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Using Environmental Biotechnology 
Principles and Approaches to Target 
Problematic Compounds in Complex 

Systems 

By 

Jason Gaspar 

When put in practice, environmental engineering frequently requires the 

characterization and remediation of problematic compounds such as priority 

pollutants or other molecules that impair performance in complex systems.  Here, 

we tackle two such complex systems: shale gas reservoirs and the human body.   

In shale gas wells, the presence of microbes is usually unwanted and can 

often have deleterious effects, including reservoir souring, plugging, equipment 

corrosion, and reduction in gas production volumes.  Hydrocarbon souring 

represents the most significant financial and safety challenge to the oil and gas 

industry.  H2S may originate from geochemical or biogenic sources, although its 

source is rarely discerned. Biocides are dogmatically utilized during hydraulic 

fracturing to prevent or inhibit H2S generation. Here we characterize whether 

souring in the Bakken shale play is from microbial or geological origins.  We 

develop a regional temperature map showing that downhole temperatures in 

Bakken reservoir wells equal or exceed the upper known temperature limit for 

microbial life. Attempts to extract microbial DNA from produced water yielded 

little to no detectable quantities.  Stable isotope analysis yielded 34Sδ values from 
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4.4 – 9.8‰, suggesting souring had a geochemical origin.  In cases of 

geochemical souring, reevaluation of the need for biocide addition, based on first 

characterizing the H2S source as we describe here, would provide significant 

reductions in both operational costs and overall environmental footprint.   

Similar to a traditional environmental system, the human body also 

accumulates “garbage” (i.e., detrimental aggregates) over time.  Lipofuscin (LF) 

is a brown-yellow, autofluorescent polymeric material that accumulates in a 

ceroid manner within postmitotic cells during aging.  LF accumulation impairs 

proteosome and lysosome pathways critical to cell health and homeostasis.  The 

ability to quickly generate LF in vitro, and identify drugs that mitigate the 

accumulation or clear LF would be of great benefit to aging research.  Here, we 

developed a novel platform to quickly create LF-loaded (but otherwise healthy) 

cells and screen drugs for efficacy in LF bioremediation.  The combination of 

leupeptin, iron (III) chloride and hydrogen peroxide generates significant amounts 

of LF within cells at a much faster rate and in a less labor-intensive manner than 

previous methods.   

We show that oxidative stress induced LF-loading is accompanied by 

cellular cholesterol increases, and that long-term administration of the small 

molecule 2-hydroxypropyl-beta-cyclodextrin (HPβCD) reduces LF accumulation 

(~-27%, p < 0.00001).  LF-loading is associated with increases in LDLr and 

SREBP1 gene expression, which are mitigated by HPβCD addition.  In the 

absence of oxidative stress, HPβCD addition induces a paradoxical response, 

increasing cholesterol accumulation (but not LF) via upregulation of cholesterol 
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biosynthesis.  These two distinct, but opposite effects highlight a previously 

overlooked therapeutic consideration: the cholesterol content of the treated cell 

determines which cholesterol pathways, either beneficial or harmful, are 

responsive to HPβCD.  These results are particularly significant because they 

provide clarity to HPβCD’s mode of action; which until now has remained in 

dispute amongst the scientific community.  
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Chapter 1- Introduction 

1.1. General Background 

Industry acknowledgement of the harmful effects microbes play in shale 

gas processes has led to widespread addition of biocides during the hydraulic 

fracturing phase of shale oil and gas well drilling.  This approach is neither 

financial nor environmentally sensible, and interest has taken hold to better 

characterize which microbes dominate shale gas processes, what issues are 

associated with microbes being present, and how these issues may be mitigated.  

To date, there is a relative deficiency in the number of publications on shale gas 

microbiology [1].  This thesis summarizes what is known about shale gas 

microbial control and microbial dynamics.  Key knowledge gaps for future 

research in the field are also identified.  We then expand on a key knowledge 

gap area by developing novel methods to understand and characterize whether 

Bakken shale H2S souring is from geological or biogenic sources.   

The second aim of this thesis is medical bioremediation of LF from the 

human body.  LF accumulation has been noted across many age-related 

diseases including Alzheimer’s disease, Niemann-Pick disease (NPC), age-
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related macular degeneration, and atherosclerosis [2-6].  However, LF research 

has been hindered by certain key challenges which this thesis addresses, such 

as an inability to produce LF in vitro in a short time frame.  Most traditional 

methods require 2-4 weeks [7].  Also, LF composition is relatively 

uncharacterized. It is hypothesized as a heterogeneous amalgam of protein and 

lipid making purification and isolation near impossible without researchers first 

making gross assumptions.  Finally, until now, rapamycin was the only small 

molecule therapeutic shown to reduce or clear LF [8].  The discovery of a second 

small molecule, which we do in this thesis, will help offer novel insights into both 

LF composition and the cellular processes which lead to its accumulation. 

Whereas these two areas of research seem distantly related, they share 

the common challenge of dealing with specific problematic compounds impairing 

complex systems and are amenable to solutions based on environmental 

engineering principles of understanding and controlling sources.  Furthermore, 

conducting research in these disparate areas allowed me to develop a more 

diverse skill set and interdisciplinary approach than many in traditional medical or 

environmental research fields.  Additionally, I was able to follow my passion and 

apply biotechnology-related principles to address problems of great societal 

relevance. 

1.2. Objectives, Hypotheses and Significance 

Shale Gas Microbiology 
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The overall objective of the proposed research is to identify key areas where 

industry practices related to shale gas microbiology and control could be 

improved and to develop novel methods which address such shortcomings.  In 

detail, this thesis aims to: 

1. Identify shortcomings concerning analysis, detection and control of 

microorganisms in shale oil and gas operations 

Hypothesis:  Control and mitigation of microorganisms 

(especially sulfidogens which cause H2S souring) has largely 

been hampered by the usage of outdated analytical 

technologies which frequently yield nonrepresentative results.  

In other cases, where the appropriate analytical technique is 

employed, a poor understanding of proper microbiological 

sampling techniques and data interpretation by operators has 

confounded results and prevented adequate conclusions from 

being made.  

Significance:  Souring is a multi-billion dollar problem with 

significant resources wasted due to a general lack of 

understanding of microbiology.  Identifying these “problem 

assays” and areas of poor technique will greatly expedite the 

implementation of successful control strategies and offer 

significant financial savings. 
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2. Develop a novel approach to discern whether Bakken H2S gas from shale 

oil and gas wells is biogenic or thermogenic in origin   

a. Hypothesis:   A combinatorial approach of downhole 

temperature mapping, 34Sδ isotope analysis and microbial 

community analysis will sufficiently characterize whether H2S is 

biogenic or thermogenic in origin.   

Significance:  Standard industry practice is to add biocide 

universally to all wells during hydraulic fracturing to control H2S 

souring.  This practice is neither cost nor waste effective 

because in many cases souring is a result of local 

geochemistry.    In these thermogenic cases, biocide addition to 

control H2S is unwarranted and results in unneeded 

environmental burden along with significant financial waste.   

Implementing a H2S characterization method would enable 

shale companies to determine the need for biocide on an 

individualized well or play basis.   

 

Medical bioremediation of age-related LF  

The overall objective of the proposed LF research is to improve 

our understanding of how LF arises and develop methods to 

medically bioremediate cells which are LF-loaded.  More 

specifically, the research aims to:   
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3. Develop a rapid method to generate and quantify LF in human cells. 

Hypothesis:  A combination of oxidizing conditions along with 

protease inhibition will increase the rate of LF loading compared 

to either method alone.    More specifically ferric iron together 

with hydrogen peroxide will simulate Fenton conditions, while 

the protease inhibitor leupeptin will serve to keep proteins in the 

lysosome from being degraded.  Together, both mechanisms 

will increase the chance for oxidation and thus the rate of LF 

formation. 

   

Significance:  Previous methods which load fibroblasts with 

“artificial” LF obtained via UV-peroxidation of mitochondrial 

fragments are much more labor-intensive.  Other protocols to 

generate LF and assess its removal typically require 2 to 4 

weeks or longer to complete [9]. Development of a more rapid 

method would expedite LF and aging-related research. 

 

4. Identify a novel candidate therapeutic which removes or prevents buildup 

of LF 

Hypothesis:   HPβCD will reduce LF accumulation and/or 

remove pre-existing LF.  This hypothesis is based on previous 

research which shows HPβCD as an effective treatment in vivo 

and in vitro for both Niemann-Pick Syndrome [4, 10, 11] and 
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age-related macular degeneration (AMD) [3, 12].  Both NPC and 

AMD have parallels which may translate to HPβCD /LF efficacy.  

Specifically, HPβCD is hypothesized to remove the compound 

A2E when treating AMD.  However, A2E is known to arise and 

be localized with LF [3].  In NPC cells, a defective protein results 

in substantial accumulation of cholesterol in cellular lysosomes.  

HPβCD alleviates this cholesterol accumulation.  Previous 

publications have hypothesized LF is both localized to the 

lysosome, and comprised mostly of peroxidized lipid, possibly 

cholesterol [13, 14].   

Significance:  To date, only rapamycin has been shown to 

remove or reduce LF levels in aged but otherwise healthy cells.  

Moreover, some publications have theorized LF is recalcitrant, 

and the only way it can be removed is via dilution by cell division 

or exocytosis (rapamycin).    Proof of HPβCD efficacy via an 

exocytosis-independent pathway would offer a paradigm shift in 

thinking on the nature of LF.   

 

5. Conduct studies which elucidate the mechanism of HPβCD and improve 

our understanding of LF and other age-related diseases. 

Hypothesis:  HPβCD works by upregulating lysosomal 

biogenesis and exocytosis via TFEB and ULK1 gene 

upregulation which subsequently clears LF.[15]  Alternatively, if 
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TFEB and ULK1 are shown to not be upregulated, we 

hypothesize HPβCD works through a cholesterol-related 

mechanism as HPβCD is known to bind cholesterol [16]. 

Significance:  HPβCD has been shown to effectively treat 

NPC, AMD, atherosclerosis and Alzheimer’s disease [5, 17, 18].  

NPC, athero and AD have either been shown or hypothesized to 

be cholesterol-related diseases.  Meanwhile, HPβCD has also 

been shown to upregulate TFEB and lysosomal biogenesis in 

neuronal ceroid lipofuscinoses cells, concomitantly reducing 

lipopigment. Elucidating the mechanism of HPβCD/LF removal 

will provide further understanding about the causes of the above 

mentioned age-related diseases, the nature of LF, and the 

mechanism of age-related disease alleviation by HPβCD. 
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1.3. Thesis Outline 

Chapter 2 provides a review on shale microbiology and control principles.  

As well, knowledge gaps and shortcomings are identified.  Much of this material 

is already published and may be found in: 

Gaspar, Jason, et al. "Microbial Dynamics and Control in Shale Gas 

Production” Environmental Science & Technology Letters 1.12 (2014): 

465-473. 

Chapter 2 also reviews the nature of LF, current understanding of its 

composition and accumulation, limitations in previously published LF research, 

and the need for developing therapies to clear LF.   

Chapter 3 addresses H2S souring in the Bakken shale play.  Specifically, a 

novel approach using converging lines of evidence to characterize the source of 

H2S gas is given and previously published as: 

Gaspar, Jason, et al. "Biogenic versus Thermogenic H2S Source 

Determination in Bakken Wells: Considerations for Biocide 

Application."Environmental Science & Technology Letters 3.4 (2016): 127-

132. 

Chapters 4 and 5 then focus on medical bioremediation of LF.  A method 

to rapidly generate LF and screen for its removal is given in Chapter 4 and can 

be found in the following publication:  
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Gaspar, J et al.  A Rapid Platform To Generate LF And Screen 

Therapeutic Drugs For Efficacy In LF Removal.  Materials, Methods & 

Technologies, Vol 10, 2016: 1-9 

 

Chapter 5 presents data recently submitted for publication on HPβCD’s 

ability to reduce LF accumulation, as well as elucidation of HPβCD’s mechanism 

of action.   

Chapter 6 closes with a discussion on the conclusions and significance of 

the completed work as well as recommendations for paths forward. 
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Chapter 2 – Literature Review 

2.1 Microbial dynamics and control in shale gas processes 

Microbial processes can have a profound impact on shale oil and gas 

well production, downstream processing, and water quality. Therefore, for 

environmental, health, safety and economic reasons, it is critical for operators to 

understand how decisions related to drilling, fracturing, water management and 

well operation may affect subsurface microbial community dynamics and 

composition. The establishment of bacteria in conventional oil and gas 

reservoirs has been linked to multibillion dollar problems such as reservoir 

souring (which refers to the production of H2S, a corrosive gas that increases 

processing and refining costs) [19], reservoir plugging [20, 21], equipment and 

pipeline corrosion [22-24], and lower product quality [25]. Sulfidogenic 

prokaryotes are able to consume short chain hydrocarbons in shale gas 

reservoirs such as propane and butane, thus lowering well productivity [26]. 

Conversely, some bacteria may be beneficial, contributing to paraffin removal 

[27] or enhanced product recovery [28-30].  

While recent studies have helped clarify the role of various microbial 

populations in conventional oil reservoir production [19, 31-34], the broader 
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implications for shale oil and gas production are still a nascent area of research 

(Figure 2.1).  There are very few published shale reservoir microbiology studies 

[35-40], underscoring the need for novel insight that guides practical strategies 

to mitigate undesirable microbial processes and enhance positive outcomes. 

Whether introduced or native, microbes from the subsurface are flushed 

out during flowback and contaminate surface separators, storage tanks and 

flowlines [41]. Flowback water is typically stored onsite in surface 

impoundments. In some regions such as the Marcellus play, flowback water is 

reused for subsequent hydraulic fracturing.  This is important, as the reuse of 

water may effectively seed new wells with a microbial community that has been 

preselected to be resistant to the biocides to which it has been previously 

exposed [38, 40, 42].   Other microbial-related impoundment problems include 

the production of malodorous toxic gas and volatile fatty acids, and alteration of 

the fate of certain metals, including reductive dissolution of U(VI) and other 

radionuclides [38].  

