AOP approaches discussed, several parameters such as oxidant type/concentration, UV 

wavelength, biochar composition, and exposure time may be altered to optimize treatment. 
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Additionally, both approaches have the potential for introduction of toxic by-products as a result 

of treatment. Treatment of OSPW by AOPs represents a critical point where in vivo approaches 

would not be practical to inform toxicity assessment as several parameters are often modified at 

once to try and optimize treatment efficacy, with each alteration requiring individual assessment.  

In this chapter I used the S. warneri modified microdilution MIC protocol established in 

chapter IV to assess the affects of AOP treatment on OSPW toxicity. Two different AOPs were 

investigated, a UVA LED stimulated PDS treatment and an BC-Fe stimulated PMS treatment. To 

support this investigation, I used data from SFS and mass spectroscopy to monitor the removal of 

organic contaminants from whole OSPW. The specific aims of this chapter were as follows: 1) to 

treat 3 different whole OSPW samples using AOPs to remove organic contaminants, 2) to 

validate the efficacy of the treatment using chemical analysis to monitor the removal of organic 

contaminants, and 3) to monitor toxicity of OSPW samples before and after treatment using a 

modified microdilution MIC assay to determine treatment efficacy.  

5.2 Results 

5.2.1 Advanced oxidation process treatment of cNA and OSPW and chemical analysis of 

organic contaminant removal  

 The 300 mg/L cNA solution, OSPW B, and OSPW C were treated using a UVA LED 

activated PDS treatment to remove organic contaminants. The PDS oxidant was added at a 

concentration of 1.0 mM and was activated using UVA light at a wavelength of 365 nm while 

being agitated. Samples were exposed to the treatment for a total of 60 min before the oxidant 

was neutralized using 1.0 mM sodium sulfite. Alternatively, an BC-Fe activated PMS treatment 

was used to remove organic contaminants from OSPW D. The BC-Fe matrix was added at 1 g/L 
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before 1.0 mM PMS was added to OSPW D, after which the sample was agitated. Samples were 

exposed to the treatment for a total of 90 min before the oxidant was neutralized using 1.0 mM 

sodium sulfite. The presence of organic fluorophore compounds was determined using SFS 

analysis with excitation and emission wavelength ranges of 200-600nm and 218-618nm. Analysis 

was performed on untreated, 60-min UVA PDS treated, and 90-min BC-Fe PMS treated samples. 

 For the UT cNA solution, a single peak was observed at ~275 nm with no other major 

peaks observed (Fig 5.2.1A). Following 60-minute UVA PDS treatment, a peak was still present 

at 275 nm, but was reduced compared to the UT sample. For OSPW B UT, a large peak that 

exceeded detection limits was observed at ~275 nm (Fig 5.2.1B). Additionally, a peak was 

observed at ~310 and ~325 nm, though these were smaller than the peak at ~275 nm. Following 

60-minute treatment, the previously mentioned peaks were still present at the same wavelengths, 

though they had been reduced (Fig 5.2.1B).  

A similar trend to that which was seen for OSPW B UT was observed for OSPW C UT. A 

large peak was present at ~275 nm followed by two smaller peaks at ~310 nm and ~325 nm (Fig 

5.2.1C). Following treatment, the peak at ~ 275 nm was reduced greatly compared to the UT 

sample, and the peaks at ~310 and ~ 325 nm were no longer visible. For the UT OSPW D, a high 

intensity peak was observed at ~ 275 nm, with smaller peaks at ~310 and ~325 nm (Fig 5.2.1D). 

Analysis of the treated sample yielded results like what was seen for OSPW C, with a large 

reduction in the peak at ~275 nm, and no visible peaks at ~310 nm and ~325 nm.  

5.2.2 Effects of advanced oxidation process treatment on OSPW and cNA toxicity as assessed 

by a modified MIC assay 



107 

 

Challenge plates were prepared by filling wells with 33.3 mg/L of cNA solution as well 

as UT OSPW B, C, and D at concentrations from 100% to 25%. Additional wells were also 

prepared with 100% AOP treated cNA and OSPW B, C, and D. Control wells were prepared by 

adding 100% regional freshwater, dichlorophenol diluted from 100.0 mg/L to 12.5 mg/L in 

OSPW replicant, or 100% OSPW replicant. An inoculum with an estimated density of ~1x106 

CFU/mL was generated in TSB and added 1:9 (v:v) to wells in the challenge plates. Challenge 

plates were incubated for 22.5 hr at 35 °C in a plate reader and had the OD600nm measured in all 

wells every 30 min. Following incubation all wells were enumerated. Log reduction was 

calculated by determining the difference in growth between all wells and the OSPW replicant 

wells. Significance was determined by a p-value < 0.001.  

The initial stock inoculum was determined to have a concentration of 2.12x108 CFU/mL 

and was diluted to a final concentration of 1.00x106 CFU/mL. When diluted in the challenge 

plate, the duplicate growth controls had a density of 2.40x104 CFU/well prior to incubation. 

There was a significant 4.76 ± 0.42 Log10(CFU/well) reduction in growth for the wells with 22.5 

mg/L dichlorophenol compared to the OSPW replicant (Fig 5.2.1.1A-D). No significant log 

reduction was observed for the regional freshwater control, with a reduction of -0.02 ± 0.22 

Log10(CFU/well) compared to the OSPW replicant (Fig 5.2.1.1A-D). The regional freshwater 

control displayed similar growth kinetics to what is seen for the replicant control based on the 

observed OD, with both having a distinct log phase and achieving stationary phase with OD600nm 

values of 0.63 and 0.59, respectively (Fig. 5.2.1.2A-D). Notably, the regional freshwater control 

entered log growth phase slightly earlier than the replicant control and entered stationary phase 

around 16 hrs as opposed to the 14 hrs of the control. As measured by OD, growth was 

completely inhibited by the presence of the dichlorophenol at 22.5 mg/L (Fig 5.2.1.2A-D).  
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For the UT cNA at 90%, a significant 4.08 ± 0.77 Log10(CFU/well) reduction was 

observed compared to the OSPW replicant control (Fig 5.2.1.1A). A significant inhibition of 

growth was observed through all dilutions from 75% – 25%. Following 60-minute AOP 

treatment, a significant 2.79 ± 0.17 Log10(CFU/well) reduction was observed compared to the 

OSPW replicant control. Though this value was 1.29 ± 0.26 Log10(CFU/well) lower than the UT 

sample, it was not significantly different (Fig 5.2.1.1A). For the UT and treated cNA sample a 

small increase in OD was observed between 30 and 150 min but remained stationary around 0.03 

for the remainder of the experiment (Fig. 5.2.1.2A). This suggests a strong inhibitory effect on 

growth kinetics for these two samples, with no clear log phase observed.  

For the OSPW B UT, a MIC value of 45 – 22.5% was determined with a 0.85 ± 0.11 and 

0.02 ± 0.32 Log10(CFU/well) log reduction in growth, respectively (Table 6.2). At 90% 

concentration, OSPW B UT produced a 2.81 ± 0.11 Log10(CFU/well) log reduction in growth 

compared to the OSPW replicant control (Fig 5.2.1.1B). Following 60-minute AOP treatment, a 

significant 0.98 ± 0.29 Log10(CFU/well) reduction was observed compared to the OSPW 

replicant control. This value was 1.83 ± 0.10 Log10(CFU/well) lower than what was observed for 

the UT OSPW B, a significant decrease following treatment (Fig 5.2.1.1B). The UT OSPW B 

had an inhibitory effect on the growth kinetics as measured by OD. Over 22.5 hrs the OD slowly 

increased to a final value of 0.242, with no distinct log or stationary phase (Fig 5.2.1.2B). 

Following AOP treatment, growth kinetics were improved with a OD600nm of 0.59 in stationary 

phase. Though this is similar in intensity to what was seen for the negative controls, stationary 

phase was reached much later at 18 hrs as opposed to 16 and 14 hrs. Additionally, the onset of 

log phase appeared to be delayed compared to either of the negative control samples (Fig 

5.2.1.2B).  
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OSPW C UT had a MIC value of < 22.5% with a corresponding 2.82 ± 0.19 

Log10(CFU/well) log reduction in growth (Table 6.2). At 90% concentration, OSPW C UT 

produced a 7.98 ± 0.09 Log10(CFU/well) log reduction in growth compared to the OSPW 

replicant control (Fig 5.2.1.1C). Following 60-minute AOP treatment, a significant 0.27 ± 0.10 

Log10(CFU/well) reduction was observed compared to the OSPW replicant control. This value 

was 7.71 ± 0.04 Log10(CFU/well) lower than what was observed for the UT OSPW C, a 

significant decrease following treatment (Fig 5.2.1.1C). When comparing the OD values, the UT 

OSPW C appeared to have a complete inhibitory effect on growth, producing minimal 

measurable OD like what was seen for the phenol control (5.2.1.2C). Following AOP treatment, 

there was a slight restoration of growth kinetics, however this sample still had a delayed and 

more gradual log phase compared to the controls. Additionally, stationary phase was achieved 

around 17 hrs, later than either control and with a lower final OD of 0.45 (Fig. 5.2.1.2C).   

Lastly, OSPW D UT was determined to have a MIC value of 67.5 – 45% with log 

reduction values of 1.05 ± 0.30 and 0.28 ± 0.43 Log10(CFU/well), respectively (Table 6.2). At 

90% concentration, OSPW D UT produced a 2.10 ± 0.45 Log10(CFU/well) log reduction in 

growth compared to the OSPW replicant control (Fig 5.2.1.1D). Following 90-minute BC-Fe 

AOP treatment, a 0.29 ± 0.33 Log10(CFU/well) reduction was observed. This significant 

reduction was 1.82 ± 0.20 Log10(CFU/well) lower than what was observed for the UT OSPW B, 

and not significantly different than the replicant control (Fig 5.2.1.1D). As measured by OD, the 

OSPW D UT had strong inhibitory effect on growth kinetics, with a gradual increase being 

observed between 15 and 22.5 hrs and a final OD value of 0.32 (Fig. 5.2.1.2D). Following 90-

min AOP treatment, this inhibitory effect increased, with a very gradual increase in OD being 
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observed between 10 and 22.5 hrs and a lower final value of 0.08 when compared to the UT 

OSPW D (Fig. 5.2.1.2D).  

5.3 Discussion  

 In this chapter, AOP treatment was used to remove organic contaminants such as NAs 

from various OSPW samples as well as to reduce cNA concentrations in lab prepared stocks. 

This was performed to evaluate if a modified microdilution MIC using S. warneri could reliably 

and sensitively detect changes in cNA and OSPW toxicity in response to changes in water 

chemistry. OSPW and cNA samples were treated with two different AOP treatments and 

treatment efficacy was evaluated using SFS analysis. Samples were then assessed using the 

modified MIC approach to monitor for changes in toxicity that corresponded with changes in 

organic content in the waters. To follow up on the findings of my previous chapter, an additional 

readout was implemented by measuring OD throughout the experiment to monitor for the effects 

of OSPW and cNA exposures on bacterial growth kinetics.  

5.3.1 Advanced oxidative process treatment and SFS analysis of cNA and OSPW samples 

 Based on recently published literature, it was expected that both AOP methodologies 

would be effective at removing organic contaminants present in OSPW (Sanchez-Montes et al. 

2024; Vasquez-Aldana 2024). Traditional spectroscopy approaches rely on measuring the 

presence of specific fluorescence emission or excitation wavelengths produced by targeted 

chemical compounds. Though accurate, this approach produces large spectra for target chemicals 

that experience interference due to overlap in complex mixtures (Samokhalov 2020). 