In this chapter, we evaluate the current state of the literature regarding 

shale reservoir microbiology, evaluate current assessment methodologies, 

discuss environmental factors and operational variables that influence relevant 

microbial processes, assess current strategies for microbial control, identify 

critical knowledge gaps, and offer up alternative approaches to improve upon 

current practices. 
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Figure 2.1. Microbial processes of concern in shale oil and gas production. 1) 

H2S and acid production by reservoir microorganisms can accelerate equipment 
and flowline corrosion and increase refining costs. 2) The storage of 
impoundment water can lead to the production of toxic and odorous gases. 3) 
Water reuse may seed reservoirs with microorganisms pre-selected for reservoir 
conditions and biocide resistance. 4) Metal sulfide/sulfate precipitation. 5) 
Reservoir plugging due to biofilm formation. 6) Product degradation (e.g., 
propane oxidation by SRBs). 7) Transformation of light oil to bitumen. 
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2.1.1 Geochemical and Environmental Factors Influencing Microbial 

Growth and Control 

Shale mineral composition varies widely at both the local and regional 

levels [43, 44].  In addition, commercial shale gas production transiently alters 

shale microbiology along with gas isotope signatures [45].  Geochemical 

heterogeneity and the evolving nature of microbial communities has thus far 

precluded generalizations about the geochemical conditions that predominate in 

different plays and the resulting availability of nutrients and electron acceptors 

that influence specific microbial processes.  While microbial activity in shale is 

reduced compared to other subsurface areas because of limiting pore size, 

organic matter trapped in shale can serve as an energy source for microbes 

[46].  Potential electron donors include CH4, H2, volatile fatty acids and 

petroleum hydrocarbons.  Moreover, sulfur-containing ores such as barite and 

gypsum common to shale provide a source of electron accepting compounds.  

In general, redox potential is low in deep gas fields, and some electron 

acceptors (e.g., oxygen, nitrate and ferric iron) may be absent. 

Temperature is likely to be a key limiting factor for microbial growth and 

survival in shale reservoirs. Hydrocarbon-bearing shales range in temperatures 

between approximately 25 and 200 C [47, 48]. Wells with bottomhole 

temperatures above 120 C would be severely limited in microbial abundance 

and diversity. High salinity and extreme pH values will also limit microbial 

activity. The pressure within oil reservoirs (up to 500 atm) does not preclude 
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some bacterial growth and proliferation, although it can influence their 

physiological or metabolic properties [49]. 

Much of the focus on the intersection of shale geology and microbiology 

centers on understanding how the presence of sulfur-containing minerals may or 

may not affect souring, which is perhaps the most problematic microbial process 

in terms of being least manageable and having a relatively high financial impact 

on production. Gas is considered sour and must be treated before industrial use 

when H2S concentrations exceed 4 ppm [50].  Relative to conventional oil 

reservoirs, of which approximately 80% of reserves are estimated to be sour 

[51], US shale gas reservoirs appear to be less conducive to supporting large 

populations of sulfidogenic microbes. However, it is estimated that up to 40% of 

known global gas reserves are sour [52, 53]. 

Produced water (PW) sulfate concentrations are often used by industry 

as a souring predictor.  Values tend to vary widely between shale plays, with the 

Marcellus and Barnett shale plays having lower median PW sulfate levels 

between 0-5 mg/L, while the Eagle Ford and Woodford shale plays are 

substantially higher with median values between 200-300 mg/L (Syed Razavi, 

Research Scientist Brine Chemistry Solutions, personal communication, 

November 20, 2013).   

Shale H2S may arise from biogenic or thermogenic (abiotic) mechanisms 

[54].  If H2S is predominantly thermogenic, using biocides to treat souring would 

be a considerable waste of material and financial resources.  Current industry 
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practice does not identify whether H2S is biogenic or not, and biocides are 

universally added regardless of need.  The unintended consequences of this 

practice (e.g., hindering some microbial ecosystem services or development of 

biocide resistance among bacteria) have not been systematically explored. 

Biogenic sulfate reduction (BSR) may occur at temperatures up to 80 C 

[55]. The observed upper temperature for life is 122 C at 20 MPa [56].  Given 

reservoir temperatures vary from 25-200 C, temperature may not be used 

exclusively to distinguish between biogenic and thermogenic gas.  Instead 

stable isotope analysis to quantify 34S/32S ratios should be considered.  Lighter 

isotopes are preferentially processed through biogeochemical cycles over 

heavier isotopes, whereas no isotope fractionation results from abiotic 

processes.  Accordingly, biogenic H2S production results in enrichment in lighter 

32S relative to the heavier 34S fraction in the source sulfate [55], while 

thermogenic H2S routinely yields stable sulfur isotope ratios reflecting no 

enrichment or positive enrichment [57, 58].  Isotopic analysis has been used 

successfully in the past to discern biogenic and thermogenic H2S in conventional 

oil and gas reservoirs in China [59]. Similar studies with H2S in coal beds have 

shown that gas production from geologic means results in no enrichment and is 

nearly identical to the source rock isotope composition [60].  Implementation of 

stable isotope analysis would provide a more accurate depiction of subsurface 

biogeochemistry and may lead to substantial savings in production costs by 

eliminating unnecessary water treatment or microbial control strategies.  Isotopic 
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testing would enable the development of play specific microbial control practices 

versus the current one size fits all approach.   

2.1.2 Microbial communities in shale O&G reservoirs 

The source of the organisms in flowback and PW is poorly understood. 

Halophilic bacteria found in PW have also been found at lower levels in 

fracturing fluids [37, 38].  Furthermore, trucks delivering fresh injection water to 

well pads have typically carried PW in the past and are not sterile.   

Drilling muds 

Drilling mud has been observed to contain high concentrations of 

microbes that could be introduced into the reservoir during well development 

[39], but the potential impact is highly dependent on the make-up and ability of 

the drilling fluid to sustain microbial life [37]. Prior to the addition of drilling mud 

components, drilling water was found to harbor a high diversity of 

microorganisms; however, the addition of drilling mud from each of seven sites 

reduced phylum level diversity while simultaneously increasing 16S rRNA gene 

copy numbers [39]. The abundance of aerobic heterotrophs, acid producers, 

and sulfate reducers were all increased. Firmicutes saw a large percentage 

increase, from an average of 7% in drilling waters, to 55% in drilling muds. The 

combination of Firmicutes and Gammaproteobacteria represented 84 to 97% of 

all the sequences obtained in the drilling mud sets. Several of the lineages 
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detected in drilling mud were not detected in drilling waters, and included 

sequences affiliated with sulfate-reducing Deltaproteobacteria and strict 

thermophiles from the order/phyla Thermales, Thermodesulfobacteria, and 

Thermotogae. DNA analysis of synthetic drilling mud found that it was not a 

significant source of bacteria in produced water from the Marcellus play, 

highlighting that drilling fluids may be designed to mitigate microbial proliferation 

[37].   

Flowback and produced waters 

Microbial communities associated with shale oil and gas production have 

only been examined at a few sites in the Marcellus [37, 38, 61, 62], Barnett [35, 

39, 40], and Haynesville shale plays [63].  The most comprehensive study to 

date examined microbial community changes in a Marcellus shale gas operation 

over 187 days [37]. Source water, fracturing fluids, and day 1 PW possessed 

microbial communities composed mostly of aerobic species within the classes 

Alphaproteobacteria and Gammaproteobacteria.  Over the course of production 

the microbial community evolved towards phylotypes that were most similar to 

known anaerobic halophiles.  After 187 days, both diversity and abundance had 

greatly decreased and the community was almost entirely (>99%) composed of 

a Firmicutes phylotype similar to the endospore-forming Halanaerobium 

congolense. H. congolense is an anaerobic, moderately halophilic, thiosulfate- 

and sulfur-reducing bacterium, incapable of reducing sulfate, originally isolated 

from an off-shore oil field in Congo [64].  
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A separate study of microbial community changes in two Marcellus shale 

gas wells also reported the eventual predominance of Halanaerobium species 

[61].  Another study [35] also revealed enrichment of Halanaerobiales in the 

Barnett shale along with other members of the Firmicutes and Proteobacteria 

phyla. Analysis of flowback waters from two Barnett shale gas wells also 

reported that 75% and 98% of the sequences were affiliated with Firmicutes.[40]  

The emergence of phylotypes similar to known endospore-forming Firmicutes 

may suggest that environmental stress is selecting for a population that tolerates 

biocides and the dynamic aqueous geochemistry of hydraulic fracturing through 

sporulation.   

The presence of Acidobacterium species in one of three Haynesville 

shale wells tested is also worth note.  70% of PW sequences in one well were 

Acidobacterium indicating acid producing bacteria (APB) also thrive in shale 

plays .  While APB such as acetogenic and lactate-producing bacteria are 

known culprits of pipeline corrosion in traditional oil operations, their effect in 

shale is likely limited to fermentative hydrocarbon degradation within the play.  

Most gas wells contain three phase (gas/oil/water) separators at the wellhead 

which, if operating properly, would remove the majority of dissolved acid species 

and water before entering transportation pipelines.  Of the three wells tested, 

only one contained significant (11%) sequences of H. congolense.  This 

reinforces the need for further characterization of shale microbiology as variation 

is observed not only between different plays [37, 38, 61-63], but also locally 

within each play [63].   
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Overall, these studies demonstrated decreasing microbial abundance 

and diversity in PW with increasing time. The high reservoir temperatures, 

salinity, pressure and heavy metal and organic solvent concentrations 

apparently create strong selective pressure for poly-extremophiles [65, 66]. 

Population shifts occurred rapidly and were generally towards halophilic and 

thermophilic anaerobic classes. 

The decrease of both microbial diversity and abundance over time 

suggests the need for more targeted (selective) microbial control strategies.  In 

the long-term designing hydraulic fracturing fluids to select for a desired 

microbial community in produced water could be used to control unfavorable 

organisms. The intentional introduction of a halotolerant sulfide oxidizing 

microbe such as Sulfurimonas denitrificans, which has previously been found in 

traditional oil field brines also warrants investigation [67, 68].  

Impoundments  

Microbial communities present in flowback and PW water are introduced 

to impoundments where evolving biogeochemistry and microbiology is driven by 

the selected management strategy and treatment. For example, quiescent 

impoundments become stratified with anaerobic microbial processes occurring 

below the surface while aeration for control of sulfide production homogenizes 

the community with aerobic and phototrophic metabolisms [38].  Flowback 

from shale gas operations contains fracturing fluid additives and dissolved 

constituents from the shale formation including high levels of salts and metals. 
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Analysis of a single untreated impoundment was extremely similar in taxonomic 

distribution to pretreated and aerated impoundments, which did not vary 

substantially at different depths. Alphaproteobacteria has been shown to 

dominate at all depths in both pretreated and aerated impoundments (80–91%). 

Also observed was that mechanical aeration significantly reduced microbial 

diversity and kept concentrations of certain problematic bacteria, such as spore-

forming Clostridia and Deltaproteobacteria, below detection limits.[38] 

Conversely, Clostridia populations significantly increased at all depths in a 

biocide-amended impoundment, which also exhibited significant increases in 

Deltaproteobacteria at the middle and bottom depths. Archaea (all 

methanogens) were only detected in the middle and bottom depths of the 

biocide amended impoundment. Interestingly, the majority of sequences from 

the middle depth in the biocide amended impoundment were highly similar to H. 

congolense,[38] which was also identified in produced water from several 

Marcellus gas wells.[37, 61]  

2.1.3 Sulfidogen diversity 

Sulfate reducing bacteria (SRB) are considered to be the chief culprits 

responsible for microbial-influenced corrosion (MIC) and souring [69]. Common 

mesophilic sulfidogens causing detrimental effects include Desulfovibrio longus, 

Desulfovibrio vietnamensis, Desulfovibrio gabonensis [49], and 

Desulfomicrobium apsheronum [70]. However, it is becoming increasingly clear 
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that not all biogenic H2S production is due to SRB. Sulfidogenic taxa incapable 

of sulfate reduction, but able to utilize sulfur, thiosulfate, or sulfite, also 

contribute to souring [37, 64, 71].  This particular distinction is important 

because standard assays to test for the presence of SRB would overlook 

sulfidogenic taxa, like H. congolense, capable of producing H2S from other 

sulfur sources [72].  

In situ reservoir conditions are generally conducive to the growth of many 

different types of sulfidogens.  SRB and other sulfidogens exhibit a broad 

substrate range and grow on a wide range of carbon sources, such as sugars 

[73], amino acids [74], one-carbon compounds [75], aromatic hydrocarbons [76], 

alkenes [77] and long-chain alkanes [78].  However, most SRB cannot use 

polymeric organic compounds (e.g., starch and cellulose) directly [79], and 

normally require simple carbons. SRB using sulfate as a terminal electron 

acceptor may only require H2 as the sole energy substrate [79].  

2.1.4 Microbial Control  

Microbial control strategies in shale oil and gas production predominately 

consist of the addition of biocides to fracturing fluids during stimulation, biocide 

treatment of injection water during storage, and the use of continuous injection 

of biocide to the vertical portion of the wellbore during production.  Biocide 

injected down the vertical portion of the well during production likely does not 

travel to the much larger horizontal area of the well.  In addition, sampling along 
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the vertical portion of the well has shown significant bacterial counts , 

suggesting biocide resistance or ineffective biocide delivery.   