Alternatively, SFS scans for changes in both emission and excitation spectra, trading precision 

quantification of target chemicals for better separation of distinct components of a mixture. The 
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result is a sensitive, semi-quantitative approach for identifying families of compounds in 

complex mixtures based on structural motifs (Samokhalov 2020). While effective at measuring 

NAs as a family, this approach can not directly detect acyclic NAs due to the lack of an aromatic 

structure. Despite this, these compounds are thought to associate with aromatic organic 

compounds allowing for a degree of indirect detection through SFS analysis (Kavanagh et al. 

2009).  

Though the cNA sample had a concentration of 300 mg/L, the intensity of the first peak 

was lower than what was observed in the UT OSPW B, C, and D, which all contained less than 

1/10th the total classical NA content (Table 3.2). This is likely due to the cNA solution being 

composed primarily of alkylated cyclopentane carboxylic acids. These compounds are alicyclic, 

meaning they possess a ring structure, but may or may not display the physiochemical properties 

of aromatic compounds depending on conformation and isomerization (Horning 1943). As a 

result, these compounds are known to have poor fluorescent properties that are dependent on 

conformation and alkylation, explaining the large discrepancy observed between cNA and 

OSPW in terms of SFS intensity (Diaz-Garcia and Badia-Laino 2019). This is supported by 

nuclear magnetic resonance spectroscopy on a compositionally identical cNA solution that 

revealed only ~7.1% of the NA structures present are aromatic (Rudzinski et al. 2002).  

Similar cNA compounds to what was used in this study have been investigated using 

SFS, though differences in preparation and analysis parameters make comparisons challenging. 

While intensity varies, the general pattern of a large single peak at ~270 nm is comparable to 

what is found in literature (Kavanagh et al 2009; Lo et al. 2006). The single peak observed does 

align with what would be expected of monoaromatic compounds, which are conformationally 

like the cyclopentanes present in this solution (Martin et al. 2014). Following AOP treatment, the 
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SFS signature for cNA was reduced, suggesting the degradation of the organic compounds 

present in solution that are measurable by these approaches. 

All three UT OSPW samples showed similar SFS peaks but differed in terms of their 

overall intensities. These profiles are comparable to what has been observed for OSPW and NA 

extracts from the Athabasca oil sands, with distinct peaks present at ~270 nm, ~310 nm, and 

~325 nm, representing single, double, and triple ringed aromatic compounds (Kavanagh et al. 

2009; Frank et al. 2014; Martin et al. 2014). Following AOP treatment, OSPW B had slight 

reductions in peak intensities, and a maintenance of distinct peaks at 310 nm and 325 nm. This 

was different than OSPW C and D, which still had a small peak at 270 nm, but had no observable 

peaks present at 310 nm and 325 nm after AOP treatment. When analyzed using UPLC QTof-

MS, AOP treated OSPW has been shown to have reductions in NA content that align with 

decreases in SFS peak intensities (Sanchez-Montes et al. 2024; Vasquez-Aldana 2024). Given 

these findings, the data obtained by SFS spectra suggest that the AOP treatments used were 

effective at removing aromatic organic contaminants from OSPW C and D, but less effective for 

OSPW B.  

There are several considerations that must be evaluated when interpreting SFS data. As 

previously mentioned, these approaches only account for aromatic organic compounds. Several 

classical NA compounds are acyclic, and though they may associate with aromatic compounds in 

a mixture, they cannot be directly detected using these approaches (Jones et al. 2011; Kavanagh 

et al. 2009). Through use of ultrahigh resolution electrospray ionization Fourier transform ion 

cyclotron resonance mass spectrometry (ESI-FT-ICR MS), it was determined that < 50% of 

organic acid compounds in OSPW are alicyclic or aromatic, resulting in a large fraction of these 

compounds being unobservable when using SFS (Grewer et al. 2010). In addition to compounds 
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that cannot be detected, some spectra may overlap between compounds. This prevents distinction 

between NA species and other aromatic hydrocarbons, preventing interrogation of the 

contribution of specific compounds to toxicity (Kavanagh et al. 2009). As the concentration of 

specific compounds cannot be determined, this approach is semiquantitative, though it can still 

be effective in monitoring changes in contaminant concentrations on an intra-sample basis 

(Sanchez-Montes et al. 2024).   

Overall, SFS analysis serves as a rapid approach to determine the presence of organic 

contaminants present in samples, with more advanced analytical techniques supporting the 

relationship between SFS signature intensity and NA concentration under the conditions used in 

this study (Martin et al. 2014). From the SFS data shown in this study, OSPW C and D, as well 

as the cNA sample all appeared responsive to the AOP treatment. The reductions in SFS peak 

intensity for these samples also suggests removal of organic contaminants compared to the 

untreated state. This trend was not as pronounced in the OSPW B sample, where peak intensities 

were not significantly reduced, suggesting treatment was less effective at removing organic 

compounds. This is consistent with unpublished data from our lab that showcases that the same 

AOP treatment parameters are not equally effective on all OSPW samples.  

5.3.2 Effects of advanced oxidative process treatment of OSPW on Staphylococcus warneri 

growth as determined by enumeration 

The effects of growth on S. warneri as determined by enumeration show discrepancies 

between NA content and growth inhibition for the untreated samples. As determined by classical 

NA concentration, the samples are ordered as cNA, OSPW B, OSPW C and OSPW D (Table 

3.2). When comparing the untreated samples in terms of their inhibitory effect on growth, OSPW 

C was the highest, followed by cNA, OSPW B and OSPW D. These findings are identical in both 
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the log reduction values produced at the standard 90% v:v exposure concentration, as well as 

their MIC values in Table 6.2. While it is worth noting that the NA concentration does correlate 

with observed toxicity for 3 of 4 samples, several factors may contribute to the discrepancy 

observed between OSPW toxicity and NA concentrations.  

The first major consideration is the diversity of NA species and their differential effects 

on toxicity. Naphthenic acids are a large family of organic acids with high levels of structural 

diversity. Even when investigating the sub-category of classical NAs, as was done in this study 

using UPLC QTof-MS, this classification still represents a structurally diverse group of 

compounds with unique physicochemical properties (Vander Meulen et al. 2021; Headley et al. 

2013). This structural diversity presents challenges with chemical analysis, as methods must be 

precise enough to differentiate structurally similar but distinct compounds (Brown and Ulrich 

2015; Vander Meulen et al. 2021; Rudzinski et al. 2002; Huang et al. 2018). Beyond presenting 

challenges for identification, this structural diversity also makes their toxicity unpredictable. For 

structurally similar NA compounds, concentration can be a good predictor of toxicity, however; 

factors such as molecular weight and alkylation have strong influences on toxicity observed in 

these compounds (Hughes et al. 2017; West et al. 2011; Frank et al. 2009). This variation can 

greatly alter bioavailability of these compounds, resulting in toxicity endpoints that can differ in 

orders of magnitude when various species of classical NAs are compared at the same 

concentration (Jones et al. 2011; Providenti et al. 1993). These complexities are particularly 

problematic in whole OSPW, where many classes of NAs can be present and are difficult to 

characterize in the complex mixture (Brown and Ulrich 2015).  

Another important consideration is that the toxicity of whole OSPW is different than the 

sum of its toxic components. Environmental factors such as temperature, pH, and salinity can 
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alter the chemical properties of NAs, and as a result, can induce changes in their observed 

toxicity (Kavanagh et al. 2012; Celsie et al. 2016). Beyond this, the synergistic and antagonistic 

interactions between organic and metal pollutants is well established in toxicology and is likely a 

major factor in the observed toxicity of OSPW (Cedergreen 2014; Wang et al. 2020; Li et al. 

2017). Importantly, analysis of the distinct OF and IF of OSPW produce different toxicity 

endpoints than whole OSPW. This interaction is largely source dependent, as data has 

demonstrated that the IF has been associated with immunotoxicity, while other research indicates 

that the OF contributes to cytotoxicity and immunotoxicity (Phillips et al. 2020). Interestingly, 

fractionation approaches have revealed that the extracted components of OSPW may exhibit 

toxicity, while the whole OSPW itself does not (Qin et al. 2019). This is contrasted with other 

literature that shows the opposite phenomenon, where whole OSPW exhibits toxicity, but its 

fractionated parts do not (Li et al. 2017). Difference in methodology may account for the 

observed differences in the previously described studies, but these findings do highlight 

challenges with comparing OSPW samples. Overall, these factors do not significantly impact the 

value of intra-sample comparison, as is done in monitoring treatment efficacy, but does greatly 

complicate comparisons between whole OSPW samples.  

Based on the SFS data, it was hypothesized that the AOP treatment was effective at 

removing organic contaminants from OSPW C, D, and the cNA sample, but less effective at 

removing these compounds from OSPW B. Growth inhibition data largely supports this 

hypothesis, with detrimental effects on growth being significantly reduced in OSPW C and D 

following AOP treatment. Though inhibitory effects on growth were reduced following treatment 

of OSPW B, these effects remained elevated above control levels, suggesting less effective 

removal of contaminants, further supporting this hypothesis. Despite SFS data suggesting 
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efficient removal of contaminants from the cNA sample, inhibitory effects on growth were not 

significantly reduced following AOP treatment.  

As previously discussed, it is possible that the production of radicals could contribute to 

toxicity in the solution, however this seems unlikely given the low inhibition in other treated 

OSPW samples and the use of 1.0 M Na2SO3 to prevent residual oxidation activity (Deng and 

Zhao 2015). When compounds are degraded using AOPs, transformation products (TPs) can be 

generated that have unique physiochemical properties compared to the original degradation 

targets. For example, degradation of pharmaceuticals generally produces TPs that have reduced 

cytotoxicity and mutagenicity; however, there are scenarios where compounds produce TPs of 

equal or enhanced toxicity, as was seen with diclofenac and sulfamethoxazole (Fatta-Kassinos et 

al. 2011; Schmitt-Jansen 2007; Trovo et al. 2009). Similar effects have been observed in PAH 

degradation, where genotoxicity increased following treatment, though this was largely 

dependent on starting compound and resulting TP (Chibwe et al. 2015). Investigation of 

oxidation treatment of classical NAs revealed that treatment reduced the presence of O2 NAs and 

decreased the cyclic hydrocarbon content. The TPs of these treatments did show decreased 

toxicity, though the loss of aromatic structure may reduce their potential for detection through 

SFS analysis (Meshref et al. 2017). Overall, these findings do align with literature that 

showcases residual toxicity from OSPW and NA samples despite chemical analysis suggesting 

effective removal of NA compounds (He et al. 2011; Wang et al. 2013).  

5.3.2 Effects of advanced oxidative process treatment of OSPW on Staphylococcus warneri 

growth as determined by optical density 

In addition to enumeration, growth was evaluated using OD to examine detrimental 

effects on growth kinetics. Bacterial growth kinetics as measured by OD can be divided into 4 
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major phases. The lag phase represents a period where little to no growth is occurring as the 

organism adapts to the culturing conditions. As there is limited replication during this time, very 

gradual or no increase in OD is observed, but the length of this phase is dependent on culture 

conditions and initial inoculum density (Maier 2004). Once the necessary physiological changes 

have occurred and sufficient cell density has accumulated, the culture will enter exponential 

growth. During this phase, the growth rate is directly proportional to the concentration of cells as 

they double according to the organism’s generation time. When investigated using OD or 

enumeration, this phase will be represented by a linear relationship between OD or CFU as a 

function of time (Maier 2004).  

As nutrients begin to get exhausted and toxic byproducts of metabolism accumulate, the 

culture will enter stationary phase. During this period, little to no net growth is observed as the 

culture undergoes several metabolic changes (Maier 2004). Organisms may downregulate 

metabolism in response to nutrient scarcity or can switch to alternate metabolic pathways (if 

available), reducing growth during this period. Additionally, cells may begin to die during this 

period, allowing for nutrients to be scavenged by other members of the culture to continue 

replication, resulting in population equilibrium (Nystrom 2004).  