Detection and Identification 

Commonly used methods to detect microorganisms [71, 80, 81] include 

culture-based techniques, biochemical assays [82], cell activity assays [83, 84], 

genetic techniques and microscopy. A major disadvantage of culture-based 

techniques are that most microbes (>95%) are not culturable, which results in 

significant experimental bias [85] (Figure 2.2).  Current culturing procedures are 

performed in an aerobic environment, while shale reservoirs and shale microbes 

are anoxic or anaerobic, highlighting the need for the development of an anoxic 

laboratory testing procedure to prevent further biases.  Analysis of 16S rRNA 

genes has been utilized in the few papers specifically addressing shale reservoir 

microbiology [37, 38]. Most of these techniques, including real-time quantitative 

PCR and pyrosequencing are performed in a culture-independent manner and 

avoid artifacts associated with culture bias.  

Sampling techniques may also create bias.  Ideally, samples would be 

collected from within the reservoir using aseptic techniques, but this is rarely the 

case. Most samples are taken from production water at the well heads, 

separators, or storage tanks which can incur significant contamination bias. The 

freezing of samples immediately after sampling has been found to preserve 

microbial diversity while storage at room temperature hinders accurate 
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Figure 2.2.  Culture-dependent detection of sulfidogens.  Culture-dependent 
detection assays are often used to detect for the presence of sulfidogens.  
Colony counts are used to determine relative abundances. The vast majority of 
microbes (>95%) are not culturable resulting in significant experimental bias as 
well as a lack of detection of most sulfidogens present.  Culture-independent 
techniques such as pyrosequencing avoid these pitfalls.   

 

community analysis [86, 87]. Storage time for frozen samples does not appear 

to be particularly important [88, 89]; however, sample perturbation does appear 

to be detrimental [90, 91], which has implications for biofilm community analysis. 

Additionally, for DNA-based methods of detection and enumeration, differences 

in extraction efficiencies can have significant impacts on community analysis 

[87, 92]. 

Biocides commonly used for controlling microbial growth in oil and 

gas production 

Biocides are broadly categorized as either oxidizing or non-oxidizing [93], 

with non-oxidizing biocides being further classified as either electrophilic, lytic, or 

protonophoric (uncouplers), based on their mechanism of action [94]. Oxidants 

and electrophiles are reactive biocides that have multiple cellular targets, while 
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lytic and protonophoric biocides target cellular membranes with the purpose of 

dissipating the proton motive force so that the cell cannot harvest energy. Each 

particular biocide class has specific advantages and disadvantages.  In general, 

non-oxidizing biocides are more commonly used for shale reservoir microbial 

control than oxidizing biocides due to their higher stability and reduced reactivity 

with fracturing fluid components. They are also less likely to cause corrosion 

relative to oxidizing biocides. Oxidizing biocides are considered fast-kill, 

considerably more reactive, and less environmentally persistent. They are also 

less likely to have resistance developed to them and are effective against a 

wider spectrum of microorganisms. These characteristics make them more 

suitable for application in stored water systems [81, 93]. 

Factors affecting biocide efficacy 

Traditionally, biocide activity has been assessed using pure cultures of 

microorganisms in a planktonic state [95, 96].  However, it is now widely 

recognized that this method is not optimal for predicting biocide performance 

against sessile cells [97], which represent the far greater fraction of reservoir 

microbial populations. Therefore, the use of biofilm monitors in biocide 

assessment is almost standard practice. However, planktonic kill studies are still 

used by some in industry [41, 98].   

Another consideration is that standard minimum inhibitory concentration 

(MIC) tests, whether conducted using batch cultures or biofilms, test biocides 

only for their ability to inhibit growth and not for their potential to kill 
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microorganisms [96]. However, this concern can be resolved through the use of 

‘time-kill’ tests, which require periodic sampling and enumeration of viable cells 

[99].  Organic loading was found to increase the MIC of all but one biocide 

(DDAC) tested out of seven [100]. Geochemical conditions (e.g., pH, 

temperature and O2) also play a key role in biocide functionality [101]. One of 

the key factors affecting biocide efficacy is likely poor perfusion and distribution 

through the reservoir. Biocides are unlikely to reach dead pores or other areas 

not accessible to the injected fluids.  As well, current biocide application 

methods typically only deliver biocide to the vertical area of the well.  

Components of fracturing fluids as well as formation minerals may also influence 

biocide efficacy by reducing their availability or changing their properties. 

Therefore, it is recommended to check biocide compatibility with fracturing fluid 

additives [102].  In regard to the treatment of surface waters, it appears that 

biocide amendment is less effective than aeration to eradicate problematic 

anaerobes in impoundment water treatment, and sometimes biocide addition 

leads to orders of magnitude higher concentrations of bacteria [38].  

Microbial biocide-resistance mechanisms 

Microorganisms can achieve resistance to biocides in many ways: 1) 

acquisition of resistant genes from the surroundings: 2) spore formation; 3) 

biocide inactivation via enzyme catalysis; 4) biocide efflux; 5) modification of 

phospholipids affecting membrane permeabilization or gene expression 

changes affecting expression of catalytic transmembrane proteins; 6) biofilm 

and EPS growth [103, 104] (Figure 2.3). 
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2. Spore Formation
and Persister Cells  

1. Acquisition of 
Resistant Genes

6. Biofilm growth and 
EPS formation

5. Wall Composition
Modifications

4. Efflux of biocides

3. Biocide Inactivation
via Enyzme Catalysis

 

Figure 2.3.  Microbial defense mechanisms against biocides.  1.  Acquisition of 
resistant genes from surroundings. 2. Spore formation.  3. Biocide inactivation.   
4. Biocide efflux. 5. Modification of phospholipids affecting membrane 
permeabilization or gene expression changes affecting expression of 
transmembrane proteins.  6.  Biofilm and EPS growth. 

 

Numerous studies have demonstrated that biocide efficacy against a 

single species varies substantially over time, depending on the growth state of 

the population [100, 105, 106]. Biocides have also been found to vary 

seasonally in efficacy, with poorer performance during the summer months [41]. 

Therefore it may be worthwhile to increase impoundment biocide loading rates 

during warmer months. 

Once established within the reservoir, as in all natural environments, the 

vast majority of bacteria likely exist embedded in a biofilm or in micro-colonies 
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[107, 108].  The effect of biofilm formation on reservoir porosity and permeability 

is well known, and is a characteristic that is frequently harnessed by microbial 

enhanced oil recovery (MEOR) strategies [30, 109].  While the impact that 

biofilms may have on gas flow in shale reservoirs has not been empirically 

determined, mathematical models suggest that a biofilm pore volume of 10% 

would reduce gas flow by one-half [110].  

Biofilm formation is widely recognized as a major determinant of biocide 

resistance [100, 105, 111, 112]. Some biofilm-associated microbes have been 

found in laboratory studies to resist biocide concentrations approximately 10 to 

20-fold higher than that used to kill planktonic populations [100, 105, 113].  

Others have suggested biofilm resistance is increased up to 1000-fold under 

environmental conditions [114]. There may be several reasons for this, 

including: 1) higher cell densities; 2) the presence of persister cells (i.e., 

dormant cells that are resistant to biocides and other stressors); 3) reduced 

biocide diffusion; 4) low or no growth rates; and 5) sequestration of positively-

charged biocides by negatively-charged extracellular polymeric substances 

(EPS) [96, 100, 105, 112]. Biofilm heterogeneity also creates locally distinct 

microenvironments that may differentially affect biocide activity [105, 113, 115]. 

Therefore, not only is the MIC much higher for biocides tested against biofilms 

(relative to planktonic populations), but most mixed cultures (either planktonic or 

biofilms) also have higher MICs [100].  Further exacerbating the difficulties of 

treating biofilms are the presence of persister cells [112]. Persister cells have 

greatly reduced susceptibility to biocides, although they do not grow or 
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proliferate in their presence. Once the biocide is removed, persister cells may 

revert back to the non-persister phenotype to begin rapid proliferation and 

biofilm deposition, which may explain the decreased recovery time needed for 

biofilms after biocide exposure [116], especially when slug doses are utilized 

[117].  Biocide pulse dosing should be implemented in lieu of slug dosing to 

minimize enrichment of persister cells. 

 Although we found no reports concerning biocide rotation practices 

in oil and gas production, biocide rotation has been recommended to decrease 

the risk of resistance acquisition in hospital settings [118, 119], and for the 

control of Legionella in cooling towers [120, 121]. This particular strategy may 

therefore be relevant for controlling difficult-to-treat populations, such as 

persisters and spore-formers, in oil and gas production.  

Competitive exclusion and inhibition of problematic microorganisms 

The addition of nitrate as the electron acceptor to injection water may 

provide a thermodynamic competitive advantage to stimulate growth of 

denitrifying or nitrate-reducing, sulfide-oxidizing microbial populations that 

outcompete sulfidogens. In laboratory studies, adding nitrate as a terminal 

electron acceptor reduced sulfide production as well as sulfidogen abundance 

[122, 123]. In field studies, nitrate injection has seen mixed success [124-132] 

and its benefits at the field scale are not always observed [19]. 

Nitrite is an effective inhibitor of biogenic H2S production and SRB growth 

in model systems and some field studies [123, 133, 134].  All SRB use the 
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enzyme DsrAB for dissimilatory sulfite reduction, which binds and is inhibited by 

nitrite [133]. Nitrite amendment proved more effective than glutaraldehyde at 

inhibiting souring in one study, and SRB recovery was further delayed [135]. 

Additionally, it was determined that slug doses of nitrite were more effective than 

continual application and that much lower concentrations of nitrite than 

previously reported were inhibitory. Nitrite has also been utilized as an H2S 

scavenger. Importantly, in one field study oil production was found to 

immediately increase following nitrite treatment [130]. Moreover, this same study 

tested the efficacy of nitrite injection in a gas well that was producing 30 to 50 

ppm H2S. Sampling immediately after a 36-hour shut-in period detected no H2S 

and no culturable sulfidogens in the produced water. The effect appears to have 

been long lasting as well, with gas phase H2S remaining under 5 ppm for 7 

months and sulfidogens below detection for 3 months. However, some 

sulfidogens express high levels of NrfA, a cytochrome C nitrite reductase that 

facilitates resistance to nitrite inhibition up to millimolar concentrations. 

Alternative fracturing fluids may minimize microbial contamination 

 Much research has been devoted to the development of hydraulic 

fracturing base fluids that maximize well productivity and minimize operational 

issues.  Alternative base fracturing fluids considered to replace water include 

foam, oils, acids, alcohols, emulsions and cryogenic liquid gases such as N2, 

liquid petroleum gas (LPG), He, and CO2.  Here we will focus on one such 

technology, liquid (or supercritical) CO2.  Liquid CO2 is safer than LPG, oil-based 

fluids like diesel, and alcohols such as methanol.  Hydraulic fracturing using 
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liquid CO2 and sand for injection is accepted outside the United States, with over 

450 fracturing jobs completed in Canada by 1987 [136].  In the United States, 

the lack of CO2 supply infrastructure has been seen as the chief impediment to 

its wider use and acceptance.  Recently, General Electric and Statoil ASA 

announced a joint $10-billion venture aimed at using CO2 for fracturing 

stimulation.  Results of a study in eastern Kentucky sponsored by the National 

Energy and Technology (NETL) Laboratory showed that 5-year cumulative 

production rates of CO2/sand stimulated wells was 3 times greater than control 

wells fractured with liquid N2 or liquid N2/foam.  In the same study, production 

rates for CO2/sand stimulated wells did not decline as rapidly as control wells 

[137].  Liquid CO2 stimulation also maximizes fracturing conductivity [138], 

improving gas yields.  CO2 has a stronger adsorption capacity in shale than 

methane, and therefore can displace methane more easily than traditional 

fracturing fluids.  Given this high CO2 adsorption, shale reservoirs are able to 

sequester large amounts of CO2 for storage and therefore represent a viable 

carbon sequestration strategy [139].  

There are no published studies investigating how liquid CO2/sand 

stimulation affects reservoir microbiology.  However, exposing PW samples to 

increasing CO2 partial pressures has been shown to decrease both diversity and 

overall microbial counts [140].  Using liquid CO2 in lieu of water would prevent 

microorganisms from being injected into the well, prevent biofilm stimulation, 

and reduce any dormant spores or persister cells native to the formation from 

becoming active.  Most importantly, unlike acids, oils, alcohols and emulsions, 
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impoundment issues and water supply issues would be completely avoided.  

Finally, liquid CO2/sand injection mixtures eliminate the need for additional 

chemicals such as crosslinkers, acids and surfactants, thereby minimizing 

chemicals introduced into the subsurface.  Reservoir fracturing with CO2/sand 

stimulation may provide a superior means not only of microbial control, but also 

water management and supply, well productivity, along with a minimized 

environmental footprint.      
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2.2 Medical bioremediation of LF 

Perhaps the most complex biological system in the environment is the 

human body.  Like traditional environmental systems, the human body steadily 

accumulates waste over time.  One such waste is LF: a brown-yellow, 

autofluorescent polymeric material that accumulates in a ceroid manner within 

postmitotic cells during aging.    LF accumulation impairs proteosome and 

lysosome pathways critical to cell health and homeostasis.   LF accumulation 

has an inverse relationship with lifespan and is a well-documented hallmark of 

aging. [14, 141]  Many age-related disease states including Alzheimer’s,[142] 

Parkinson’s, [143] and age-related macular degeneration [144] show increased 

LF accumulation.  Some organisms accumulate LF in a nearly linear manner 

over time, and therefore their age is determined using methods that quantify LF 

levels [145, 146].   For these reasons, there is great interest to develop methods 

or therapeutics which would mitigate or reduce LF accumulation.  For the 

remainder of this chapter, we review the current understanding of LF 

composition and accumulation, limitations in previously published LF research, 

and strategies for developing therapies to clear LF. 

2.2.1   LF composition and accumulation 

Two primary theories have been proposed for LF formation:  the 

mitochondrial-lysosomal axis theory of aging and the protease inhibitor model of 
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aging [13, 147-149].   The former focuses on irreparable oxidative damage 

caused by oxygen-driven Fenton reactions associated with mitochondrial 

processes.  More specifically, oxygen consumed by cytochrome c oxidase 

during respiration is often transformed to free peroxide radicals, which if not 

neutralized, possess the ability to cause lipid peroxidation and other forms of 

oxidative stress which lead to LF formation.     The protease inhibitor model 

espouses inadequate lysosomal proteolysis as a cause of aging.  Both theories 

have significant merit and lend credence to the ‘garbage catastrophe’ theory of 

aging, which states that the buildup of recalcitrant nondegradable material within 

the cell eventually leads to cell senescence or inhibited function [150].   A third 

plausible explanation of LF generation came when Yamada et al. noted the 

presence of LF-like fluorophores on oxidized LDLr protein particles [151].  This 

observation is consistent with the suggestion that LF is often observed to 

accumulate in lysosomes, as LDLr particles are endocytosed and ultimately 

degraded in the lysosome.  

 Often it is stated  that LF is localized exclusively to the lysosome [148].  

This is erroneous, however, as LF-specific fluorescence is often observed 

outside of the lysosome as well (Figure 2.4). The prevalence of advanced 

glycation end products (AGEs) clearly illustrates oxidizing conditions can 

promote the formation of crosslinks and other hard to break bonds outside of the 

lysosome [152].  Additionally, free radicals are continually formed by the 

mitochondria as a byproduct of metabolism and well before mitophagy is 

initiated; therefore initial LF formation could start outside the lysosome.   
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Also, LF is believed to be largely composed of peroxidized lipid [153].  

The vast majority of lipid present in cells is immobilized in membranes.  Lipids, 

such as cholesterol, can flow between the plasma membrane, lysosome 

membrane and endoplasmic reticulum to maintain homeostasis.  Therefore, it is 

feasible peroxidized autofluorescent lipid from LF or another source, like LDL, 

may incorporate into other cellular structures serving as the source for LF-like 

autofluorescence throughout the cell, not just specifically the lysosome.    

 

Figure 2.4.  LF autofluorescence outside the lysosome.  Here Georgakopoulou 
et al. [154] show FITC imaging of LF in cells passaged 6 (left image) and 42 
times (center image), or subject to irradiation (right image).  Autofluorescence is 
diffuse and not limited to the lysosome.    

 

While LF buildup in aging postmitotic cells has been observed in multiple cell 

systems, it should be noted that it has never been investigated whether LF 

clearance from an aged organism will result in improved lifespan or healthspan.   

This is mostly because, until this thesis, only rapamycin had shown success to 

clear or reduce LF.   
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2.2.2   Limitations and challenges in LF research 

Given LF’s heterogeneous nature, extraction methods to identify which 

compounds comprise it have not yielded clear results.    Mostly, this is due to 

the large number of assumptions researchers must make to extract a 

heterogeneous compound of unknown composition and localization.  To date, 

methods typically utilize some form of lipid extraction, followed by 

ultracentrifugation on the organic and aqueous phases, often followed by further 

isolation of the fractions (i.e. 2-D gel electrophoresis for proteins) which 

fluoresce at a FITC or PE length wavelength, finally followed by mass 

spectrometry analysis.    Focused analysis on the LF proteome has shown the 

presence of a large number of proteins related to mitochondrial oxidative 

phosphorylation along with other cellular membrane proteins [155].  

Broad field fluorescent microscopy is an established qualitative approach 

to verify the presence of LF and lipopigment [13, 156].  However, the ability to 

draw definitive quantitative conclusions is limited.  Fluorescent microscopy 

images are complicated by the heterogeneous nature of LF accumulation from 

cell-to-cell, the tendency of cells to layer upon each other, as well as the 

washing out of signal during imaging.  Images taken at different exposure times 

are not quantitatively comparable [157].  Since it is unknown what compounds 

within LF cause autofluorescence, researchers sometimes image LF using 

multiple filter sets [158-161].  In general, the most common practice to measure 

LF uses a long pass emission filter with a minimum wavelength cutoff around 
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560-590 nm [156, 162].  Alternatively, a band pass filter in the 560-610 nm 

range is also commonly used [163].  Autofluorescent material imaged using filter 

sets below 550 nm are sometimes classified as lipopigment rather than LF [15];  

though, this distinction is by far not concrete given the unknown nature of LF as 

well as the ability of fluorophores to emit across multiple filter sets.  In general 

longer wavelengths are chosen to avoid “background” native fluorescence [13].  

All cells possess a certain degree of native fluorescence; due largely to natural 

LF as well as the presence of natural conjugated-double bond compounds like 

flavins and porphyrins.  Previously it was shown the only difference observed 

when using a FITC range band pass filter (540/40 nm) versus a TRITC (610/60) 

or a PE (585/42) is the overall strength of fluorescence.  No difference in 

fluorescent localization is observed between filter sets, and therefore some 

researchers make no distinguishment between LF and lipopigment.   The 

variation in LF levels seen between individual cells is typical of LF accumulation 

[160, 164, 165].  Such random stochastic variation is inherent and extrinsic to 

cell function.  Inherent processes include transcription rate, regulatory dynamics 

and genetic factors, while extrinsic processes arise from fluctuations in the 

amounts or states of other cellular components [166-168].  Combined, these 

processes promote heterogeneous gene expression between cells, which leads 

to differential LF accumulation. 

2.2.3   Strategies to reduce or mitigate LF accumulation 
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To date, only rapamycin has shown to reduce LF levels.  Rapamycin 

inhibits the mammalian target of rapamycin (mTor), which is considered to be a 

“master” cell regulator over many signaling processes.  mTor inhibition 

upregulates autophagy and lysosome biogenesis.  Upregulation of the 

lysosomal pathway is thought to promote exocytosis of LF.  The notion of 

utilizing exocytosis to remove LF is supported by Song et al., who showed that 

upregulation of transcription factor EB (TFEB), which is directly downstream of 

and regulated by mTor, leads to clearance of ceroid lipopigment in neuronal 

ceroid lipofuscinosis (NCL) cells [15].  The significance of exocytosis lies in its 

ability to reduce already accumulated LF. 

An alternative therapeutic approach would be to mitigate or slow LF 

accumulation.  Given LF’s association with peroxidation and mitochondrial 

metabolic processes, small molecules which control or help maintain a favorable 

cellular redox potential may prove efficacious.  More specifically, redox potential 

and the generation of reactive oxygen species (ROS) are directly tied to 

mitochondrial metabolism.  Indeed, the addition of nicotinamide (NAM) and 

other NAD+ precursors have been shown to reduce cellular ROS generation 

[169, 170].  Reduction of ROS should lead to slower accumulation of LF. 

Finally, LF-like fluorescence has been observed with oxidized LDL 

protein.  Until now, no further studies have verified a link between LDL and LF.  

In theory, an association would be highly sensible for many reasons.  LF is 

noted to consist of peroxidized lipid.  LDL transports lipid which eventually 

makes its way to the lysosome; a highly oxidizing environment capable of 
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peroxidation.  LF is often localized in the lysosome, and therefore any 

peroxidized and possibly autofluorescent lipid LDL is carrying may be released 

and then incorporated into the lysosome membrane explaining this localization.     

Chapter 5 explores the link between LDL and LF in more detail.   

2.2.4   HPβCD as a medical bioremediation and anti-aging therapeutic 

The scientific evidence for HPβCD as a potential medical bioremediation 

and anti-aging drug is substantial.  HPβCD has been shown to be effective at 

removing beta-amyloid (Aβ) and improving the clinical symptoms of Alzheimer’s 

disease in mice [5].   This mouse study also noted that non-diseased mice seem 

to show improvement in memory when treated with HPβCD compared to 

placebo. Cell culture studies support the mouse Aβ findings [18].  Numerous 

studies show HPβCD to be effective in the treatment of Niemann-Pick 

disease[4, 10, 11] and neuronal ceroid lipofuscinosis [15];  both of which are 

lysosomal storage diseases which usually result in death before or during the 

teenage years.  HPβCD is also an effective treatment for age-related macular 

degeneration [3].  Specifically, topical application of HPβCD as eye drops 

causes significant reduction in both Aβ and inflammation, as well as improved 

visual and retinal function in aged mice [12].  Cyclodextrins (CDs) are frequently 

used by the research community as a method to extract cellular cholesterol 

[171].  Oral administration of α-cyclodextrin in mice causes significant reductions 

in plasma cholesterol, free cholesterol, cholesterol esters and leads to improved 
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lipid profiles.  Proatherogenic lipoproteins and trans-fatty acids levels are 

lowered along with the ratio of saturated and trans-fatty acids to polyunsaturated 

fatty acids [172].  CD when administered via diet is known to have a higher 

binding affinity for saturated fats, trans-dietary fats and oxysterols compared to 

unsaturated fats [172].  Therefore, supplementing a Western diet with HPβCD 

will mitigate entry of unwanted dietary compounds into the bloodstream.  Oral 

delivery studies in healthy non-obese humans report similar findings [173], 

strongly suggesting the viability of cyclodextrin as a dietary supplement to 

reduce cardiovascular disease. NIH clinical trials are currently in progress 

evaluating HPβCD for the treatment of Niemann-Pick (NCT02534844).   As well, 

a clinical trial evaluating α-CD’s efficacy in reducing serum cholesterol levels 

was recently completed (NCT00682916).   

HPβCD’s efficacy in many illnesses has been attributed to its ability to 

bind and extract cholesterol from the plasma membrane [174].  As well, HPβCD 

has been shown to also be effective when cellular entry is through endocytosis.   

After endocytosis, HPβCD has been shown to enhance cholesterol transport 

across the limiting membrane of the lysosome [4].   Finally, HPβCD has been 

shown to have a higher binding affinity for toxic oxysterols, such as 7-

ketocholesterol, relative to cholesterol [175].  The link between oxysterols and 

atherosclerosis is well established.   HPβCD not only physically removes 

cholesterol and oxysterols [175], but also promotes efflux.  Inhibition of 

cholesterol efflux in mice has been shown to expedite the aging process, while 

upregulation of efflux reverses it [176].    
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Overall, HPβCD has two separate mechanisms, one on the cellular level 

and the other dietary, which are beneficial to human health and could serve to 

increase healthspan.  The multitude of successful animal studies suggest a 

common CD-specific mechanism effective across many age-related conditions.  

In the United States, HPβCD is approved and used both orally (antifungal 

Itraconazole) and intravenously (anticancer Mitomycin) to improve drug delivery.  

There is a significant volume of safety, toxicology, metabolism and 

pharmacokinetic studies available on HPβCD as well as all CDs [177-181].  

HPβCD is generally recognized as safe (FDA GRAS classification), particularly 

when dosed orally [180].     
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Chapter 3– Biogenic versus 

Thermogenic H2S Source 

Determination in Bakken Wells: 

Considerations for Biocide Application 

3.1 Introduction 

In the shale gas industry, significant financial, environmental and energy 

burdens are associated with removing hydrogen sulfide (H2S) from production 

wells and associated pipelines.  Oil and gas companies typically pay a penalty 

when selling sour gas (defined as having H2S concentration above 4 ppm) , due 

to safety and corrosion risks to downstream processors and handlers [50].  To 

mitigate these costs and safety risks, operators install H2S bubble towers at the 

wellhead which scavenge and reduce H2S levels.  Additionally, biocides are 

commonly added to eradicate H2S-producing microbes before the injection 

water is pumped into the subsurface, where conditions often favor halotolerant 

sulfidogens [37, 62].    

Using the Bakken oil play as a testbed, we investigated whether H2S is 

microbial in origin or from abiotic processes related to local geochemistry.  

Whereas some microbiology studies have been conducted for unconventional 
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shale plays across North America [37, 38, 40, 62, 182-189], including one on 

Bakken hydrocarbon microbiology [188], the source of H2S is generally 

unknown.  Within the published literature, a variety of sample collection, 

preparation and analysis procedures are used, which complicates data 

interpretation [190]. Furthermore, the types and abundance of bacteria within 

producing oil and gas wells is transient [37, 62], and rarely are wells sampled at 

similar time points.  Most studies report the presence of bacteria in produced 

water [37, 40, 62, 63, 182, 187, 188], although a number of studies have found 

little to no bacteria present [183-185].  Of those studies which found bacteria,  

the Marcellus shale formation shows an eventual dominance by halotolerant 

sulfidogenic organisms [37, 62], while other shale plays seem to exhibit highly 

diverse microbial consortia [39, 40, 63, 182, 187, 188].     

H2S gas may also arise from geochemical sources [191], and has been 

shown to originate from the interaction of hydrocarbons with sulfur-bearing 

minerals such as anhydrite (CaSO4), at 284°F [192], via the following reaction: 

CaSO4 + CH4(g)                CaCO3 + H2S(g) + H2O 

The Khuff shale formation (Abu Dhabi), the Zhongba gas fields (Sichuan 

Basin, China), the Western Canada basin and the Bighorn Basin (Wyoming) are 

examples where the interaction of hydrocarbons and sulfur-containing minerals 

in the appropriate thermal and geochemical settings result in significant H2S 

generation via thermochemical sulfate reduction [192-194].  In some instances, 

thermogenic H2S comprises over 50% total by mass of the gas well effluent 
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stream composition [59].   H2S production proceeds spontaneously as written 

above, with equilibrium strongly favoring products.  However, physical contact of 

methane and hydrocarbons with anhydrite as well as anhydrite dissolution rate 

may limit the extent of reaction.   