At this stage of growth, the accumulation of dead cells, changes in cell morphology, and 

accumulation of metabolic byproducts can have effects on the accuracy of measuring cell density 

using OD. In several organisms, cell size and shape can change significantly under nutrient 

starvation, greatly affecting their optical properties (Szermer-Olearnik et al. 2014; Nystrom 

2004). Though dead cells and their components do contribute to measured optical density, the 

optical properties of dead cells are different than those of cells that are living. These properties 

can depend on the organism and cell death pathway and may or may not result in an observable 
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death phase where OD decreases (Beal et al. 2020; Biesta-Peters et al. 2010; Maier 2004). In 

addition to the effects of live and dead cells on photometry, the accumulation of metabolic 

byproducts, protein aggregates, and even dispersed gasses can affect OD at this stage in culture 

growth (Szermer-Olearnik et al. 2014; Hernandez and Marin 2002). This phenomenon is further 

complicated when antimicrobial exposures are assessed using OD, as tested compounds can 

precipitate or produce byproducts that can change OD by introducing colour or turbidity to the 

culture (Duedu and French 2017). These factors make OD more suitable for monitoring growth 

under optimal control conditions rather than monitoring antimicrobial activity in test solutions 

and environmental samples (Dominguez et al. 2001).  

Upon review of my data, a growth curve should have been established using 100% TSB 

to compare all other solutions to the optimal growth kinetics. Despite this oversight, when 

compared to available growth curves in literature, the OSPW and regional freshwater control 

have similar lag and log phase kinetics, though these samples reach stationary phase slightly 

earlier than the 17 hrs observed in TSB (Baikuni et al. 2023). This finding does highlight 

potential concerns for the exposure time chosen for these experiments. The 22.5 hr exposure time 

presents a nearly 5 hr period where organisms are no longer growing. In my data, this is 

delineated by a clear death phase that is observed as OD decreases from 17.5 hrs – 22.5 hrs. 

These concerns can be tempered by the enumeration data, as the cell density was similar between 

the TSB control and both control solutions used in section 4.2.6 and 4.2.7. This growth was 

lower than what was seen in the overnight culture in section 4.2.9 generated under ATCC 

recommended conditions, though this is not unexpected given the differences in container 

volume and culture conditions (Kushkevych 2023).  
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The exposure time chosen was based on the M07-A10 guidelines, which recommends 20 

– 24 hr exposure for CoNS species when performing microdilution MIC assays (CLSI 2018). 

This was further adjusted by reducing initial inoculum density to account for the lower nutrient 

conditions that these experiments introduce. The 22.5 hr exposure time also better aligns with 

other eukaryotic in vitro approaches that often use 24 hr exposure time points (Li et al. 2017; 

Phillips et al. 2020; Paul et al. 2023; Choo-Yin 2021). Overall, the implications of these concerns 

are that enumeration data may be underestimating control growth at peak density while allowing 

more time for growth in test wells with inhibitory effects to normalize to control growth levels. 

This should be addressed by performing enumeration at ~17 hrs where OD estimates peak cell 

density for the control solutions and comparing it to what is measured at 22.5 hrs.  

For the cNA sample, both OD and enumeration showed significant detrimental effects on 

bacterial growth for both the untreated and treated sample. While enumeration showed a slight 

reduction in inhibition following treatment of cNA, this was not observed with OD. This growth 

was likely not detected as all OD values shown are blank adjusted, and both untreated and 

treated cNA had significant baseline turbidity. For all UT OSPW samples, the OD reflected 

enumeration data, with OSPW C showing the greatest inhibitory effect on growth, followed by 

OSPW B and OSPW D. Unlike enumeration, OD was not able to differentiate the inhibitory 

effects of the untreated cNA and OSPW C, as both samples had cell densities below the 

detectable limit (as measured for E. coli) of ~5x106 CFU/mL (Sultana and Sanchis 2022). For 

untreated OSPW B and D, growth was detectable by OD, however, the traditional phases of 

growth that were previously discussed were not present. Instead, a slow increase in OD was 

observed over 22.5 hrs, suggesting significant inhibitory effects of these samples on bacterial 

growth. This is consistent with some of the previously described literature which shows that 
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many of the compounds present in OSPW have inhibitory effects on microbial growth kinetics in 

addition to acute cytotoxicity (Sikkema et al. 1995; Sterritt and Lester 1980; Miles et al. 2019). 

This data supports the previously discussed concerns related to exposure time, as growth in 

untreated samples continues from 17 – 22.5 hrs while control growth appears to decrease.  

Following treatment, OSPW B and C growth was restored to kinetics that resemble what 

is seen in the control solution, though still appeared to have significant inhibition. The largest 

difference between the treated OSPW samples and the controls was the significantly reduced 

growth observed during exponential phase. Enumeration data showed that the treated OSPW B 

and C had similar cell density as the controls after 22.5 hr exposure, though OD reveals that peak 

control density may be significantly different than the test samples. As previously mentioned, the 

control samples reached peak OD intensity at ~16 hrs and began to decline after this point until 

22.5 hrs. During this 4.5 hr period, both the untreated and treated samples continue to experience 

gradual growth, with treated samples eventually normalizing with the control samples. This 

suggests that these treated samples have residual inhibitory effects on growth. While this was 

observed in enumeration data for OSPW B, this would not have been identified from the 

enumeration data for OSPW C. These findings further emphasize the need to perform 

enumeration at 17 hrs to increases sensitivity and distinguish these inhibitory effects. 

The OD data obtained for the treated OSPW D does not align well with the enumeration 

data. Enumeration showed that the treated sample had significantly better growth than the 

untreated sample, with a non-significant residual inhibitory effect on growth. The OD data 

showed inhibition of growth greater than what was observed in the untreated OSPW D and B 

sample, a result that is seemingly opposite of what was observed for enumeration. This suggests 

OD is underestimating the cell density present, while the previously described limitations 
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associated with OD all represent scenarios where these approaches are likely to overestimate cell 

density (Beal et al. 2020; Biesta-Peters et al. 2010; Maier 2004; Szermer-Olearnik et al. 2014; 

Hernandez and Marin 2002; Duedu and French 2017). While it is possible for inhibitory effects 

of tested compounds to change cell shape and decrease cell size (Szermer-Olearnik et al. 2014; 

Nystrom 2004), these effects were not observed during colony enumeration or light microscopy. 

These possibilities also seem unlikely to account for the scale of the discrepancies observed, as 

the calculated CFU from the OD is ~100x lower than what was enumerated. 

One important difference between OSPW D compared to the other samples was the 

method used for treatment. The AOP treatment used iron oxide nanoparticles loaded on a biochar 

surface to activate PMS, different than the UVA activated PMS treatment used for OSPW B and 

C. While these compounds were bound to biochar to prevent leaching, it was noted that a small 

concentration of iron nanoparticles were released into the treated OSPW (Vasquez Aldana 2024). 

These compounds have been shown to have toxic effects on microorganisms (Ameen et al. 

2021), however enumeration data refutes this possibility for these experiments as the cell density 

was not significantly different than the control solutions. Another important consideration is that 

nanoparticles have optical properties that have been shown to cause interference in both 

photometric and colorimetric assays (Ong et al. 2014; Qiu et al. 2017; Kroll et al. 2009). These 

optical properties may interfere with measurements of OD, though this possibility will be 

explored in greater detail in chapter VI.  

5.4 Future Directions 

The data in this chapter suggests that the modified microdilution MIC assay was effective 

at monitoring treatment efficacy as indicated by SFS analysis. Furthermore, OD revealed 

inhibitory effects on growth that were not identified by enumeration, though these approaches 
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appear to be confounded by interference from the BC-Fe treatment. Though seemingly effective 

for monitoring the presence of NAs in samples before and after treatment, several limitations 

were discussed that emphasize the need for precise chemical analysis approaches. As NA toxicity 

is species dependent, these approaches must be able to distinguish between these structurally 

similar compounds to best interpret some of the differential toxicity observed.  
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Figure 5.2.1. SFS analysis of fluorophore organic compounds in untreated and treated 

OSPW and cNA. 50mL of 300 mg/L cNA (A), whole OSPW B (B), or Whole OSPW C (C) was 

treated by exposure to 1mM PDS oxidant with UV irradiance 0.8mW cm2 for 60 minutes. 50 mL 

of OSPW D (D) was treated by exposure to 1mM PMS with BC-Fe stimulant for 90 minutes. 

Fluorescence of organic compounds was measured at 0 min and following treatment completion 

at 60 or 90 minutes. Ranges for excitation and emission were 200-600nm and 218-618nm 

respectively. 
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Figure 5.2.2.1. Effect of treated and untreated cNA and whole OSPW exposure on 

Staphylococcus warneri growth. Bacteria were suspended at an average density of 1.00x106 

CFU/mL in TSB. The inoculum was added 1:9 (v:v) to wells containing either untreated or 60-

min UVA PDS treated 33.3 mg/L cNA (A), OSPW B (B), OSPW C (C), or untreated and 90-

minute BC-Fe PMS treated OSPW D (D). Controls were prepared by suspending the bacterial 

inoculum 1:9 (v:v) in 100% regional freshwater, 100% OSPW replicant control, dichlorophenol 

diluted from 100.0 mg/L to 12.5 mg/L in OSPW replicant. Challenge plates were incubated for 

22.5 hr at 35 °C in a plate reader at 282 rpm orbit. Following incubation each well was serially 

diluted and spot plated for enumeration. Log reductions were determined by calculating the 

difference between the test sample and the OSPW replicant control. Bars represent mean Log 

reduction ± SD (n=3). A Shapiro-wilk test for normality was performed, after which a Brown-

Forsythe and Welch ANOVA was performed with Dunnett post test. * represent significance (p < 

0.001). 
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Figure 5.2.2.2. Effect of treated and untreated cNA and whole OSPW exposure on 

Staphylococcus warneri growth kinetics. Bacteria were suspended at an average density of 

1.00x106 CFU/mL in TSB. The inoculum was added 1:9 (v:v) to wells containing either untreated 

or 60-min UVA PDS treated 33.3 mg/L cNA (A), OSPW B (B), OSPW C (C), or untreated and 

90-minute BC-Fe PMS treated OSPW D (D). Controls were prepared by suspending the bacterial 

inoculum 1:9 (v:v) in 100% regional freshwater, 100% OSPW replicant control, dichlorophenol 

diluted from 100.0 mg/L to 12.5 mg/L in OSPW replicant. Challenge plates were incubated for 

22.5 hr at 35 °C in a plate reader at 282 rpm orbit. During incubation, OD600nm was read every 30 

minutes. Data points represent mean OD600nm ± 95% confidence interval (CI) (n=3). Data points 

were joined by a connecting curve. 
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Chapter VI 

Using bacterial luminescence to assess the effect of advanced oxidation 

process treatment on OSPW toxicity 

6.1 Introduction 

In the previous chapter it was shown that treatment of OSPW and cNA via AOPs 

produced changes in the profiles of fluorophore organic compounds present in these waters, with 

treatment generally reducing the signatures detected via SFS. These changes were also 

sensitively detected via the modified microdilution MIC assay, with treatment reducing the 

inhibition of bacterial growth. Lastly, investigation of growth kinetics via OD revealed similar 

results as SFS and enumeration data, with treatment restoring growth kinetics in a sample 

dependent fashion.  