Development of methods to discern the source of H2S is critical, given 

that 40% of the world’s proven gas reserves are sour [52].  If H2S is from abiotic 

processes, then biocide addition strictly to control H2S is not warranted.  The 

ramifications of this are significant.  Biocide elimination would offer significant 

savings to shale gas companies [195].  Eliminating biocide injection in cases of 

thermogenic H2S would also result in a smaller overall environmental footprint: 

lessening the production and consumption of reagents, as well as their 

introduction into the environment, where exposure of microbes to sublethal 

biocide concentrations has been shown to increase the development of biocide 

resistance [196-198].  In this chapter, we use a combination of sulfur isotope 

analysis, downhole temperature mapping, and microbial isolation to show H2S in 

Bakken wells is of geochemical origins.  We then provide core sample analysis 

and discussion concerning possible geological sources of H2S generation.     

3.2 Experimental 

Produced water (PW) was collected from 8 wells (2 nonsour, 6 sour) in 

Mountrail County, ND.  All wells had been in operation and producing for >100 

days.  Biocide was added to injection water just before hydraulic fracturing for 
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each well studied.  No further biocide addition or microbial control practices 

occurred after fracturing of any well included in this study.  PW samples were 

collected at the wellhead, before the 3-phase separator.  Samples were 

collected in 2L polypropylene bottles and filled without headspace to prevent 

oxygen intrusion.  Bottles were immediately placed on ice and held at 4°C 

during overnight shipping.  Upon arrival in lab, PW samples were passed 

through a separatory funnel to separate the oil layer from the aqueous portion.  

The remaining PW was then filtered through a 0.2 µm filter to capture all 

biomass and sediment.  Water chemistry analysis of the filter effluent was 

performed by Precision Analysis (Riverton, WY) following EPA guidelines.  

Filters were frozen at -80°C until further processing.  250 mg of biomass from 

each filter was scraped and DNA was isolated using a MoBio PowerSoil DNA 

extraction kit.  Isolated DNA was quantified using a Nanodrop 

spectrophotometer.  For wells where low concentrations (< 3 ng/µl) of DNA or 

low quality DNA (A260/280 < 1.8) was observed after initial extraction, a Zymo 

Research DNA Clean and Concentrator kit was utilized.  In all such cases, total 

DNA yield post-clean and concentrate was still significantly below (< 4 ng/µl, 

<20 ng DNA total)  the nominal concentration and total DNA amount (20 ng/µl, 

400 ng DNA total) for Illumina© analysis.  As well, A260/280 ratios were uniformly 

low (A260/280 < 1.2) suggesting poor quality DNA.  A positive control soil sample 

run in parallel with well samples yielded significant DNA of high quality (92.1 

ng/µl, 4,600 ng DNA total, A260/280 = 1.83).  When no DNA was found using the 

above methods, a second sample of PW from Well #1 was sampled as 
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described above and overnighted to Rice University.  500 mL of unfiltered PW 

from Well #1 was centrifuged at 6000 x g for 30 minutes to pellet any sediment 

and possible biomass.  250 mg of this pellet was utilized to repeat the MoBio 

PowerSoil DNA extraction.   Light microscopy of unfiltered PW from Well #1 was 

performed using an oil-immersion lens at 1000-fold magnification.    

To perform 34Sδ isotopic analysis, downstream dry gas was collected after 

the 3-phase separator and passed through an IsoTrap©, which precipitates H2S 

gas.  IsoTrap columns were then shipped to IsoTech Laboratories (Champaign, 

IL) for 34Sδ isotopic analysis by isotopic-ratio mass spectroscopy (IR-MS).  As a 

positive control for isotopic analysis, Desulfovibrio vulgaris was grown in 500 mL 

anaerobic Wheaton vials, repeated in triplicate.  Produced gas was collected via 

syringe and bubbled through a 1M zinc acetate solution to precipitate out sulfide 

as zinc sulfide.  Zinc sulfide was sent for IR-MS 34Sδ isotopic analysis.  The 

average positive control 34Sδ value was  -14‰ with a standard deviation of 

0.7‰. 

An updated Bakken Formation temperature map was created using 

Fourier’s Law of Heat Conduction (Eqn 1).    

Tn = To + Q (Z1 / λ1  +  Z2 / λ2  +  …  Zn / λn) 

Average surface temperature (To), conductive heat flow (Q), unit 

thickness (Z), and unit thermal conductivity values (λ) were used to calculate 

Bakken Formation temperatures (Tn) throughout the Williston Basin as 

previously described.[199] The average surface temperature calculated was 
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4.44 °C (40 °F), utilizing publically available temperature data (nyears > 100) 

recorded at the Sloulin Field weather station in Williston, N.D. Updated heat flow 

values (W/m2) were obtained from Mark McDonald of the North Dakota 

Geological Survey.[200]  Williston Basin stratigraphy was divided into eighteen 

successive units from the earth’s surface to the top of the Nisku Formation 

based on variable thermal conductivity values (Appendix – Figure 1A). Each unit 

thickness (m) was determined using in-house well log formation top picks, as 

well as picks available by the North Dakota Industrial Commission (NDIC) [201]. 

Thermal conductivity values (W/m×K) were assigned using previously published 

data [202].  Several thousand wells basin-wide in North Dakota were utilized in 

making unit top picks from well logs. Well logs obtained from the NDIC as well 

as industry sources were utilized for improved coverage.  Temperatures were 

then calculated for each unit and isopach maps were then created. These 

temperatures were then imported into the geological analysis software, Petra©, 

and a contour grid was created using minimum curvature to produce an updated 

Bakken Formation temperature map (Figure 3.1).  Figure 3.1 data was compiled 

and created by Drew Davis (Texas A&M) 

3.3 Results and Discussion 

Downhole reservoir temperatures are not conducive to microbial life 

The upper known temperature limit of microbial life is 122°C (252°F) [56], 

and that for sulfidogenic metabolism is 120°C (248°F) [203].  
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Thermogenic/geochemical production of H2S is insignificant below temperatures 

of 100°C (212°F) [55, 204].  Although not a definitive cutoff, temperature may be 

utilized to indicate whether microbes are likely present downhole.  An improved 

temperature map (Figure 3.1), which 

 

 

Figure 3.1.  Bakken Downhole Temperature Map.  Solid dark line represents 

North Dakota / Montana border.   
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corrects for the cooling effects of mud in the borehole environment during 

drilling, was created for the Williston Basin of North Dakota.  Previously 

published maps utilized uncorrected tool-recorded temperatures which led to 

cooler calculated temperatures than true formation temperature.  Seven of the 

eight wells studied equal or exceed the upper known limit of microbial life (Table 

3.1).   

 

Table 3.1:  Summary of Test Wells and Results.  H2S concentration, sulfur 
isotope ratio and calculated downhole temperature (based on Figure 1) for each 
well.   

Well ID Sour H2S Level 
34S
δ ‰ 

Temperature 
Isotherm (°F) 

Well  #1 N 0 ppm N/A 270-280 

Well #2 N 0 ppm N/A 280-290 

Well #3 Y 90,000 ppm N/A (safety) 240-250 

Well #4 Y 600 ppm 5.4, 4.4 250-260 

Well #5 Y 98 ppm 7 250-260 

Well #6 Y 105 ppm 7.9 280-290 

Well #7 Y 50 ppm 9.8 280-290 

Well #8 Y 30 ppm 9.6 270-280 

 

 

Sulfur isotope analysis indicates thermogenic H2S 

Next, isotopic analysis of sulfur isolated from H2S was performed to 

determine whether H2S gas is microbial or thermogenic in origin.  Well #3 was 

not tested out of safety concerns due to high H2S levels.  Well #4 was sampled 

twice to determine assay reliability.  All wells yielded positive 34Sδ values 
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between 4.4 – 9.8‰ (Table 3.1).  In general, 34Sδ values ≥10‰ are considered 

solely thermogenic while values between 0 - 10‰ are mixed, but still containing 

H2S from predominantly thermogenic origins  [63].   A predominantly biogenic 

well would yield 34Sδ values <0‰.  The observed 34Sδ values are consistent with 

the downhole temperature mapping implication of geochemical H2S.     

Microbes were not detected in produced water 

Produced water samples were taken from all 8 wells and filtered as 

described earlier with the original intent on submitting DNA for Illumina© 

analysis.  All 8 wells yielded no measurable or negligible amounts of DNA (in 

Figure 3.2).  As a further check,  

 

Figure 3.2.  DNA extraction of Bakken wells.  A positive control was run using 
250 mg of soil from Rice University.  The positive control yielded 92.1 ng/uL of 
measurable DNA of high purity (260/230 ratio ~ 2.1) and quality (260/280 ratio ~ 
1.8), while all filter samples from wells returned no significant (between 0 - 3 
ng/µL) quantities of DNA as well as poor 260/230 and 260/280 ratios.  Dashed 
line represents minimal nominal concentration for Illumina© analysis. 

 

an additional PW sample for Well #1 was taken and analyzed using an 

alternative prep method [37].  Again, no DNA was observed.  Finally, a small 
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aliquot of PW from Well #1 was observed at 1000X magnification with light 

microscopy and again, no microbes were observed.   

Water Chemistry 

Total dissolved solids and main ions concentrations for all 8 wells are 

relatively high (i.e., 291,403±19,580 mg/L for TDS, 81,325±3,917 mg/L Na+ and 

185,025±124,00 mg/L for Cl-; Figure 3.3).  These TDS concentrations are 

significantly higher than for other shale studies reporting active microorganisms 

[37, 62, 187, 205]. A recent analysis of Marcellus PW which exhibited similarly 

high TDS values as in our study, also found insignificant levels of microbial DNA 

for community analysis and significantly reduced levels of culturable 

bacteria.[183]  Such high salt concentrations (8- to 9-fold the salinity of 

seawater) are known to exert osmotic stress and hinder microbial growth [37, 

206].  Free sulfate (SO4
2-) PW concentrations measured ≤0.1% of the TDS, and 

no correlation with H2S levels was observed.   
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Figure 3.3.  Bakken well selected water chemistry.  All values are in mg/L 

unless otherwise noted in table.   

  



  

52 
 

Geological Considerations 

Pyrite (FeS2) and anhydrite (CaSO4) are both sulfur bearing minerals 

present in the Bakken Petroleum system. Either mineral could be the underlying 

geochemical source initiating the H2S generation. To quantify the presence of 

the two minerals, mineralogical core analysis was performed for the Bakken and 

entire Three Forks formation one mile west of sour wells #6 and #7. Figure 3.4 

provides a model of this cored well drawn to scale based on petrophysical logs. 

Pyrite is found abundantly within the Bakken Shales that bracket the 

Middle Bakken Formation [207-209] and in lesser amounts within the Middle 

Bakken and Three Forks formations. However, previous work has demonstrated 

that pyrite oxidation reactions are not thermodynamically feasible at Bakken 

reservoir conditions [210]. Interestingly, anhydrite was also found in significant 

amounts (1-4 vertical feet) in the 3rd bench of the Three Forks Formation 

(Figure 3.5). Direct reaction of anhydrite with methane or other hydrocarbons to 

form H2S has been observed in carbonate oil reservoirs [192, 211]. Additionally, 

modeling studies which utilized Bakken reservoir conditions as input parameters 

have shown H2S production from anhydrite reacting with hydrocarbons is 

thermodynamically feasible at temperatures ranging from 230°F to 284°F 

(110°C to 140°C) [210].   

Pre-existing natural fractures in the middle Bakken [212-214], lower 

Bakken [212, 214] and Three Forks formations [208, 212] may provide a fracture 

network allowing reactions to take place and movement of the H2S into the  
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Figure 3.4.  Formation thicknesses of the cored well proximal to sour wells in 
Mountrail County drawn to scale. The gamma ray profile is included for 
reference. For this well, a hydraulic fracture would have to extend roughly 100-
150 feet below to reach the anhydrites present in the third bench of the Three 
Forks formation. The yellow fracture illustrates this distance.  A hypothetical 
natural fracture network connecting the cored well to the anhydrite within the 
Three Forks formation is shown as small black fracture lines. 
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Figure 3.5.  Three Forks Formation Characterization.  A.  X-ray diffraction 
analysis of region located < 300 ft below typical horizontal drilling and within the 
theoretical vertical fracturing zone.  High anhydrite areas are marked as 1 and 2.  
Region 1 lies < 150 ft from horizontal drilling.  B.  Core sample taken from region 
1 (10,767’ – 10,783.5’ drilling depth).  Each vertical slice represents 3 vertical 
feet of formation.  Anhydrite nodules are white or gray.  Brown areas are 
dolomite with iron.   

 

reservoirs. Alternatively, H2S gas could follow flow paths created by the 

hydraulic fracturing process.  Current drilling is typically performed in the Middle 

Bakken and the upper Three Forks formations. Vertical separation between the 

3rd bench anhydrite layer and typical Three Forks formation horizontal drilling 

depths is approximately ~150 feet. Recent models demonstrate vertical fracture 

heights in the Bakken typically range from 100’ – 200’, and in rare instances 



  

55 
 

may reach 400’ pending the completions technique utilized [215].  Based on 

distance, this precludes the Mission Canyon formation, which is known to harbor 

sulfur-containing ores [216], from being a source of H2S gas.  The anhydrite, 

however, lies within or slightly outside the expected downward propagating 

fracture lengths offering a possible explanation of observed H2S contamination.  

Further studies comparing the isotopic signature of sour gas with core anhydrite 

from the same well will be useful in establishing a possible causative link 

between anhydrite and Bakken reservoir souring.        
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Chapter 4– A rapid platform to generate 

LF and screen therapeutic drugs for 

efficacy in LF removal 

4.1 Introduction 

The vast majority of published LF generation methods only take one 

theory (mitochondrial-lysosomal axis theory of aging or the protease inhibitor 

model of aging) into account [147, 162, 217-220]. In fact, to our knowledge only 

one published LF generation protocol to date successfully takes into account 

both theories by exposing cells to leupeptin (a protease inhibitor) and growing 

the cells in a 40% oxygen hyperoxic chamber [7].   Not surprisingly, this method 

produces a much greater amount of LF associated autofluorescence in a shorter 

time than other published methods which only utilize one of the two aging 

theories.  In this chapter, we simplify this method by eliminating the need for a 

40% oxygen chamber and replacing it with simpler wet chemistry more 

commonly available to all labs.  Specifically, we use leupeptin to inhibit 

degradation pathways within the lysosome, and FeCl3 and H2O2 to create 

oxidizing conditions through Fenton chemistry.  Ultimately, this method 
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generates significant LF in a much shorter time (4-10 days) than previous 

approaches (2 -4 weeks) [221].    