 In the field of aquatic toxicity testing, there are several in vivo and in vitro approaches 

currently approved for use. In Canada, of the approved approaches only two are in vitro, with 

one being 72-hr algal growth inhibition and the other being 30-min bacterial luminescence 

inhibition. Due to its low technical burden, inhibition of bacterial luminescence is one of the 

most employed toxicity approaches to determine NA and OSPW toxicity. Due to this fact, I 

sought to implement a standardized bacterial luminescence protocol using A. fischeri to assess 

the toxicity of the previously AOP treated samples. I also used bacterial enumeration to 

determine the relationship between luminescence inhibition and bacterial density under test 

conditions. Lastly, I compared luminescence inhibition to log reduction for S. warneri as well as 

comparing log reduction values between S. warneri and A fischeri to evaluate the relationship 

between the readouts of these two bacterial toxicity approaches.  
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 Made commercially available in 1978, toxicity assessment using luminescent bacteria 

was popularized by the Microtox assay and has seen widescale implementation. Environment 

Canada developed its own protocols and guidance for these approaches in 1992, and it remains 

one of the most common aquatic toxicity tests employed (Viegas et al. 2021; Environment 

Canada 1992). Thousands of inorganic and organic compounds of environmental concern have 

been screened with this assay with sensitivity largely being dependent on the compounds tested. 

Correlation between luminescence inhibition approaches and other toxicity models tends to be 

strong, though this trend is often exclusive to single toxicant exposures where test compounds 

are concentrated in the 2% saline control (Kaiser 1998). In general, highly lipophilic compounds 

and metals tend to produce greater variability and poor correlation for luminescent inhibition 

approaches, with complex effluents having the poorest sensitivity and correlation (Hao et al. 

1995). Despite this variability, the low technical burden and abundance of data using these 

approaches make them a common first choice for aquatic toxicity screening (Viegas et al. 2021).  

 When investigating OSPW and NAs, bacterial luminescence assays have been applied 

extensively to assess toxicity. Of the literature investigating whole OSPW toxicity, ~25% 

reported bacterial luminescence IC values as the only toxicity endpoint (Mahaffey and Dube 

2006). Similar trends are observed when investigating NA toxicity, as its low technical burden 

and rapid nature allow for interrogation of the vast structural diversity of NA compounds 

(Clemente and Fedorak 2005). Bacterial luminescence has revealed highly variable sensitivity to 

both NAs and OSPW, with many of the results being sample and source dependent. With simpler 

commercial NA samples, it was observed that toxicity is dose dependent, with treatment 

approaches that degrade organic compounds resulting in reduced luminescence inhibition 

(Clemente and Fedorak 2005). Similar trends were not consistently observed in whole OSPW, 
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where untreated samples can fail to produce inhibitory outcomes, and treatment can increase 

toxicity (Brown and Ulrich 2015; Mahaffey and Dube 2017; Li et al. 2017). Similar challenges 

are faced with extracted NAs, where sensitivity was considerably lower for the bacterial 

luminescence inhibition assays when compared to other toxicity approaches (Bartlett et al. 2017; 

Bauer et al. 2019). 

 The challenges faced by bacterial luminescence when interrogating the toxicity of whole 

OSPW should not be surprising given the previously reported data demonstrating poor 

performance when investigating both highly lipophilic organic compounds and metals (Hao et al. 

1995). Both compounds are present in OSPW at varying concentrations and can contribute to the 

complex nature of OSPW as an effluent. In addition to these challenges, the emergence of 

nanoparticles as both a potential remediation approach and an environmental contaminant can 

pose challenges for toxicity assessment using photometric approaches such as luminescence 

inhibition (Ong et al. 2014; Monteiro-Riviere 2006).  

 In this chapter, I implemented a standardized bacterial luminescence inhibition assay 

using A. fischeri to assess the toxicity of both untreated and AOP treated OSPW and cNA. In 

addition to measuring the luminescence inhibition, bacterial enumeration was also performed to 

investigate the relationship between luminescence and cell density. Statistical analysis was then 

done to compare the relationship between luminescence and log reduction for both S. warneri 

and A. fischeri, as well as compare the results for enumeration between the two organisms.  

6.2 Results 

6.2.1 Validation of a standardized bacterial luminescence inhibition protocol using Aliivibrio 

fischeri 
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 A tube of sterile LBS was inoculated with colonies from a 2° culture of A. fischeri and 

diluted in LBS in ½ step increments. Diluted cultures had OD600nm measured and were 

subsequently enumerated to determine CFU/mL. The enumerated CFU/mL was graphed as a 

function of OD to determine the linear relationship between the variables. Simple linear 

regression analysis was performed to determine the goodness of fit and equation for the line of 

best fit with 95% confidence intervals. The slope was determined to be significantly non-zero 

with a p value of < 0.000001. The equation for the line of best fit was calculated to be y = 

2.79x108 x - 1.42x105 with an R2 value of 0.9583 (Fig. 6.2.1.1).  

 To generate freezer stocks for the luminescence inhibition assay, luminescent colonies 

from a 2° culture were used to inoculate broth media 5.7 and incubated overnight. Following 

incubation, the O/N pre-culture was enumerated and was then diluted to achieve an estimated 

density of 2x107 CFU/mL in broth media 5.7 to create the main culture. The main culture was 

enumerated prior to incubation and following incubation. After incubation, the main culture was 

centrifuged twice before being resuspended in protective media 5.9 to achieve an estimated 

density of 1.5x109 CFU/mL. The inoculum was then enumerated proper to being frozen.  

 For the O/N preculture, it was determined that the solution had a bacterial density of 2.20 

± 0.10 x109 CFU/mL. Following dilution and prior to incubation, the main culture had a density 

of 1.53 ± 0.15 x107 CFU/mL. After incubation, the main culture had grown to a density of 2.17 ± 

0.38 x109 CFU/mL and was diluted down to a final volume of 1.10 ± 0.27 x109 prior to being 

frozen at -80 °C. 

 To validate the relationship between luminescence and cell density for the freezer stocks 

as prepared in the protocol, a stock was thawed before diluting in reconstitution solution. The 

thawed stock was then diluted in ½ step increments in 2% saline (v:v) in an opaque 96-well 
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plate. This plate was then placed in the plate reader and had the luminescence read as RLU440-

460nm before all wells were enumerated. The enumerated CFU/mL was graphed as a function of 

RLU to determine the linear relationship between the variables. Simple linear regression analysis 

was performed to determine the goodness of fit and equation for the line of best fit with 95% 

confidence intervals. The slope was determined to be significantly non-zero with a p value of < 

0.000001. The equation for the line of best fit was calculated to be y = 62.22 x - 9.19x105 with an 

R2 value of 0.9418 (Fig. 6.2.1.2).  

6.2.2 Effects of advanced oxidation process treatment on OSPW and cNA toxicity as assessed 

by a standardized bacterial luminescence inhibition assay 

Prior to use in this assay, all UT and treated test samples from section 5.2.2 as well as the 

regional freshwater control had the pH adjusted to ~7 as well as the salinity adjusted to ~2%, 

resulting in a concentration of 91% (v:v). Following thawing and dilution, the freezer stock 

inoculum was added to an opaque 96-well plate and had the I0 luminescence measured. After the 

I0 reading, challenge plate wells were filled 9:1 with 33.3 mg/L of cNA solution as well as UT 

OSPW B, C, and D at concentrations from 90% to 22.5%. Additional wells were also prepared 

with 90% AOP treated cNA and OSPW B, C, and D. Control wells were prepared by adding 90% 

regional freshwater, dichlorophenol diluted from 100.0 mg/L to 12.5 mg/L in OSPW replicant, or 

2% saline. This final dilution resulted in exposure concentrations of 81% (v:v) for all test wells 

and the regional freshwater. The challenge plate was then incubated for 30 min at 15 °C with 

luminescence readings being taken at 5, 15, and 30 minutes. Luminescence inhibition was 

determined by calculating the difference in luminescence between I0 and I30. Wells were 

enumerated following the I30 reading, and log reduction was calculated by determining the 
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difference in CFU between all wells and the 2% saline wells. Significance for inhibition and log 

reduction was determined by a p-value < 0.001.  

No significant inhibition of luminescence was observed for the regional freshwater 

control for either of the challenge plates used with values of 0.09 ± 4.45% (Fig. 6.2.2.1A-C) and 

1.15 ± 3.86% (Fig 6.2.2.1D). At I30, the dichlorophenol control produced significant inhibition 

values ranging from 98.20 ± 0.16% to 81.17 ± 4.88% at concentrations of 90.0 mg/L to 11.3 

mg/L, respectively, in the first challenge plate (Fig. 6.2.2.1A-C). Like the regional freshwater 

control, this did not differ between plates, with values in the second challenge plate ranging from 

99.16 ±0.50% to 82.06 ± 1.2% % at concentrations of 90.0 mg/L to 11.3 mg/L, respectively (Fig. 

6.2.2.1D). At I5, both challenge plates produced an IC50 value of 11.3 mg/L for the 

dichlorophenol control. 

For the enumeration data, the regional freshwater control did not significantly reduce 

bacterial density compared to the 2% saline control in either plate, with log reduction values of   

-0.09 ± 0.07 (Fig. 6.2.1.2A-C) and -0.04 ± 0.03 Log10(CFU/well) (Fig. 6.2.1.2D). For the 

dichlorophenol control, log reduction values ranging from 4.26 ± 1.15 to 0.20 ± 0.17 

Log10(CFU/well) and 5.06 ± 0.10 to 0.20 ± 0.20 Log10(CFU/well) were observed in plate 1 and 

2, respectively, for concentrations from 90 mg/L to 11.3 mg/L. Despite a similar range of values, 

the log reduction for plate 1 and plate 2 at 22.5 mg/L dichlorophenol was 1.07 ± 0.24 and 3.23 ± 

0.23 Log10(CFU/well), respectively. 

The UT cNA sample produced an IC50 concentration of 22.9 mg/L and a cutoff for 

luminescence inhibition between 15.4 mg/L and 7.5 mg/L with inhibition values of 17.91 ± 

2.49% and 4.50 ± 2.63%, respectively (Table 6.2). At 81% concentration, the UT cNA had an 

inhibition value of 98.91 ± 0.36% (Fig. 6.2.1.1A). Following 60-minute AOP treatment, the 
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inhibition produced by the cNA sample was 53.64 ± 4.42%, a significant 45.27 ± 1.48% decrease 

in inhibition from the UT cNA sample. For the enumeration data, the UT cNA sample produced a 

significant 2.54 ± 0.31 Log10(CFU/well) reduction compared to the 2% saline control (Fig. 

6.2.1.2A). Following treatment, this log reduction was significantly reduced by 2.48 ± 0.11 

Log10(CFU/well) compared to the UT sample. The 0.06 ± 0.06 Log10(CFU/well) reduction 

observed for the 60-min treated sample was not significant compared to the 2% saline control 

(Fig. 6.2.1.2). 

For OSPW B UT, an IC50 concentration could not be generated as the inhibition at the 

maximum exposure concentration in the assay (81%) only produced an inhibition value of 43.98 

± 2.16% (Fig. 6.2.1.1B). A cut off value for detectable luminescence inhibition was determined 

to be between 41% and 20% concentration (v:v) with inhibition values of 18.36 ± 2.46% and 

4.02 ± 5.30%, respectively (Table 6.2). No significant reduction of luminescence was observed 

after 60-min AOP treatment of the sample, with a significant 38.81 ± 5.53% inhibition of 

luminescence being observed compared to the control (Fig. 6.2.1.1B). The UT OSPW B sample 

produced a log reduction of 0.35 ± 0.14 Log10(CFU/well) compared to the growth control 

(6.2.1.2B). Following treatment, this was significantly reduced by 0.43 ±0.05 Log10(CFU/well) 

to a value of -0.07 ± 0.14, which was not significantly different than the 2% control.  

Like OSPW B, an IC50 concentration could not be generated for OSPW C as the 

inhibition at 81% concentration only produced an inhibition value of 30.24 ± 2.52% (Fig. 

6.2.1.1C). As with OSPW B, the cut off value for detectable luminescence inhibition was 

determined to be between 41% and 20% concentration (v:v) with inhibition values of 6.24 ± 

2.09% and -6.46 ± 2.84%, respectively (Table 6.2). AOP Treatment of OSPW C significantly 

reduced the inhibition produced by 23.6 ±1.41% to a value of 6.64 ± 3.41%, with the treated 
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inhibition being determined to be not significant compared to the control. OSPW C UT produced 

a significant log reduction of 0.73 ± 0.16 Log10(CFU/well) compared to the control (Fig. 

6.2.1.2C). Like OSPW B, AOP treatment significantly decreased this reduction by 0.80 ± 0.06 to 

-0.07 ± 0.09 Log10(CFU/well), a value which as not significant compared to the 2% saline 

control.  

An IC50 concentration of 81% (v:v) was determined for OSPW D with an inhibition value 

of 46.41 ± 7.29% (Fig 6.2.1.1D). The cutoff for inhibition was determined to be at concentrations 

of 61% and 41% (v:v) with inhibition values of 11.32 ± 1.90% and -2.88 ± 5.25%, respectively 

(Table 6.2). The 90-min AOP treatment of OSPW D resulted in a significant 99.54 ± 0.14% 

inhibition of luminescence compared to the 2% control. This value was significantly larger than 

the inhibition produced by the UT sample by a value of 53.13 ± 2.43% (Fig. 6.2.1.1D). The 

enumeration data did not follow this trend as the AOP treated sample produced a non-significant 

0.03 ± 0.06 Log10(CFU/well) reduction compared to the control (6.2.1.2D). This value was 

significantly reduced by 1.36 ± 0.12 Log10(CFU/well) compared to the significant 1.39 ± 0.06 

Log10(CFU/well) log reduction observed for the UT OSPW D compared to the control.  

6.2.3 Comparison of assay readouts between a bacterial luminescence inhibition assay and a 

microdilution MIC assay for treated and untreated OSPW and cNA 

 To determine the relationship between the readouts of both the assays used in this thesis 

the observed log reduction values for each respective organism was plotted as a function of the 

observed luminescence inhibition for each tested OSPW and cNA sample set. To compare the log 

reduction readouts produced by both organisms, the log reduction of A. fischeri was plotted as a 

function of the log reduction for S. warneri for each sample set. For both investigations simple 
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linear regression analysis was performed to determine the goodness of fit and equation for the 

line of best fit with 95% confidence intervals. 

 When analyzing the observed log reduction as a function of luminescence inhibition for 

A. fischeri, an R2 value of 0.65, 0.77, 0.77 and 0.16 were obtained for the cNA, OSPW B, C, and 

D sample sets, respectively (Fig. 6.2.3.1A-D). When analysing the S. warneri log reduction 

values as a function of A. fischeri luminescence inhibition, R2 values of 0.94, 0.89, 0.31, and 0.36 

were determined for the cNA, OSPW B, C, and D sample sets, respectively (Fig. 6.2.3.1A-D). 

When comparing the log reduction values between A. fischeri and S. warneri, R2 values of 0.55, 

0.82, 0.65, 0.69 were obtained for the cNA, OSPW B, C, and D sample sets, respectively (Fig. 

6.2.3.2A-D). 

6.3 Discussion 

 In this chapter, untreated and AOP treated OSPW and cNA samples from chapter V were 

investigated using a standardized bacterial luminescence inhibition assay. This was done to 

investigate if correlation was observed between bacterial assay responses to treatment-induced 

changes in water chemistry. In addition to measuring inhibition of luminescence, the effect of 

OSPW and cNA exposure was measured using enumeration approaches to investigate the 

relationship between luminescence inhibition and cell density. Lastly, the enumeration data from 

both S. warneri and A. fischeri were compared on a per-sample basis to examine how these two 

approaches relate in terms of their toxicity endpoints.  

6.3.1 Establishment of a standardized bacterial luminescence inhibition assay  

 As protocols already exist for measuring inhibition of luminescence in response to 

environmental samples, these approaches were performed as described for toxicity assessment of 
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OSPW samples. To perform these protocols as written, estimation of cell density was required 

for culturing and stock preparation. As previously indicated, OD is an accurate tool for 

estimation of cell density in culturing and control settings, but this approach must be validated to 

account for organism cell size and arrangement (Szermer-Olearnik et al. 2014). Compared to E. 

coli, A. fischeri are the same bacillus shape, but are slightly smaller in size. These organisms are 

also known to shrink significantly under adverse culturing conditions, though for the methods 

used in these experiments this would likely not be a factor due to the optimal growth conditions 

(Farmer et al. 2015). The online tool initially used for estimation of the test organism cell density 

proved accurate for measuring A. fischeri cell density when compared to the equation calculated 

based on the linear relationship. Initial investigation of the relationship between cell density and 

luminescence also revealed a strong linear relationship between these two variables. In the 

literature, this relationship has been shown to be linear when diluting a luminescent O/N culture 

at high cell density (Tavares et al. 2010).  

6.3.2 Effects of advanced oxidative process treatment of OSPW on Aliivibrio fischeri 

luminescence  

 The inhibition of luminescence observed for the untreated cNA and OSPW samples 

partially aligns with initial classical NA concentrations that were measured. As previously 

indicated, the classical NA content of the samples tested is ordered as cNA, OSPW B, OSPW C, 

and OSPW D. The luminescence inhibition data at 81% v:v showed sensitivity in the order of 

cNA, OSPW D or B, and OSPW C. To better compare these assays in terms of endpoint, the 

MIC value was determined for the lowest concentration of cNA or OSPW that still produced a 

significant inhibitory effect on luminescence. The MIC values for A. fischeri luminescence 

inhibition further refines the sensitivity for these samples to be ordered as cNA, OSPW B, D, and 
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C (Table 6.2). This sensitivity was reflective of what was described for S. warneri microdilution 

MIC values, however bacterial luminescence identified OPSW C as having the smallest 

inhibitory effect on luminescence while S. warneri enumeration data identified this sample as 

having the greatest inhibitory effect on growth. Only OSPW D and the cNA sample were able to 

produce valid IC50 values, as all other samples produced inhibition lower than 50% at the 

maximum exposure concentration of 81% v:v.  

 For the untreated cNA sample, a luminescence MIC value of 15.2 mg/L – 7.6 mg/L was 

obtained. This value is within the observed range of sensitivity for this assay to cNA compounds 

with IC50 values often between 15 mg/L – 50 mg/L (Swigert et al. 2015; Tollefson et al. 2015). 

The IC25 value was also nearly identical to what has been reported for this same cNA compound 

in a similar luminescence inhibition assay, with my data providing an IC25 value of 14.9 mg/L 

and literature reporting a value of 16.2 mg/L (Bartlett et al. 2017). While there was no IC50 

determined for the S. warneri microdilution assay, MIC values were lower at 3.8 mg/L – 1.9 

mg/L. When evaluating the untreated OSPW samples, luminescence MIC values were nearly 

identical to what was observed for the S. warneri microdilution MIC values. Only the OSPW C 

showed greater sensitivity in the S. warneri microdilution assay with a MIC value of < 22.5% 

while luminescence MIC values were 41% – 20% (Table 6.2).  

When comparing the luminescence inhibition of the treated samples, the data generally 

aligned with the SFS and S. warneri growth inhibition data. As determined by SFS analysis, the 

cNA sample as well as OSPW C and D had reductions in fluorescent organic compounds 

following AOP treatment while OSPW B had a maintenance of fluorescence intensity following 

AOP treatment. Luminescence inhibition data largely supported these trends, as OSPW B 

treatment did not reduce inhibitory effects while OSPW C saw effective reduction of inhibition 
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following treatment. While SFS data showed reductions in fluorescent organic compounds for 

the cNA solution, data in chapter V showed residual inhibitory effects on S. warneri growth. This 

is likely due to SFS analysis underestimating the presence of poorly fluorescent alicyclic 

compounds present in the cNA sample, or the production of acyclic byproducts that lake 

fluorescent properties (Rudzinski et al. 2002; Meshref et al. 2017). Similar trends were observed 

in luminescence data as treatment reduced inhibitory effects, but a significant residual inhibitory 

effect was still observed in the treated sample.  

When investigated using linear regression analysis, the relationship between S. warneri 

growth inhibition and A. fischeri luminescence inhibition was largely sample dependent. The 

cNA and OSPW B samples were strongly correlated with values of 0.94 and 0.89, respectively, 

while the correlation was poor for OSPW C with a value of 0.31. Despite the weak correlation 

value, it should be noted that a similar trend was observed in treatment efficacy for OSPW C, 

with both assays identifying a reduction in inhibitory effects post treatment, however the high 

sensitivity of S. warneri growth to the untreated sample greatly diminishes this relationship. 

Overall, for the cNA, OSPW B, and OSPW C samples, both approaches appeared effective at 

detecting detrimental effects of the samples in their untreated state and were responsive to 

reductions in fluorescent organic compounds in solution.  

For OSPW D treatment, SFS data revealed a reduction in fluorescent organic compounds 

in the sample post treatment, with S. warneri enumeration data showing a corresponding 

decrease in growth inhibition. Luminescence inhibition data did not align with these findings, as 

the treated sample produced greater luminescence inhibition than any of the untreated OSPW 

samples, similar to the effect of the untreated cNA and phenol control. This data closely aligns 

with what was observed for S. warneri OD, where this data suggested significant inhibition of 
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growth due to low measured OD values. As previously mentioned, both the radicals used in AOP 

treatment and the TPs produced from degradation of target compounds have the potential to 

introduce toxic effects (Chibwe et al. 2015; Deng and Zhao 2015), though these phenomena 

would not align with the previous S. warneri enumeration data for this sample. To try and better 

understand the underlying causes of this luminance inhibition, the challenge plates from this 

assay were enumerated following the 30 min exposure.  

6.3.3 Effects of advanced oxidative process treatment of OSPW on Aliivibrio fischeri 

enumeration 

For the A fischeri enumeration data, all untreated OSPW as well as the cNA sample had 

antimicrobial effects after 30 min exposure. Following AOP treatment, these antimicrobial 

effects were reduced in all samples, including OSPW D. This data suggests that AOP treatment 

removes or alters compounds that have antimicrobial effects, but conflicts with luminescence 

inhibition data that showed a large inhibitory response after exposure to the AOP treated OSPW 

D. This is reflected in the linear regression analysis which showed moderate correlation between 

A. fischeri luminescence and log reduction for all sample sets (0.65 – 0.77) except for OSPW D, 

which showed poor correlation with a value of 0.15. There are two possibilities for the 

phenomenon observed in this sample; the first is that contaminants present in the treated sample, 

either TPs or compounds introduced as part of treatment are interfering with normal metabolism 

that produces luminescence. However, this data in concert with the observed disparity between 

OD and enumeration data for S. warneri suggests that the inhibitory effects observed from the 

treated OSPW D may be a result of interference with photometric based approaches. 

In principle, the measurement of bacterial growth using optical density involves the 

emission of light at a wavelength of 600 nm into a solution with bacterial cells suspended. As the 
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light passes through solution it will be scattered by bacterial cells, resulting in less light reaching 

the optical detector (Szermer-Olearnik et al. 2014). For luminescence detection, light is produced 

as part of the luciferase reaction in A. fischeri and is measured using an optical detector with 

filters set to the wavelength of emitted light (Williams et al. 2019). The reliance on photometry 

in both approaches invites opportunities for interference due to the presence of nanoparticles. 