4.2 Experimental 

The procedure is written for 12-well cell culture plates using human skin 

fibroblasts.  Concentrations were optimized to achieve maximal LF loading and 

minimal cell death for a particular cell line and type (Coriell # GM00498).  

Raising the concentration of any ingredient in Table 4.1 may result in cell death.  

Conversely, lowering the concentration will decrease LF loading.  Each cell type 

has a unique tolerance to oxidative stress and protease inhibition.  Therefore, 

the final concentrations of leupeptin, iron (III) chloride and hydrogen peroxide 

used to generate LF may need adjusted if a different cell type is used.   

Materials 

- 5 mg Leupeptin hemisulfate (Amresco) 

- Iron (III) chloride (Sigma) 

- 30% Hydrogen Peroxide solution (BDH) 

- Molecular Grade Water (G-Biosciences) 

- Sterile 2 mL microcentrifuge tubes (VWR) 

- Viable human skin fibroblasts (Coriell Catalog # GM00498) 

- TrypLE Express (Life Technologies) 

- Phosphate Buffered Saline with Calcium and Magnesium (Lonza) 

- Phosphate Buffered Saline without Calcium and Magnesium (Lonza) 

- EMEM  with EBSS and without L-glutamine (Lonza) 

- Fetal Bovine Serum (FBS) (HyClone) 
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- Glutamax (Life Technologies) 

- Tissue culture treated 12-well plates (Corning) 

- 5 mL polystyrene round-bottom tubes (BD Falcon) 

 

Equipment 

 

- Microcentrifuge  

- Pipette (P1000) and tips 

- Flow Cytometer (FACS Canto II, BD Biosciences) 

 

Table 4.1.  Recipe for LF Generating Media 

Reagent to Add Volume ( L) to add per mL Final concentration ( M) 

1 mM Leupeptin 40 40 

7.5 mM Iron (III) Chloride 6 45 

1 mM Hydrogen Peroxide 10 10 

Cell Culture Media (Step 4) 944 N/A 

 

Stock Solution Preparation 

Prepare the following solutions.  Leupeptin and cell culture media should 

be stored at 4 C and can used throughout the experiment.  Iron (III) chloride and 

hydrogen peroxide solutions should be prepared fresh each time either solution 

is needed.    

 

1. Leupeptin stock solution – dissolve 5 mg of leupeptin hemisulfate in 

10.13 mL of molecular grade water to make a 1 mM stock solution. 



  

59 
 

2. Iron (III) chloride solution – dissolve 30.41 mg of FeCl3 in 25 mL of 

molecular grade water to make a 7.5 mM stock solution. 

3. Hydrogen peroxide solution – dissolve 2.84 L of 30% H2O2 in 25 mL of 

molecular grade water to make a 1 mM stock solution. 

4. Cell culture media -  EMEM, 10% FBS, 1X Glutamax with the optional 

addition of antibiotics and antifungal reagents to ensure sterility.  

Procedure  

Part I (12-well plate design) 

Four test conditions are utilized, each performed in triplicate.  A 

description of each test condition and recommended plate layout is given in 

Figure 4.1.   

Part II (creating LF loaded fibroblasts) 

5. The stock solutions prepared in Steps 1-3 are added to cell culture as 

shown in Table 4.1.  Always ensure the culture media and appropriate 

volumes of stock solution are well-mixed before addition to cells.   
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Figure 4.1.  Recommended 12-well plate layout and graphical illustration of 
treatment scheme over 10 day experiment.  NC is negative control.  PC is 
positive control. 

 

6. Once cells have been plated evenly and all wells are nearing confluence 

(~ >90%) LF generation may commence.  It is important to commence 

LFgeneration before confluence is reached because exposing cells to 

oxidizing conditions keeps cell layering at a minimum and helps ensure 

homogeneous cell exposure to oxidants and leupeptin.  Add 1 mL of 

traditional cell culture media (Step 4) to all wells in plate columns 1 and 2.   

Add 1 mL of media, prepared using Table 4.1, to all wells in plate 

columns 3 and 4.    
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7. Replace media every 48 hours.  Each time prepare a new media solution 

per Table 1 using the stock solutions created in Steps 1-3.  With each 

media change wash cells with phosphate buffered saline (with calcium 

and magnesium) to eliminate any residual waste products. 

8. On the beginning of day 6 add the drug of interest at the desired 

concentration to all wells in columns 2 and 4.  Be sure to add the drug 

after every 48 hour media change to ensure cells in columns 2 and 4 are 

continuously exposed to the drug from days 6 through 10.   

9. Continue replacing media and drug on a 48 hour schedule as described 

in steps 6 - 8.     

10.   On the end of day 10 prepare the cells for flow cytometry analysis. 

Part III (Flow Cytometry) 

11.   Pre-warm sufficient volumes of TrypLE Express and PBS (without 

calcium or magnesium) for 10 minutes prior to use 

12.   Trypsinize cells by adding 400 L to each well in a 12-well plate 

13.   Incubate cells for 3-5 minutes with brief manual agitation to promote cell 

detachment 

14.   For each individual well from a 12-well plate, transfer cells to a 2 ml 

centrifuge tube and dilute with 1.6 mL of pre-warmed PBS (from Step 11).   
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15. Centrifuge cells at 500 g’s for 5 minutes.   Remove supernatant, gently 

resuspend cells in 1.5 mL of pre-warmed PBS (from Step 8) and spin 

cells a second time at 500 × g for 5 minutes.   

16.   Remove PBS and resuspend cells in 500-750 L of PBS (from Step 8) 

17.   Transfer suspending cells to a 5 mL polystyrene round-bottom tubes 

(i.e. flow cytometer test tube.

18.   Measure autofluorescence intensity.  For LF quantification, a 585/42 nm 

PE band pass filter is used.  In general, for LF quantification, any filter 

which measures above 560 nm should be considered sufficient.  Gating 

may be applied strictly to prevent analysis of dead or fragmented cells. 

4.3 Method Validation  

Figure 4.2 clearly shows PC samples (Figure 4.2B) with greater LF 

loading than NC samples (Figure 4.2A).         

Figure 4.2.  Visualization of LF.  200X fluorescent microscopy images of human 
skin fibroblasts cultured as described in this protocol.  A) NC cells with natural LF 
(imaged with a FITC 540/40 filter).   B) PC cells.   C) PC cells (imaged with a 
TRITC 610/60 filter).  Images taken on day 7 of a 10 day experiment.  
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Confocal microscopy is a useful tool for verifying that autofluorescence is 

located within small circular puncta, possibly the lysosomes, of cells (Figure 4.3).  

Confocal images were obtained using an Olympus IX81 microscope under fixed 

voltage and saturation.  Images are reported without changing intensity or 

contrast.   

Figure 4.3.  400X Confocal fluorescent microscopy image of LF.  A) Highlighted 
area shows  autofluorescent material located within small circular puncta, which 
are indicative of localization to the lysosome.  Images show a A) PC sample and 
B) NC sample after 7 days of LF generation.  Minimal autofluorescence is seen in 
the NC control sample. 

 

Flow cytometry is a useful high throughput means to quantitatively 

compare and characterize LF.  Precise autofluorescence values of thousands of 

individual cells are measured allowing one to compare population shifts in LF 

content (Figure 4.4).  Statistical analysis of results obtained for the screening of 

HPβCD is shown in Table 4.2.  In this example, continuous treatment of HPβCD 

from days 6 – 10 as described in this protocol reduced FITC-associated 

autofluorescence by 33% and PE-associated autofluorescence by 27% (p-value 

= 0.00001).      
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Table 4.2.  Compiled results for efficacy of sample drug HPβCD.  Highlighted 
results show a 27% reduction in LF-associated autofluorescence when HPβCD is 
added from days 6-10.  p-value < 0.001 for both FITC and PE filter sets.  Both 
FITC and PE readings are provided and displayed as (FITC/PE). 

 

 
Sample 1 Sample 2 Sample 3 FITC/PE average Std. Deviation 

NC 2660/2228 2830/2103 2734/2071 2741/2134 85/83 

NC + drug 2564/2211 2638/2141 2647/2121 2616/2158 46/47 

PC 8933/6871 9308/6548 8875/6347 9039/6589 235/264 

PC + drug 6453/5110 5982/4763 5809/4626 6081/4833 333/249 

 

 

 

 

Figure 4.4.  Representative flow cytometry population shifts upon HPβCD 
addition.  Visualization of population shift in size distribution (A and B) and PE 
fluorescence (C and D) between NC (A and C) samples PC samples (B and D).   
N > 15,000 cells for both populations. 
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4.4 Discussion of Method 

An important consideration when choosing this platform is determining 

whether cross-reactivity exists between the drug being screened and the 

chemicals being used to generate LF.   Previous studies have demonstrated that 

protecting cells from oxidizing conditions slows accumulation of LF [222]. 

Therefore, if the drug under evaluation neutralizes ferric iron, leupeptin or 

peroxide before they enter the cell, the assay could yield a false positive. 

Specifically, rather than removing LF from within the cell or promoting its 

removal, the drug would merely prevent further buildup of LF on days 6 – 10 by 

attenuating the oxidizing conditions.  Therefore, for each successful drug 

candidate screened, further experiments may be necessary to elucidate the 

mode of action and ensure that interaction of the oxidants and leupeptin with the 

test drug is negligible.  In most cases, a mixing study incubating the drug of 

interest with the 40 µM leupeptin, 45 µM FeCl3 and 10 µM H2O2 solution for a set 

time period, followed by mass spectrometry analysis of the drug to assess any 

chemical changes, will be sufficient.  However, the protocols for such 

experiments are unique to each individual test drug and therefore outside the 

scope of this thesis. 
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Chapter 5 – Medical Bioremediation of 

LF using HPβCD 

5.1 Introduction 

The sterol binding compound, HPβCD, has shown promise in animal 

studies for treating Alzheimer’s disease, Niemann-Pick disease (NPC), age-

related macular degeneration, and atherosclerosis [2-6].  However, HPβCD’s 

mode of action remains elusive, and the scientific community is divided into two 

main camps: (1) those who hypothesize that HPβCD nonspecifically binds and 

liberates cholesterol and oxysterols, thus shifting overall cellular cholesterol 

equilibrium away from the cell, and (2) those who postulate that HPβCD 

transports sequestered cholesterol from the lysosome to the cytosol like the 

NPC1 and NPC2 proteins [223].  

Recognizing that the above age-related disorders have well established 

links to cholesterol processing and membrane biology [224], here we investigate 

whether HPβCD could also be an effective therapeutic to remove the aging 

biomarker LF (LF).  LF is observed in each of the above diseases [142, 143, 151, 

225, 226], often in cells with perturbed cholesterol homeostasis [227].  LF 
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clearance by HPβCD would further validate HPβCD’s therapeutic potential as 

well as provide insights into HPβCD’s therapeutic mechanisms.  

5.2  Experimental 

Cell Culture 

Human skin fibroblasts (Coriell - GM00498), were cultured in Eagle’s 

minimum essential medium, 10% fetal bovine serum, 1X glutaMAX, 20 IU/ml 

penicillin and 20 µg/ml streptomycin. Cells were incubated in humidified air with 

5% CO2 at 37°C.  Unless otherwise stated, cells used for all experiments were 

between passages 15-24.  Cells used to generate Fig 1B were at passage 30.   

LF generation, quantification and visualization 

LF was generated and measured (Fig 5.1A) as previously described [228].  

Native LF (Fig 5.1B) was obtained by serial passaging fibroblasts to passage 30.  

At passage 30, cells were allowed to grow to confluency and separated into two 

groups: control (Fig 5.1B left column) and test (Fig 5.1B right column).  Both 

groups were held at confluency for 12 days, with media replacement every 2nd 

day.  HPβCD treatment occurred on days 1-6 in the test flask only.   At the end of 

day 12, both groups were visualized for LF with a Nikon A1Rsi confocal 

microscope (100x, 640 nm).   To determine HPβCD’s effect on lipopigment 

accumulation (Fig 5.1C), fibroblasts (~P20) were grown to confluency and 

immediately exposed to continuous oxidizing conditions  in the presence and 

absence of HPβCD.   An Olympus IX71 fluorescent microscope was utilized for 

lipopigment visualization.  Images were taken at 100X with a FITC 540/40 filter, 
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with constant exposure time and scaling between images to avoid transient 

effects of photobleaching and to ensure comparability.  For all fibroblasts treated 

with HPβCD, final HPβCD concentration in cell culture solution was 7 mM.  Cell 

viability after HPβCD treatment and LF loading was confirmed using a CCK-8 

viability assay (Sigma).     

Cholesterol detection with filipin and O-methyl-serine dodecylamide 

hydrochloride (MSDH) 

Filipin staining was performed using the Cholesterol Cell-Based Detection 

Assay Kit (Cayman Chemical 10009779).  Apoptosis was induced by exposing 

cells to the lysomotropic detergent O-methyl-serine dodecylamide hydrochloride 

(MSDH), kindly provided by Hanna Appelqvist of Linkoping University.  MSDH 

(45 µM final concentration, 42 hr treatment length) was added to confluent 

fibroblasts, which had previously been subject to continuous oxidizing conditions 

(LF generation) and/or HPβCD treatment for 7 continuous days after reaching 

confluence.    