One of the properties of nanoparticles that is problematic for photometric and colorimetric assays 

is their capacity to absorb light in compound-specific wavelengths (Ong et al. 2014). Iron oxide 

nanoparticles have been shown to have peak absorbance of light at wavelengths between 300 nm 

– 600 nm, values which encompass both bioluminescence from A. fischeri (~440 nm) and the 

emitted UV light for OD measurement (600 nm), though this absorbance can heavily depend on 

preparation (Parhizkar and Habibi 2017; Willams et al. 2019; Szermer-Olearnik et al. 2014).  

 The electrochemical properties of nanoparticles can also result in high light scattering, so 

much so that dynamic light scattering is one of the approaches for identifying the presence of 

these compounds in solution. These properties have been observed in iron oxide nanoparticles, 

which may further complicate assessment of both OD and bioluminescence when these 

compounds are present in the substrate (Chu et al. 1987; Beal et al. 2020). Adsorption properties 

of these molecules also can induce aggregation of compounds from tested substrates, interfering 

with photometric analysis of solutions with high concentrations of suspended solids (Qiu et al. 

2017) The potential for these compounds to interfere with a range of in vitro toxicity testing has 

been clearly established, including approaches that rely on bioluminescence (Kroll et al. 2009; 

Ong et al. 2014; Qiu et al. 2017). It is worth noting that the concentration of iron oxide 

nanoparticles produced from this treatment were reported as being low (Aldana-Vasquez 2024). 

Considering that literature did not reveal clear concentration thresholds for interference from the 
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optical properties of these compounds, it is difficult to determine confidently if these results are a 

product of photometric interference. 

 Several concerns have also been identified with the use of bioluminescence for toxicity 

investigation beyond the potential for photometric interference. Hormesis is a phenomenon in 

ecotoxicity where low doses of toxicant can induce adaptive responses that appear to be 

beneficial to organism physiology. These effects are often intermittent, with effects becoming 

deleterious as time or toxicant dose increases (Hashmi et al. 2014). These effects have already 

been established for several of the known contaminants in OSPW such as heavy metals and 

hydrocarbon compounds. Aliivibrio fischeri bioluminescence has displayed hormetic effects in 

response to antimicrobial compounds, with the effects being time dependent (Sun et al. 2018). 

Given the short endpoint of luminescence inhibition assays (5 – 30 min), these effects can 

significantly change toxicity interpretations from bioluminescent systems. While it is noted that 

hormesis has been observed for organism growth, these effects are not as apparent in growth as 

in bioluminescence, suggesting enhanced stability of growth-based endpoints (Sun et al. 2018; 

Hashmi et al. 2014).  

 In addition to hormetic effects, cations such as potassium, sodium, magnesium and 

calcium can all induce significant luminescence in bioluminescent bacteria (Deryabin and 

Aleshina 2006). These ions have been shown to alter sensitivity to the reference phenol control 

in these assays as well as several metals of environmental concern (Berglind et al. 2010) Similar 

issues were raised when discussing growth-based assays as these ions are of physiological 

importance in several bacterial systems (Gries et al. 2016). The concentration of these 

compounds can fluctuate greatly in environmental conditions, though no clear guidelines are 

present to control for this in bacterial luminescence assays (Ma et al. 2014).  
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Several analogous compounds have also been shown to competitively inhibit or 

artificially promote autoinduction of luminescence, posing the potential for compounds to 

interfere with light production systems in these organisms (Schaefer et al. 1996). These effects 

can be extended to quorum sensing systems, where naturally occurring compounds can interfere 

with several of the physiological outputs including luminescence, though it should be noted these 

compounds often effect organism growth and normal physiology, and as such can be considered 

toxic in their own regard (McDougald et al. 2007). The effects observed in this dataset may be a 

product of any combination of these photochemical or physiological factors, complicating 

interpretation of luminescence inhibition data as it pertains to toxicity.  

Despite the large difference in assay exposure times, the best correlation observed across 

all samples (0.82 – 0.54) was when log reduction values were compared between A. fischeri and 

S. warneri. While the absolute values differed greatly, these datasets largely reflected the 

predicted toxicity of both the untreated and AOP treated samples as determined by SFS analysis. 

As previously discussed, culture-based enumeration approaches are resilient against interference 

seen in photometric approaches (Beal et al. 2020; Szermer-Olearnik et al. 2014). These 

approaches have also consistently proven to be cost-effective, accurate, and precise for 

enumeration of culturable bacteria (Davis 2014). However, it must be acknowledged that the use 

of bioluminescence, which is inherently tied to several physiological processes as well as cell 

density, does allow for interrogation of effects beyond cytotoxicity and growth inhibition (Hao et 

al. 1995).  

6.4 Future Directions  

 Overall, the data in this chapter highlights several points of convergence and divergence 

between the modified microdilution MIC assay and bacterial luminescence inhibition 
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approaches. In the absence of interference, both assays appear to be effective at detecting toxicity 

in untreated cNA and OSPW samples, as well as evaluating changes in these waters in response 

to AOP treatment. Given similarities in technical execution, these assays have the potential to be 

integrated into a singular approach that can capitalize on the technical and interpretative 

advantages of both approaches while overcoming several potential limitations. This will be 

discussed in detail in the next section of this thesis.  
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Table 6.2. Assay specific endpoint values for treated and untreated cNA and OSPW samples  

Assay Endpoint cNA OSPW A OSPW B OSPW C OSPW D 

Modified microdilution 

(Growth - MIC) 
3.8 – 1.9 mg/L 45 – 22.5% 45 – 22.5% < 22.5% 67.5 – 45% 

Luminescence inhibition 

(IC50) 
22.8 mg/L X > 81% > 81% 81% 

Luminescence inhibition 

(Luminescence - MIC) 
15.2 – 7.6 mg/L X 41 – 20% 41 – 20% 61% – 41% 
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Figure 6.2.1.1. Relationship between CFU/mL and optical density for Aliivibrio fischeri. 

Colonies were suspended from solid agar in LBS and diluted. Following dilution optical density 

at 600nm was measured. After OD600nm measurement, dilutions were serially diluted and spot 

plated for enumeration. Simple linear regression analysis was performed. The line represents 

best-fit with 95% confidence intervals (n=9). 

 

R2 = 0.96 
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Figure 6.2.1.2. Relationship between CFU/mL and luminescence for Aliivibrio fischeri 

freezer stocks. Freezer stocks of A fischeri prepared as per ISO 11348-1 (2007) were thawed and 

diluted 1:205 (v:v) in reconstitution solution before subsequent ½ step dilution in 2% saline. 

Following dilution the RLU440-460nm was measured. After RLU measurement, dilutions were 

serially diluted and spot plated for enumeration. Simple linear regression analysis was 

performed. The line represents best-fit with 95% confidence intervals (n=3). 
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Figure 6.2.2.1. Effect of treated and untreated cNA and whole OSPW exposure on Aliivibrio 

fischeri luminescence after 30-minute exposure. Freezer stocks of A. fischeri prepared as per 

ISO 11348-1 (2007) were thawed and diluted before being added to a challenge plate. Salinity 

and pH adjusted test solutions were added 9:1 (v:v) to wells containing either untreated or 60-

min UVA PDS treated 33.3 mg/L cNA (A), OSPW B (B), OSPW C (C), or untreated and 90-

minute BC-Fe PMS treated OSPW D (D). Controls were prepared by adding 90% regional 

freshwater, 2% saline control, or dichlorophenol diluted from 100.0 mg/L to 12.5 mg/L in 2% 

saline 9:1 (v:v) in the challenge plate. Challenge plates were incubated for 30 minutes at 15 °C 

prior to having the RLU440-460nm read. Percent inhibition was calculated by measuring the 

difference between the normalized control and test luminescence at 30 minutes. Bars represent 

mean luminescence inhibition ± SD (n=3). A Shapiro-wilk test for normality was performed, 

after which a Brown-Forsythe and Welch ANOVA was performed with Dunnett post test. * 

represent significance (p < 0.001). 
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Figure 6.2.2.2. Effect of treated and untreated cNA and whole OSPW exposure on Aliivibrio 

fischeri luminescence after 30-minute exposure. Freezer stocks of A. fischeri prepared as per 

ISO 11348-1 (2007) were thawed and diluted before being added to a challenge plate. Salinity 

and pH adjusted test solutions were added 9:1 (v:v) to wells containing either untreated or 60-

min UVA PDS treated 33.3 mg/L cNA (A), OSPW B (B), OSPW C (C), or untreated and 90-

minute BC-Fe PMS treated OSPW D (D). Controls were prepared by adding 90% regional 

freshwater, 2% saline control, or dichlorophenol diluted from 100.0 mg/L to 12.5 mg/L in 2% 

saline 9:1 (v:v) in the challenge plate. Challenge plates were incubated for 30 minutes at 15 °C. 

Following incubation each well was serially diluted and spot plated for enumeration. Log 

reductions were determined by calculating the difference between the test sample and the OSPW 

replicant control. Bars represent mean Log reduction ± SD (n=3). A Shapiro-wilk test for 

normality was performed, after which a Brown-Forsythe and Welch ANOVA was performed with 

Dunnett post test. * represent significance (p < 0.001). 
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Figure 6.2.3.1. Relationship between luminescence inhibition and log reduction for 

Staphylococcus warneri and Aliivibrio fischeri. Values from previously described MIC and 

luminescence inhibition experiments in section 5.2.2 and 6.2.2 were analyzed with log reduction 

values of both S. warneri and A. fischeri as a function of A. fischeri luminescence inhibition 

after exposure to either untreated or 60-min UVA PDS treated 33.3 mg/L cNA (A), OSPW B 

(B), OSPW C (C), or untreated and 90-minute BC-Fe PMS treated OSPW D (D). Simple linear 

regression analysis was performed. The line represents best-fit with 95% confidence intervals.  
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Figure 6.2.3.2. Relationship between Aliivibrio fischeri and Staphylococcus warneri log 

reduction. Values from previously described MIC and luminescence inhibition experiments in 

section 5.2.2 and 6.2.2 were analyzed with log reduction values for S. warneri as a function of A. 

fischeri log reduction after exposure to either untreated or 60-min UVA PDS treated 33.3 mg/L 

cNA (A), OSPW B (B), OSPW C (C), or untreated and 90-minute BC-Fe PMS treated OSPW D 

(D). Simple linear regression analysis was performed. The line represents best-fit with 95% 

confidence intervals.  
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Chapter VII 

General Discussion 

7.1 Summary of Findings 

 The Alberta oil sands are the third largest known oil reserve in the world with 20% of the 

bitumen deposits accessible via surface mining (CAPP 2024b). Industry operators use hot water 

extraction techniques to separate sand, silt, and clay from the useable bitumen suspended in this 

mined substrate (Masliyah et al. 2011). During this process, the addition of caustic chemicals as 

well as the release of sequestered compounds of environmental concern contaminate these 

waters. As these waters are recycled for multiple extractions, these compounds become 

concentrated until they can no longer be used for extraction processes (Masliyah et al. 2011; 

Allen 2008a). These OSPW contain several compounds that have been shown to be detrimental 

to organism physiology and normal biological function both in vivo and in vitro (Li et al. 2017; 

Mahaffey and Dube 2017; Allen 2008a). As several of these recalcitrant compounds such as NAs 

have no guidelines regarding their presence and release in the environment, these waters have 

been held under a zero-discharge policy (AER 2023b). 

 Current environmental guidelines require sustainable remediation of tailings waters 

within 10 years of site closure (AER 2023b). To facilitate this, significant efforts have been 

undertaken to investigate new toxicity assessment and treatment approaches for OSPW 

management. The most commonly implemented in vitro assay for measuring OSPW toxicity 

uses bacterial bioluminescence, though this approach has several limitations that complicate its 

use in this role (Mahaffey and Dube 2006; Hashmi et al. 2014; Ma et al. 2014; Woutersen et al. 

2011). Despite these limitations, bacteria-based toxicity assays are robust, cost-effective, and 
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high throughput, making them an appealing option for initial toxicity screening (Viegas et al. 

2021). In clinical settings, microdilution MIC assays are highly standardized and provide precise, 

high-throughput, quantitative data for assessment of antimicrobial activity (Balouiri et al. 2016). 

Given the technical similarities between these clinical approaches and current bacterial 

ecotoxicity assays, there is high potential for MIC microdilution assays to be adapted for 

environmental use (Vassallo et al. 2018).  

 The objective of this thesis was to adapt and implement a growth-based bacterial assay 

for use in freshwater and OSPW toxicity assessment. Specifically, I sought to 1) establish a 

modified MIC microdilution assay for use in freshwater and OSPW toxicity settings; 2) perform 

treatment of OSPW to remove compounds of concern and compare chemical analysis data with 

toxicity endpoints in a modified MIC assay; and 3) compare chemical analysis data and MIC 

data to a traditional bacterial luminescence inhibition assay. To achieve these objectives, a 

modified MIC microdilution assay was adapted from standardized MIC protocols used in a 

clinical setting. The assay was then validated to be robust under freshwater and OSPW ‘like’ 

conditions. Several NA and OSPW samples were then treated, and chemical analysis data was 

generated via SFS to monitor changes in water chemistry. These untreated and treated waters 

were then assessed using the modified MIC assay and traditional luminescence inhibition 

approaches to determine the relative sensitivity in terms of toxicity endpoints and changes in 

water chemistry. 

7.2 Growth-based bacterial toxicity assays 

 When considering the principles of growth for any bacteria, the chosen parameters for 

inoculum density, nutrient availability, pH, salinity, temperature, and incubation time all have 

significant effects on expected growth. Deviation of these conditions from optimal ranges for 
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organism growth can induce stress that can alter sensitivity to antimicrobial compounds (CLSI 

2018). As a result, these same factors have significant impacts on the sensitivity of 

microorganisms to the toxicity of xenobiotic compounds in the environment (Lenz et al 1986; 

Ganjian et al. 2012; Levin-Edens et al. 2011; Larsen 1989). As determined from my data, our 

model organism was shown to experience near optimal growth under freshwater and replicated 

OSPW conditions. There is still a possibility of the synergistic effects of environmental stressors 

altering the observed sensitivity to xenobiotic compounds in OSPW (Whiting et al. 1996), 

though the physiochemical parameters of these waters exist well inside of what was determined 

to optimal for this organism.  

The data in this thesis emphasizes some of the major advantages that are inherent in using 

growth-based toxicity assessment. One such advantage is that the longer exposure time used to 

assess organism growth allows for greater potential sensitivity to compounds of concern. While 

it is possible that these longer exposures can allow for organisms to adapt to the presence of 

toxicants and environmental stress, this adaptation process often has severe implication for 

bacterial growth and morphology, allowing for detection of these effects in growth-based assays 

(Marles-Wright et al. 2007; Aertsen et al. 2004). While hydrocarbons have shown acute toxicity 

to bacteria, the systems used by bacteria to survive these stresses such as energy-dependent 

efflux use valuable ATP that cannot be used for growth and reproduction (Heipieper et al. 2010; 

Isken et al 1999). This has been demonstrated in organisms such as Pseudomonas putida, where 

exposure to volatile hydrocarbon compounds resulted in greatly reduced growth but stable cell 

energy charge and ATP production (Neumann et al. 2006). The relationships between toxicant 

stress, energy usage, and bacterial growth are combined in models based on Dynamic Energy 

Budget (DEB), which can connect molecular processes to whole organism physiology. These 
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DEB models consistently predict the cumulative effects of toxicants on multiple physiological 

systems as converging on inhibitory effects on the onset, rate, and total growth of the organism 

(Birnir et al. 2018; Klanjscek et al. 2012). This was observed in our data, where growth 

inhibition data showed greater MIC values when compared to those generated using 

luminescence inhibition for untreated OSPW and cNA (Table 6.2).  

Beyond the advantage of increased sensitivity, the use of longer exposure times in 

growth-based assessment also has advantages. The inhibition of bacterial luminescence as 

assessed in standardized assays for 30 minutes at sub-optimal growth temperatures reflects acute 

detrimental effects of toxicants on crucial bacterial systems such as membrane integrity or 

electron transport chain activity. While the short exposure period offers low technical burden, it 

does not reveal the cumulative, multi-generational effects of chronic toxicant exposure on 

physiological systems (Gellert 1999; Tjes 2008). This has been demonstrated in A. fischeri 

bioluminescence specifically, where extended exposure times revealed sensitivities an order of 

magnitude greater than what was observed for the acute 30-minute test (Backhaus et al. 1997). 

Not only are these longer exposure times more consistent with the 24 – 72-hr exposures used in 

other in vitro and in vivo aquatic toxicity tests (Government of Canada 2024), but they are also 

more ecologically relevant as they better model the chronic exposure that would occur for an 

organism exposed to OSPW and whole effluent (Gellert 2000).  

Due to growth inhibition being the convergent result of deleterious effects on several 

physiological processes, these approaches lack the resolution to investigate the mechanism of 

toxicity (Houck and Kavlock 2008; Wiegand et al. 2008). This makes growth-based assessment 

better suited for toxicity screening purposes, with other assays and approaches serving to 

investigate toxicity mechanisms. The potential value of the methods described in this thesis are 
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supported by current trends in WET approved methodologies. Currently, approved methods for 

growth-inhibition of algae are the only other available in vitro approach alongside bacterial 

luminescence. These approaches are acknowledged as having similar advantages to what has 

been described previously for growth-based toxicity testing, though are limited by their technical 

burden. High culturing costs, 72-hr exposure times, and variation in stock culture growth and 

sensitivity all limit the practicality and reproducibility of these approaches (Nyholm and 

Kallqvist 1989; Eisentraegar et al. 2003, Environment Canada 2007). The methods presented in 

this thesis leverage the strength of bacterial culturing and growth to provide an endpoint of 

similar biological relevance as what is used in algal tests, but with decreased cost, shorter 

exposure times, and high reproducibility. However, the use of S. warneri does limit the 

ecological relevance of these approaches compared to freshwater algae that naturally inhabit 

ecosystems affected by OSPW (Mahdavi et al. 2015).  

The efforts made in this thesis are supported by a small body of literature that has attempted 

to adapt growth-based MIC assays for environmental use. These investigations are primarily 

focused on nanoparticle and metal toxicity, citing several of the limitations of bacterial 

luminescence assays identified in this thesis. These approaches do deviate significantly from 

traditional MIC guidelines, using different organisms, short exposure times, and relying on 

enumeration approaches such as measured biomass or OD (Vassallo et al. 2018; Qiu et al. 2017). 

The closely related and equally robust minimum biofilm inhibitory concentration (MBIC) assay 

has been used extensively for investigating metal toxicity and has been specifically used to 

evaluate metal tolerance of organisms isolated from OSPW (Frankel et al. 2016). While this 

literature helps to highlight the potential for adapting growth-based toxicity assessment, these 
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approaches remain methodologically distinct from what is described in this thesis, where 

considerable effort was made to adhere to the protocols described in M07-A10 (CLSI 2018).   

7.3 Culture-dependent enumeration approaches 

Even when growth is used as a toxicity endpoint, the data present in this thesis also 

emphasizes the challenges associated with indirect assessment of growth and metabolic activity 

through photometric approaches. Based on the data obtained for OD and luminescence, it is 

likely that compounds present in the treated OSPW D sample had optical properties that 

interfered with measurement of light emission and absorption. This was consistent with 

established literature that has shown that both approaches may be subject to optical interference 

by nanoparticles due to their optical properties (Qiu et al. 2017; Kroll et al. 2009; Parhizkar and 

Habibi 2017; Willams et al. 2019; Szermer-Olearnik et al. 2014). These concerns are further 

compounded by literature which demonstrates the accuracy of OD is affected by cell debris, 

morphology changes, and byproducts from tested compounds and metabolic substrates (Szermer-

Olearnik et al. 2014; Hernandez and Marin 2002; Beal et al 2020). These concerns were also 

observed in my data, where factors such as initial turbidity, values outside of detectable limits, 

and underestimation of cell density limited the reliability of this approach. 

In some settings determining the presence and number of bacteria is not possible using 

culture-dependent approaches, especially when organisms require complex culture conditions or 

are present in mixed populations. In these settings, culture-independent approaches such as flow 

cytometry, staining, and RT-qPCR serve as some of the only precise methods for identifying 

bacterial populations. Though effective, these approaches require specialized equipment and 

training, are costly, and lack the throughput required for large scale antimicrobial testing (Lee et 

al. 2021: Thomas et al. 2015; Prakash et al. 2013). In settings where enumeration is possible to 
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perform using culture-dependent techniques, plate-based enumeration remains the most cost-

effective, precise, and efficient approach for bacterial enumeration with detection limits that 

exceed what is established for molecular techniques (Davis 2014; Beal et al. 2020; Szermer-

Olearnik et al. 2014). No fact better emphasizes this than the persistence of disk diffusion, agar 

dilution, and broth microdilution supported by plate-based enumeration as some of the only 

standardized and accepted methodologies for antimicrobial assessment in clinical settings 

(Balouiri et al. 2016; CLSI 2018). 

 Using the protocol described in this thesis, 32 samples prepared in triplicate can be 

serially diluted, spot platted, and counted in under 20 minutes, not including incubation time. 

This is far more efficient than what is described for many molecular techniques, though 

admittedly these approaches do not need to wait for bacterial growth for enumeration (Rompre et 

al. 2001). While molecular techniques can certainly serve critical roles in investigating the 

toxicity of OSPW, the methods used for enumeration in this thesis provide precise, interference-

free determination of inhibitory effects on organism growth.  

One of the major limitations of growth-based enumeration and colony counting is the 

presence of VBNC cells. Limited literature exists that specifically discusses the induction of 

VBNC in S. warneri, but it has been shown to enter this state under similar conditions as other 

Staphylococcus spp., requiring a combination of salinity, temperature, nutrient, and antibiotic 

stress to induce this state (Franca et al. 2021). Most of the literature cites low temperature as a 

requirement for induction of VBNC in Staphylococcus, while these experiments were performed 

at the optimal 35 °C for this organism, though it is possible that conditions created in these 

exposures could apply similar physiological pressures and induce this state (Li et al. 2020; Yan et 

al. 2021). Ultimately, the implications of cells in a VBNC state on environmental toxicity 
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assessment are not as severe as in clinical settings. The risk to human health is greatly increased 

by VBNC bacteria, as these cells may evade detection in food processing and healthcare settings, 

as well as possessing increased survivability against antimicrobial compounds. The methods 

used for enumeration in this thesis would not have the ability to distinguish dead cells from those 

in a VBNC, though this is irrelevant for toxicity screening, as both outcomes are a result of the 

detrimental effects of the samples on organism physiology (Ramamurthy et al. 2014). 