Real Time PCR 

Fibroblasts were grown to confluency and immediately exposed to 

continuous oxidizing conditions in the presence and absence of HPβCD. On day 

4 of treatment total RNA was extracted using Trizol. RNA was then DNAse I 

digested and precipitated using 3 volumes of 100% ethanol mixed with 0.1 

volume sodium acetate (3M, pH 5) followed by subsequent 70% ethanol washes.  

Total RNA was quantified using NanoDrop.  cDNA was generated using the 
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RevertAid RT First Strand cDNA Synthesis Kit (Thermo). Quantitative PCR 

reactions were performed in a CFX96™ Real-Time PCR detection system (Bio-

Rad) using cDNA, SYBR Green™, and the appropriate primers (Table A2). 

Samples were heated for 10:00 min at 95 °C followed by 40 cycles of 

amplification with 15 s at 95 °C, 30 s at 57 °C, and 45 s at 72 °C. Subsequent 

data analyses were conducted using Bio-Rad CFX manager software v3.1 (Bio-

Rad).  ΔCT values were calculated using ACTB as the housekeeping gene. 

Relative mRNA expression level of a target gene was calculated as 2 exp[-(ΔCT 

(treated cells) - ΔCT (untreated cells))]. Each experimental condition was 

evaluated 6 times (N = 6) 

Statistical Analyses 

All data are presented as mean +/- S.D.  Statistical significance was 

calculated using one-way analysis of variance (ANOVA).  

5.3 Results and Discussion  

HPβCD addition to aged LF-loaded, but otherwise healthy, human skin 

fibroblasts significantly reduced LF levels (-27%, p < 0.001, Fig 1A).  HPβCD was 

also added to fibroblasts that had been serially passaged to induce an aging 

phenotype with visual LF present.  HPβCD not only removed LF, (Fig 5.1B) but 

also prevented a rebound of LF for up to six days after HPβCD treatment was 

terminated.  We also exposed healthy unaged fibroblasts to oxidizing conditions 

that induce LF and lipopigment accumulation.  In the presence of HPβCD, 
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lipopigment accumulation was visually slowed and total accumulation decreased 

(Fig 5.1C).   

 

Fig. 5.1. HPβCD reduces LF and lipopigment.   (A) Exposure of skin 
fibroblasts to oxidizing conditions for 10 days loads cells with LF.  HPβCD 
addition on days 5-10 reduces LF totals by 26% (p < 0.001, N = 4).  (B)  Serial 
passaged fibroblasts accumulate LF (left column).  HPβCD treatment significantly 
reduces LF accumulation (right column).  Light microscopy (top row) and LF 
imaging (bottom row) (C) HPβCD slows lipopigment accumulation.  Healthy 
human skin fibroblasts were exposed to oxidizing conditions for 8 continuous 
days in the presence and absence of HPβCD. 
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To determine HPβCD’s mode of action, we first considered the possibility 

that HPβCD upregulates lysosome biogenesis which subsequently leads to LF 

exocytosis.  The lysosomal biogenesis regulatory gene, TFEB, has been 

observed to be overexpressed upon HPβCD addition [15].  Also, LF has been 

reported to accumulate within cell lysosomes [14].  For our system, however, 

TFEB upregulation was not observed at multiple time points (1 hour or 4 and 10 

days) after HPβCD treatment (Fig 5.2).   

 

Fig 5.2.  LF removal is independent of lysosome biogenesis.  mRNA levels 
of HPβCD-treated healthy and LF loaded cells over different time points.  
Asterisks (*) indicates statistical significance relative to healthy untreated cells 
(downregulation > 2, p < 0.05, N ≥ 5)   

 

HPβCD has been used to both extract and deliver cholesterol to and from 

cellular membranes [171]. Thus, we then focused on a possible link between 

cholesterol and LF removal.  Perhaps the best characterized system for 
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therapeutic cholesterol manipulation by HPβCD is the extensive work conducted 

on NPC, where it has been shown that HPβCD is internalized through bulk-phase 

endocytosis.  Once inside the late endosome/lysosome (LE/L), HPβCD 

overcomes the NPC1/2(-/-) disease-causing deficiency by helping release 

sequestered cholesterol from the lysosome to the cytosol, thus expanding the 

metabolically active cholesterol sink.  This leads to both downregulation of 

cholesterol biosynthesis and upregulation of its efflux [2, 4, 223, 229].  For 

atherosclerosis, HPβCD-induced efflux within macrophages has been suggested 

as the mechanism which brings about symptom reduction [6, 175].  

For our system, filipin staining was used to assess cholesterol change.  

Exposure of cells to oxidative stress, which induces LF loading, resulted in a 

significant cholesterol increase (Fig 5.3C).  Interestingly, while HPβCD addition 

removes LF, no apparent reduction in cholesterol levels was observed between 

LF loaded cells (Fig 5.3C) and HPβCD-treated LF-loaded cells (Fig 5.3D).  

Surprising, healthy unaged cells also showed significant cholesterol increases 

upon HPβCD treatment (Fig 5.3B).  To verify the observed cholesterol changes 

we utilized the lysomotropic agent, O-methyl-serine dodecylamide hydrochloride 

(MSDH).  Increased lysosomal cholesterol content decreases sensitivity to 

MSDH-induced cellular apoptosis [230].  Consistent with the filipin staining 

results, HPβCD–treated healthy cells, LF-loaded cells and HPβCD-treated LF-

loaded cells (Fig 5.3 F-H) all showed increased resistance to MSDH relative to 

untreated controls (Fig 5.3E). 
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Fig 5.3. Long term HPβCD treatment increases cellular cholesterol.  (Top 
Row) -  Filipin staining shows HPβCD treatment, LF loading and the two 
combined each cause substantial cellular cholesterol increase relative to healthy 
cells. (Bottom Row) Cells with increased lysosome cholesterol composition are 
more resistant to apoptosis induced by the lysomotropic agent MSDH.  Healthy 
confluent cells were killed by MSDH exposure (45 uM MSDH for 42 hours) while 
HPβCD treated cells and LF loaded cells survived with no signs of visual stress.  
Therefore, HPβCD and LF modulate lysosome membrane cholesterol 
composition in a manner consistent with that suggested by filipin staining.   
 

Whereas increases in cellular cholesterol levels have been observed upon 

exposure to oxidative stress, the observed increase in cholesterol for LF-loaded 

fibroblasts was not surprising, particularly given that LF is noted to perturb 

cholesterol metabolism [227, 231].  However, the increase in cholesterol 

observed with HPβCD-treated healthy cells is counterintuitive to most prior 

studies [174].  In fact, an HPβCD-induced cholesterol increase has been reported 

only once [232].  In that study no mechanistic explanation was explored and the 

cholesterol increase was observed only in young T-lymphocytes.  In aged T-
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lymphocytes, HPβCD treatment elicited the commonly observed cholesterol 

decrease.  For our data, with no apparent differences in filipin staining and 

MSDH resistance between LF loaded cells and HPβCD-treated LF loaded cells, 

the LF-removal mechanism by HPβCD was unclear.  Thus, we used real-time 

PCR to quantify both cholesterol biosynthesis (SREBP1, SREBP2, HMGCR, 

HMGCS, LDLr) and efflux (ABCA1, ABCG1, ABCG5, NPC1, NPC2) gene 

expression.  

The observed cholesterol increases associated with LF loading coincide 

with overexpression of SREBP1 and LDLr (Fig 5.4).  Cholesterol biosynthesis (in 

the form of SREBP2, HMGCR, HMGCS) was not activated.  The addition of 

HPβCD to LF-loaded cells completely attenuated SREBP1 overexpression back 

to control levels (from 3.5 to 1.3, P < 0.001), while LDLr expression was reduced 

by about 40% from 5.6 to 3.3 (P < 0.04).  Finally, the cholesterol increases 

observed in HPβCD-treated healthy cells came from upregulation of both 

cholesterol biosynthesis and uptake genes.  Specifically, SREBP2, HMGCR and 

HMGCS were all upregulated 2.5-3-fold (P < 0.001), while LDLr was upregulated 

nearly 5-fold (P < 0.001, Fig 5.4).  The expression of efflux genes remained 

unaffected for all test conditions, except for NPC2.  However, since NPC2 was 

upregulated for all three test conditions (Fig 5.4), we conclude that this is 

cholesterol-driven rather than an HPβCD-driven response.  

These results have profound therapeutic implications.  LF-like 

fluorophores associated with atherosclerotic plaques form on oxidized low 

density lipoprotein[151].  This is consistent with the observation that LF is often  
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Fig. 5.4.  Response to HPβCD treatment varies according to initial 
cholesterol levels.  mRNA levels for genes associated with cholesterol 
biosynthesis and uptake (top graph) and efflux (bottom graph). Asterisks (*) 
indicate statistical significance relative to healthy untreated cells.  ▲ indicates 
statistical significance comparing LF-loaded HPβCD-treated cells relative to LF 
loaded cells.   To be considered statistically significant the observed up or 
downregulation difference relative to control was ≥ 2.0 and the p-value < 0.05.   
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localized within lysosomes, the common endpoint for endocytosed LDL 

particles.  Our data show upregulation of LDLr in both HPβCD-treated healthy 

cells as well as LF-loaded cells.  However, only LF-loaded cells were subject to 

oxidation, supporting the hypothesis that oxidized LDL is a significant source for 

LF generation.  The decrease in LDLr expression shown here with HPβCD 

addition to LF-loaded cells would limit oxidized LDL uptake and therefore explain 

the observed LF decrease.  Furthermore, HPβCD decreases cholesterol 

accumulation in cultured cells up to 3 days after HPβCD removal from the cell 

culture medium, which was attributed to HPβCD endocytosis[4].  Our results 

support this conclusion in two ways.  First, similar to cholesterol, LF accumulation 

is also slowed six days after ceasing treatment with HPβCD (Fig 5.1B).  Second, 

HPβCD-driven LDLr repression would limit cholesterol uptake.     

The observed upregulation in HPβCD-treated healthy cells is significant.  

First, the length of HPβCD treatment for our studies was 4 days.  To date, the 

vast majority of publications have delivered cyclodextrin in vitro for 8 hours or 

less [174], while animal studies typically use single or weekly injections [2, 11, 

229].  Longer term HPβCD treatment, such as our study, exhausts cholesterol 

reserves likely by extracting cholesterol from the cell plasma membrane as well 

as mobilizing lysosomal cholesterol for the portion of HPβCD that is 

endocytosed.  Intracellular membrane cholesterol levels are regulated by plasma 

membrane cholesterol levels [233].  Cells sensing this depletion respond by 

upregulating cholesterol biosynthesis and uptake (Fig 5.4).  In our system, efflux 

was not upregulated (Fig 5.4), explaining the observed cholesterol increase in 
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healthy cells.  This shows that HPβCD’s therapeutic mode of action is based on 

nonspecific solubilization and extraction of cholesterol from the plasma 

membrane or within the lysosome, rather than based on mimicking NPC1/2 

protein function as previously hypothesized [223].  In cholesterol-loaded cells, 

HPβCD treatment liberates cholesterol, which suppresses LDLr, and shifts 

cholesterol equilibrium in a manner that cholesterol flows away from the cell and 

lysosome.   

In summary, the data corroborate HPβCD’s utility to treat age-related 

disorders where there is significant cholesterol accumulation.  We also show that 

LDLr suppression is not limited to the NPC phenotype, but is likely a universal 

cellular response to HPβCD’s ability to expand the metabolically active 

cholesterol pool in cholesterol-loaded cells.  This is the first report to demonstrate 

that SREBP1, a gene involved in regulation of LDLr and lipid metabolism, is 

attenuated with HPβCD treatment.  This merits further exploration into how 

HPβCD may modify lysosome membrane composition, particularly given that 

lipid composition affects autophagy [234, 235].   

Overall, we advance understanding of the link between LF and oxidized 

LDLr.  We also resolve a long-standing mechanistic debate about HPβCD’s 

mode of action: HPβCD nonspecifically binds and liberates cholesterol and 

oxysterols, thus shifting overall cellular cholesterol equilibrium away from the cell.  

We show that in healthy unaged cells, HPβCD treatment could cause unintended 

harm, by disturbing cholesterol equilibrium and upregulating cholesterol 

biosynthesis resulting in a net increase in cholesterol.  Accordingly, the 
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cholesterol content of the cell is a critical determinant of the effect caused by 

HPβCD treatment: from a well natured Dr. Jekyll-like cholesterol-lowering 

disease therapeutic, to a more sinister (unintended) cholesterol synthesis-

inducing Mr. Hyde effect for healthy cells. 
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Chapter 6– Conclusions and 

Recommendations 

6.1 Conclusions 

This thesis focused on using principles of biotechnology to remediate 

unwanted compounds in complex environmental systems.  Two systems, shale 

gas wells and the human body were explored.  With respect to each, the 

following conclusions can be drawn relative to the specific objectives: 

1. Identify shortcomings concerning analysis, detection and control of 

microorganisms in shale oil and gas operations 

b. Many shale reservoirs become significantly enriched with 

Firmicutes taxa; particularly Clostridia. Often, reservoirs are 

almost exclusively dominated by species highly similar to 

Halanaerobium congolense, a moderately halophilic anaerobe 

able to reduce sulfur and thiosulfate, but not sulfate, to sulfide. 

This is important because many microbial monitoring programs 

assess for sulfate-reducing potential only, and overlook 

sulfidogens that do not utilize sulfate. 
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c. Serial dilution to extinction using selective culture media is the 

most common method for detecting and enumerating bacteria. 