7.4 Limitations of luminescence based bacterial assays 

 The data presented in this thesis also emphasize several limitations with current bacterial 

bioluminescence inhibition assays. The use of a marine organism such as A. fischeri requires 

significant modification of samples that have similar physiochemistry to what is observed in 

freshwater systems. In addition to diluting the samples, these changes in pH and salinity can 

change the nature of compounds present in solution, altering their toxicity (Environment Canada 

1992). The comparison between luminescence inhibition and enumeration data revealed that 

luminescence is not a reliable predictor of cell density. Even in samples where photometric 

interference was not likely, significant luminescence inhibition was observed without any impact 

on cell density. This can be a result of detrimental effects on metabolic and biochemical 

pathways associated with luminescence, and while this certainly can be considered toxicity this 

distinction between metabolic interference and cell death is seldom identified, complicating 

toxicity interpretations (Weitz et al. 2002; Monteiro-Riviere 2006). These concerns are 

compounded by the results for OSPW D which appear to show interference due to the optical 

properties of nanoparticles. Here, the absorption, adsorption and light scattering properties of 

these compounds can greatly decrease luminescence while having limited effect on organism 

health (Ong et al. 2014; Qiu et al. 2017; Kroll et al. 2009).  
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 In addition to the complications observed directly in the data of this thesis, several 

outstanding limitations have been identified for luminescence inhibition assays. While large 

volumes of data exist showing strong predictive outcomes between luminescence and other in 

vitro and in vivo approaches, these correlations are much weaker for several known toxicants 

present in OSPW as well as complex mixtures such as industrial effluent (Hao et al. 1995). This 

has been associated with samples that have high chemical oxygen demand (COD), suggesting the 

potential for organic compounds to interfere with bioavailability of toxicants (Bennett and 

Cubbage 1992). This has been demonstrated for OSPW specifically, where sensitivity of 

luminescence-based approaches was much lower than what was seen in other in vivo and in vitro 

approaches (Bartlett et al. 2017; Frank et al. 2008; Bauer et al. 2019). The limitations associated 

with nanoparticles and substrates such as OSPW must be carefully considered when interpreting 

toxicity data from these approaches. Overall, these limitations do not make luminescence-based 

toxicity assessment entirely obsolete but do greatly limit their significance when used for toxicity 

testing in isolation (Mahaffey and Dube 2017).  

7.5 Future Directions  

 Several future directions are clearly apparent from the information presented in this 

thesis. As previously discussed in chapter IV and V, several small modifications of the 

microdilution MIC assay should be made to improve sensitivity and validity of its readouts. The 

first is that the OSPW replicant media should be supplemented with additional potassium. Given 

the role of this ion in several physiological systems (Gries et al. 2016), it should be added to the 

control in concentrations 10 mg/L, similar to what is seen in freshwater and OSPW conditions 

(Table 3.2). The OD data revealed that under these test conditions, S. warneri reached stationary 

phase at ~16 hrs, resulting in a nearly 6 hr period where the control cell density appeared to 
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decrease as the tested samples continued to grow. Intervention for enumeration at this 16 hr 

timepoint may allow for increased sensitivity and better resolution between samples compared to 

the controls.  

The chemical analysis provided by SFS served an initial rapid, semi-quantitative tool for 

monitoring the presence of aromatic organic compounds. While convenient, these approaches 

lack the precision found in more high-resolution techniques such as mass spectroscopy. It has 

been consistently shown that the use of various forms of mass spectroscopy are effective in 

differentiating organic compounds present in OSPW, including NAs (Headly et al. 2002; Vander 

Meulen et al. 2021; Grewer et al. 2010; Huang et al. 2018). Structurally different NAs can have 

dramatically different contributions to toxicity, making delineation of NA speciation crucial for 

interpreting toxicity data (Jones et al. 2011; Lo et al. 2006). Additionally, structure of NA species 

has been shown to have significant impacts on removal efficacy using passive and active 

treatment techniques (Han et al. 2008; Meshref et al. 2017; Islam et al. 2014). Techniques such 

as Fourier transform infrared spectroscopy (FTIR), gas chromatography (GC), and high-

performance liquid chromatography (HPLC), and negative ion electrospray orbitrap mass 

spectroscopy all provide the resolution required to further investigate structural influences on 

OSPW toxicity, making these important analytical outputs for investigating OSPW toxicity and 

treatment (Brown and Ulrich 2015).  

 The majority of the discussion in this thesis focuses on the contribution of the organic 

contaminants to OSPW toxicity, but it must be acknowledged that inorganic compounds such as 

trace metals are present in OSPW at concentrations that are considered a health risk to aquatic 

organisms (Allen 2008a; CCME 1999). Trace metals have significant detrimental effects on 

microorganism physiology and can contribute to the toxicity observed in OSPW when 
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investigated using bacterial assays (Igiri et al. 2018; Frankel et al. 2016). However, with no 

knowledge of the concentrations of trace metals present in these waters, it is difficult to predict 

what their contribution to toxicity may be. Inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) and atomic absorption spectroscopy (AAS) are two currently used 

approaches for detecting trace metals in water, though these are cited as being slow and 

expensive. Recently, laser-induced breakdown spectroscopy (LIBS) has been proposed as a 

method to measure trace elements in the environment with a lower cost, less sample preparation, 

and similar sensitivity (Parmar et al. 2023; Khan et al. 2022). These approaches can provide 

crucial insight into the presence of trace metals in OSPW, combing with chemical analysis on 

NA composition to help discern the individual contributions of these compounds to toxicity.  

 As previously indicated, growth-based assays are a powerful tool in toxicity testing as 

they can recognize the sum of detrimental effects on multiple physiological systems. However, 

using growth as an endpoint makes it challenging to delineate the mechanism of toxicity for 

compounds. One potential approach for determining mechanism of toxicity is using genetic 

biosensors. These approaches involve selecting genes associated with physiological stress 

(efflux, DNA repair, membrane repair, etc.) and attaching genetic reporters to monitor 

transcription of these genes. These genetic reporters can produce fluorescence upon excitation, or 

may simply produce bioluminescence, allowing for relatively easy measurement of stress 

responses in bacteria, though they may be susceptible to photometric interference (Vollmer et al. 

2004; Ong et al. 2014). Beyond creation of biosensors, approaches such as RNA-seq may also be 

used to directly investigate genes that are upregulated in response to compounds of concern. This 

has already been performed for cNA and organic extracts from OSPW using Pseudomonas sp., 

where exposure to NAs and extracted organics induced upregulation of genes associated with 
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efflux and membrane repair and maintenance (Bookout et al. 2024). These approaches allow for 

the determination of sub-inhibitory stress on organisms and may further elucidate mechanisms of 

toxicity by understanding physiological systems that these compounds effect. 

 From an ecotoxicity perspective, the significance of in vitro methods is often built upon 

their ability to serve as predictive models for toxicity outcomes in in vivo toxicity (Frank et al. 

2009). This is one of the major cited strengths in bacterial luminescence-based toxicity tests, 

where large volumes of data have been published comparing this model to whole organism 

studies for various toxicants (Hao et al. 1995). As such, I propose the inclusion of additional 

toxicants such as trace metals, as well as the incorporation of in vivo models to test alongside the 

modified microdilution MIC approach described in this thesis. Preferentially, the use of 

organisms and methods approved for WET testing would substantially improve our 

understanding of how this model may fit into a battery of toxicity tests for OSPW.  

 While much of this thesis is critical of bacterial luminescence inhibition assays, these 

assays still serve a valuable role in ecotoxicity assessment. Though endpoints and test organisms 

may differ, there are a number of technical similarities between luminescence inhibition assays 

and the microdilution MIC assay. As such, several investigations have already been done to 

combine the advantages of these approaches. Using A. fischeri, growth-based assessments have 

been performed with 6-hr and 19-hr exposures. These assessments used OD to monitor growth 

and revealed similar sensitivity to what is observed for luminescence, though salinity and media 

appeared to have large effects on assay sensitivity (Gellert 2000; Gellert et al. 1999). Rather than 

change the toxicity endpoints, assessments have also been performed by extending the exposure 

length for luminescence inhibition. This data revealed increased sensitivity to toxicants tested, 

though the lack of supporting cell viability and culturing data makes it hard to determine if these 
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methods allowed for optimal growth of the organism in the absence of toxicants (Backhaus et al. 

1997). These efforts deserve renewed investigation to potentially introduce a more ecologically 

and technically relevant exposure time to an assay that already is widely accepted for toxicity 

assessment.  

Give the poor suitability of A. fischeri for toxicity assessment under freshwater 

conditions, an alternative approach could be the introduction of bioluminescence into a more 

robust organism such as S. warneri. These approaches are frequently used in the creation of 

biosensors, with recombinant strains of E. coli with the lux operon already existing (Deryabin 

and Aleshina 2008). Similar efforts have been made in Staphylococcus spp., though it has been 

noted that light production is generally low in Staphylococcus spp. and Gram-positive bacteria 

due to differences in fatty acid metabolism in these organisms (Mesak et al. 2009; Beard et al. 

2002). Nonetheless, these approaches should be investigated to provide lower technical burden 

and better integration with currently approved toxicity tests when photometric interference is not 

suspected.  

7.6 Final Conclusions 

 In this thesis I adapted and optimized a bacterial assay that used culture-dependent 

enumeration techniques to monitor the inhibitory effects of OSPW and cNA on organism growth. 

These approaches were heavily adapted from CLSI guidelines that clearly define test parameters 

for assessing antimicrobial susceptibility in clinical settings via microdilution MIC assays. Using 

the organism S. warneri, the methods were determined to be robust in salinity and pH ranges 

observed in freshwater and OSPW, while also being stable under low nutrient conditions 

required for high exposure concentrations. To further establish the validity of the assay, a control 

was generated that had similar physiochemical parameters to what is observed in OSPW but 
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lacked several toxicants of concern. This control had improved growth over the saline previously 

used and had growth comparable to what is seen in 100% OSM. This assay showed sensitivity to 

whole OSPW comparable to what is seen in the literature for other in vivo and in vitro 

approaches, though the variation in OSPW physiochemistry and source made comparison 

challenging. When a more standardized cNA sample was used for toxicity assessment, sensitivity 

greater than what is seen in several other model systems was observed.  

 To better understand the ability of this assay to track organic contaminants in OSPW, a 

cNA sample and several OSPWs were treated using AOPs. As monitored by SFS analysis, AOP 

treatment reduced the presence of organic compounds in these samples, but efficacy appeared 

largely sample dependent. When investigated using a modified microdilution MIC assay, 

enumeration data reflected SFS profiles for treatment efficacy. The use of OD allowed for 

determination of additional inhibitory effects of the treated and untreated samples that were not 

immediately apparent from enumeration data. The treated OSPW D sample presented OD data 

that did not align with enumeration data, suggesting possible photometric interference.  

 These samples were then analyzed using traditional bacterial luminescence inhibition 

approaches to compare the adapted methods to standardized bacterial models for toxicity 

assessment. Luminescence inhibition data was strongly correlated with S. warneri enumeration 

data for the cNA sample and OSPW B, though it predicted lower toxicity from untreated OSPW 

C. Overall, similar trends were observed between treated and untreated samples when compared 

to chemical analysis data, though treated OSPW D produced similar inhibitory data as was seen 

in OD assessment. Enumeration data for A. fischeri revealed no loss in cell density for treated 

OSPW D, suggesting that photometric interference was influencing the high inhibition measured 

by OD and luminescence readouts. While there were stronger examples of sample specific 
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correlation between luminescence and enumeration, the comparison of enumeration data 

between both organisms showed the best overall correlation.  

 The work described in this thesis displays a robust, high-throughput, photometry 

independent approach for assessing OSPW and cNA toxicity. These approaches had equal if not 

better sensitivity than bacterial luminescence inhibition assays and were stable under freshwater 

and simulated OSPW conditions than can disrupt organisms used in luminescence inhibition 

approaches. With several promising future directions, these approaches may serve to inform 

revision of currently used bacterial assays or provide an alternative.  
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