A major disadvantage of culture-based techniques are that most 

microbes (>95%) are not currently culturable, which results in 

significant experimental bias [85]. 

d. Microbial H2S shale gas may be biogenic, thermogenic or 

produced by thermochemical sulfate reduction (TSR).  Stable 

34S/32S isotope analysis could identify whether H2S is biogenic 

and therefore determine if biocides will be useful to mitigate or 

alleviate souring.  In cases of geochemical souring, biocide 

addition may be unnecessary. 

e. The recycling of produced water for hydraulic fracturing may 

lead to seeding reservoirs with high densities of microorganisms 

physiologically adapted for survival in reservoir conditions and 

with increased biocide resistance. Notably, aeration of 

impoundment water significantly reduces these problematic 

taxa. 

f. Most commonly used biocides have been found to decrease in 

efficacy with long-term use, possibly due to the development of, 

and selection for, microbial biocide resistance. Additionally, all 

biocides have significantly higher minimum inhibitory 

concentrations (MIC) when utilized against biofilms instead of 

planktonic cells, and MIC is further increased in heterogeneous 
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populations. To help forestall the establishment of both biofilms 

and resistant microbial populations, microbial control programs 

should be initiated early and the use of a biocide rotation 

program should be considered. Nitrite injection has also been 

found to work synergistically with some biocides, and may be 

effective for inhibiting sulfate reduction and dissolving some 

precipitated metal sulfides.  

2. Develop a novel approach to discern whether Bakken H2S gas from 

shale oil and gas wells is biogenic or thermogenic in origin   

a. The combination of sulfur isotope analysis, downhole 

temperature mapping, and microbial isolation shows H2S in 

Bakken wells is of geochemical origins.   

b. Core analysis reveals anhydrite is found in significant amounts 

(1-4 vertical feet) in the 3rd bench of the Three Forks Formation 

near sour wells. The anhydrite lies within or slightly outside the 

expected downward propagating fracture lengths offering a 

possible explanation of observed H2S contamination. 

3. Develop a rapid method to generate and quantify LF in human cells. 

a. The combination of leupeptin, iron (III) chloride and hydrogen 

peroxide generates significant amounts of LF within cells while 

eliminating the need for a 40% hyperoxic chamber.  Alternative 

methods which load fibroblasts with “artificial” LF obtained via 

UV-peroxidation of mitochondrial fragments are much more 
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labor-intensive.  This method is faster (≤5 days) than most 

protocols to generate LF and assess its removal, which typically 

require 2 to 4 weeks or longer to complete.     Coupling this 

method with PE-filter flow cytometry analysis allows for robust 

statistical analysis of changes in cellular LF levels.   

4. Identify a novel candidate therapeutic which removes or prevents 

buildup of LF 

a. HPβCD addition to aged LF-loaded, but otherwise healthy, 

human skin fibroblasts significantly reduced LF levels (-26%, p < 

0.001, Fig 5.1A).  HPβCD was also added to fibroblasts that had 

been serially passaged to induce an aging phenotype with 

visual LF present.  HPβCD not only removed LF, but also 

prevented a rebound of LF for up to six days after HPβCD 

treatment was terminated.  Finally, in the presence of HPβCD, 

lipopigment accumulation is visually slowed and total 

accumulation decreased.   

5. Conduct studies which elucidate the mechanism of HPβCD and 

improve our understanding of LF and other age-related diseases. 

a. TFEB upregulation was not observed at multiple time points (1 

hour or 4 and 10 days) after HPβCD treatment and therefore LF 

reduction is a TFEB independent mechanism. 

b. Exposure of cells to oxidative stress, which induces LF loading, 

resulted in a significant cholesterol increase.  The observed 
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cholesterol increases were associated with overexpression of 

SREBP1 and LDLr.  Cholesterol biosynthesis (in the form of 

SREBP2, HMGCR, HMGCS) was not activated.  The addition of 

HPβCD to LF-loaded cells completely attenuated SREBP1 

overexpression back to control levels (from 3.5 to 1.3, P < 

0.001), while LDLr expression was reduced by about 40% from 

5.6 to 3.3 (P < 0.04). 

c.  While HPβCD addition removes LF, no apparent reduction in 

cholesterol levels was observed between LF loaded cells and 

HPβCD-treated LF-loaded cells.   

d. Healthy unaged cells showed significant cholesterol increases 

upon long-term HPβCD treatment.  This increase was due to 

upregulation of both cholesterol biosynthesis and uptake genes.  

Specifically, SREBP2, HMGCR and HMGCS were all 

upregulated 2.5-3-fold (P < 0.001), while LDLr was upregulated 

nearly 5-fold (P < 0.001, Fig 5.4).  This shows HPβCD works via 

nonspecific cholesterol binding and liberation and not 

specifically by rescuing NPC1/2 protein function. 

e. HPβCD–treated healthy cells, LF-loaded cells and HPβCD-

treated LF-loaded cells all showed increased resistance to the 

lysomotropic agent, O-methyl-serine dodecylamide 

hydrochloride (MSDH) relative to untreated controls. 
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6.2 Recommendations 

Shale Gas Microbial Control and Dynamics 

To complete this project, a definitive geological source of H2S needs to be 

identified for our tested area.  Significant quantities of anhydrite that are present 

near the fracturing zone are a logical potential source of H2S.  Thus, obtaining a 

core sample of the anhydrite for isotopic analysis to determine if the sulfur ratios 

are similar is needed to confirm that anhydrite is the unequivocal source of 

thermogenic H2S.   

Also, our research suggests high salt concentrations, such as those found 

in the Bakken Play, may be inhibitory to microbial growth.  It would be worthwhile 

to inspect other high salt shale plays to determine if microbial growth is inhibited 

and if there is a propensity for souring in high salt formations to be geological in 

nature. 

Finally, even though elimination of biocides would save industry millions of 

dollars annually and prevent the introduction of unnecessary chemicals into the 

environment, while working with industry to complete the project I noticed 

considerable internal pushback to continue moving forward with this idea.  

Specifically, it was often suggested that injecting biocides did more than just 

prevent souring, and also prevented microorganisms from metabolizing other 

fracturing fluid components.  Data supporting this notion are scant, and a 

separate research project needs to be conducted to determine the veracity of this 
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concern.  Expansion of this souring forensics project to a national level is only 

sensible, particularly if there were collusion amongst oil and energy companies to 

share their data.  A national shale play map could be developed within months 

allowing for the characterization of souring in major shale plays.  From this 

guidelines could easily be developed to determine biocide necessity. 

Medical bioremediation of LF 

Future work needs to characterize whether there are small changes in 

cholesterol that accompany HPβCD-induced LF reduction that perhaps filipin 

staining and MSDH could not detect.  Given LDLr and SREBP1 gene expression 

changes after HPβCD addition to LF-loaded cells were, it is highly likely there is 

some degree of cholesterol change.  Alternatively, the complete function for 

SREBP1 is not understood, and HPβCD addition could be causing more subtle 

changes in membrane lipid composition which is affecting LF accumulation.  

Radiolabeled cholesterol and phospholipids should be fed to cells in the 

presence and absence of HPβCD and visualized through microscopy over time 

to verify how HPβCD may change lipid distribution across membranes.  To 

further understand the possible accumulation of LF through LDL uptake, a 

valuable experiment would be to oxidize LDL and then feed it to fibroblasts while 

monitoring LF levels.   

Ultimately, it would be valuable to determine if HPβCD can serve as an 

anti-aging therapeutic and if LF reductions increase life or health span.  Given 

HPβCD’s efficacy across so many age-related cholesterol disorders, it is likely 



  

86 
 

HPβCD could increase health span in cases of cholesterol imbalances only.  

Early fly studies based on work in this thesis, conducted by Professor Robin 

Mockett at the University of South Alabama, have failed to show life extension by 

HPβCD in fly studies where the flies are fed a healthy diet.  Similar studies 

exposing flies to a Western diet are a logical follow up.   

Exocytosis, redox potential, and cholesterol processing are the most 

established approaches to tackling LF accumulation, as well as many other aging 

diseases.  It would be worthwhile to choose an age-related disorder such as 

Alzheimer’s (AD) where there are significant established links with cholesterol 

imbalances as well as redox potential and combine multiple treatment 

approaches to determine if a greater therapeutic efficacy is achieved.  For 

instance, HPβCD and NAD+ precursors have both shown efficacy in treating AD.  

The combination of the two may show greater improvement than either therapy 

individually.   

Finally, LF’s origins are associated with iron-induced free radicals, but it 

would be worthwhile to establish a more causative link by determining if iron is 

required for LF formation or if any transition metal capable of generating free 

radicals would induce LF.  It is likely nonspecific, with iron simply being the 

physiologically relevant metal ion due to its prevalence inside the mitochondria.   

Introduction of iron chelators or other methods to limit free intracellular iron may 

reduce LF accumulation and offer further insights into LF composition and other 

aging disorders.    
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Overall, for both research projects, the common environmental 

engineering principle of early characterization and control to prevent or mitigate 

unwanted consequences is a more logical and less costly approach than 

addressing cleanup after the fact.  For reservoir souring, universal biocide 

addition would not be necessary if the H2S source were known beforehand.  By 

using preexisting well infrastructure, our proposed method of H2S 

characterization allows for preemptive determination of biocide need and thus 

significant financial savings and reduction in environmental burden.  For LF 

accumulation and aging, waiting until a disease state such as AD or 

atherosclerosis arises increases the likelihood of a poor prognosis .  In medicine, 

early characterization of cellular processes which lead to functional decline is 

paramount.  These processes may then be controlled with prophylactic 

therapeutics such as HPβCD to potentially delay or postpone the onset of certain 

cholesterol-related aging diseases.      

Ultimately, it is my hope that this thesis offers a paradigm shift in the way 

we approach problems as a medical research community.  Rather than focusing 

on curing age-related diseases (i.e. cleanup), more focus should go towards 

prevention.   
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Appendix (Tables A1 and A2) 

Table A1.  Thermal Conductivity Values. 

Unit (lithology) Thermal Conductivity (Watts/meter*kelvin) 

Surface-to-Fox Hills  
(sandstone, siltstone, claystone) 

1.2 

Pierre (shale) 1.1 

Greenhorn (shale) 1 

Mowry (shale) 1.1 

Inyan Kara (shale) 1.5 

Swift (shale) 1.2 

Rierdon (shale, limestone) 1.3 

Spearfish 
(siltstone, sandstone, mudstone) 

1.4 

Minnekahta (limestone) 2.55 

Opeche (shale-to-mudstone) 1.2 

Tyler (shale-to-mudstone) 1.3 

Kibbey 
(limestone with mixed sandstone) 

2.7 

Poplar (limestone with anhydrite) 3.05 

Ratcliffe (limestone with anhydrite) 2.9 

Mission Canyon Fm. 
(limestone, dolomite, and anhydrite) 

3.05 

Lodgepole Fm. (limestone) 3.05 

Bakken (shale with dolomitic 
siltstone/sandstone in middle) 

1.1 

Three Forks 
(dolostone, siltstone, shale, & 

anhydrite) 
3.1 
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Table A2.  Oligonucleotide Sequences for real time PCR analysis 
 

   Forward Primer  Reverse Primer 

 

Reference 

 ACTB  GATGACCCAGATCATGTTTGA  ATAGCACAGCCTGGATAGC - 

 TFEB  CCAGAAGCGAGAGCTCACAGAT  TGTGATTGTCTTTCTTCTGCCG 1 

SREBP1  GCAAGGCCATCGACTACAT  GGTCAGTGTGTCCTCCA  2* 

SREBP2  AGGAGAACATGGTGCTGA  TAAAGGAGAGGCACAGGA 2 

HMGCS  GACTTGTGCATTCAAACATAGCAA CTGTAGCAGGGAGTCTTGGTACT 3 

HMGCR  TACCATGTCAGGGGTACGTC  CAAGCCTAGAGACATAATCATC 4 

 LDLR  CAATGTCTCACCAAGCTCT  TCTGTCTCGAGGGGTAGCT 5 

 ABCA1  GCACTGAGGAAGATGCTGAAA AGTTCCTGGAAGGTCTTGTTCAC 2 

 ABCG1  CAGGAAGATTAGACACTGTGG  GAAAGGGGAATGGAGAGAAGA 2 

 ABCG5  ACCCAAAGCAAGGAACGG  CAGCGTTCAGCATGCCTG  2* 

 NPC1  CTTAGTGCAGGAACTCTGTCC  TCCACATCACGGCAGGCA  6* 

 NPC2  GGTTTGTCTTGTGACCGC  AGGAATGTAGCTGCCAGG 6 

 

References for Table A2 

1. Sardiello, M. et al. A gene network regulating lysosomal biogenesis and function. 
Science 325, 473-477 (2009). 

2. Adlakha, Y.K. et al. Pro-apoptotic miRNA-128-2 modulates ABCA1, ABCG1 and 
RXRα expression and cholesterol homeostasis. Cell death & disease 4, e780 
(2013). 

3. Miyata, S., Inoue, J., Shimizu, M. & Sato, R. Allyl isothiocyanate suppresses the 
proteolytic activation of sterol regulatory element-binding proteins and de novo 
fatty acid and cholesterol synthesis. Bioscience, biotechnology, and biochemistry 
80, 1006-1011 (2016). 

4. Chen, C.-C., Liu, T.-Y., Huang, S.-P., Ho, C.-T. & Huang, T.-C. Differentiation 
and apoptosis induction by lovastatin and γ-tocotrienol in HL-60 cells via 
Ras/ERK/NF-κB and Ras/Akt/NF-κB signaling dependent down-regulation of 
glyoxalase 1 and HMG-CoA reductase. Cellular signalling 27, 2182-2190 (2015). 

5. Chen, Y. & Hughes-Fulford, M. Human prostate cancer cells lack feedback 
regulation of low density lipoprotein receptor and its regulator, SREBP2. 
International journal of cancer 91, 41-45 (2001). 

6. McLaren, J.E. et al. IL-33 reduces macrophage foam cell formation. The Journal 
of Immunology 185, 1222-1229 (2016). 

 

 

*Indicates primer was shortened from original published version 
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