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ABSTRACT OF THE DISSERTATION 

 

Microbial Interactions with Water Contaminants and Surfaces: Applications Ranging from 

Bioremediation to Biofouling Prevention 

 

by 

 

Alexandra LaPat Polasko 

Doctor of Philosophy in Civil Engineering 

University of California, Los Angeles, 2021 

Professor Shaily Mahendra, Chair 

 

While microorganisms drive nearly all of the Earth’s major biogeochemical cycles, a subset 

of those microorganisms exert a spectrum of deleterious effects on health, environmental, and 

industrial processes. This broad range of potential benefits and pitfalls, makes it critical to 

properly characterize and manage this microbial world. This dissertation describes original 

research on the treatment of contaminated water using biodegradation by bacterial cultures as 

well as visualizing and quantifying pathogenic biofilms on surfaces. 
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Solvent stabilizers, such as 1,4-dioxane, are frequently detected in water resources and often 

co-occur with chlorinated volatile organic compounds (CVOCs). Both classes of trace organic 

compounds (TrOCs) are persistent in the environment and have carcinogenic properties.  

First, a microbial community comprised of the anaerobic chlorinated ethene-degrading 

consortium (KB-1) and aerobic bacterial strain, Pseudonocardia dioxanivorans CB1190, was 

formulated in a defined medium and verified to biodegrade mixtures of chlorinated ethenes and 

1,4-dioxane under varying redox conditions. Further, CB1190 was shown to survive 100 

continuous days of anaerobic incubation and multiple anaerobic-aerobic cycles. After aeration, it 

biodegraded 1,4-dioxane rapidly because minimal loss or lag occurred in the induction of the 

genes, dxmB and aldH, which code for key enzymes in the 1,4-dioxane degradation pathway.  

While vinyl chloride (VC) and cis-1,2-dichloroethene (cDCE) are inhibitors of 1,4-dioxane 

biodegradation, surprisingly both compounds were degraded by CB1190. Increasing 

concentrations of VC decreased 1,4-dioxane biodegradation rates, whereas increasing 1,4-

dioxane did not have as significant of an effect on VC biodegradation. VC was found to be the 

strongest inhibitory CVOC with respect to 1,4-dioxane biodegradation, but it was also utilized as 

a source of carbon and energy to support CB1190’s growth. Metabolic flux analyses confirmed 

that VC-derived intermediates were incorporated into CB1190’s central metabolism.  

A pilot-scale project utilizing in situ aerobic biostimulation and bioaugmentation with 

CB1190 demonstrated successful removal of CVOCs and 1,4-dioxane from groundwater. 

Biostimulation (e.g., air sparging) resulted in a significant CVOC removal, but limited 1,4-

dioxane removal. When CB1190 culture was added along with air sparging, the concentrations 

of 1,4-dioxane and CVOCs, such as cDCE and VC, substantially decreased. This signifies the 
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importance of establishing appropriate microorganisms in the subsurface for the remediation of 

contaminated environments. 

Contrastingly, microbial adhesion to medical tubing surfaces is undesirable due to adverse 

patient health outcomes. To mitigate biofilm formation, polysiloxane materials coated with a 

hydrophilic, zwitterionic polysulfobetaine polymer were designed. These samples were 

systematically tested against bacterial and fungal agents in static and flow conditions. 

Additionally, a non-strain-specific protocol combining four microbiological assays was 

developed to accurately quantify cellular and extracellular components attached to catheter 

surfaces. The efficacy of this multipronged approach was demonstrated using four pathogenic, 

clinical isolates, two types of silicone catheters in vitro, and indwelling patient catheters.  

A quantitative understanding of microbial interactions with chemicals and materials will be 

valuable for improved environmental bioremediation systems as well as limiting biofilms on 

medically relevant surfaces.  
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Chapter 1 Introduction and Objectives 

1.1 Objectives and Scope 

While microorganisms support the existence of all higher trophic life forms, approximately 

one in a billion have been identified as pathogenic to humans and produce deadly consequences. 

With such a broad range of potential benefits and pitfalls, it has become critical for humans to 

properly utilize and manage this microbial world.(1) My research focuses on two such 

techniques, using microorganisms to degrade harmful pollutants and preventing malignant ones 

from forming potentially detrimental biofilms on medical surfaces. Microbial interactions with 

pollutants can result in water purification via biodegradation processes. These processes are 

attractive for their sustainability, efficiency, low energy inputs, and low waste outputs. The 

contaminants, 1,4-dioxane and chlorinated volatile organic compounds (CVOCs) have been 

raising concerns over the past several decades because of increasing widespread detection in 

surface and groundwaters and an improved toxicological understanding of their impact on human 

health.(2) Removal of these industrial chemicals, which are human carcinogens, is possible via 

microbial degradation; but is complicated by the fact that these industrial pollutants often occur 

together at varying concentrations and in diverse sub-subsurface biogeochemical conditions such 

as oxygen levels, pH, salinity, organic carbon, and major nutrient availability.(3) It is critical to 

understand the impact of these factors as to build the most effective natural and engineered 

microbial systems for the removal of these harmful water pollutants. Microbial interactions with 

surfaces can result in undesirable biofilms that can lead to infections and biofouling. Biofilms 

form when replicating microbial cells secrete extracellular polymeric substances that contain an 

insoluble mixture of proteins and polysaccharides. This three-dimensional gelatinous matrix can 

provide pathogenic cells an enhanced environment via regulated pH, osmolarity, nutrients, and 

sheer force as well as reduce the diffusion rate of antimicrobials through the matrix, thus 
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rendering the cells within the biofilm significantly more resistant than their planktonic 

counterparts. Furthermore, biofilms are linked to recurring infections, and already-formed 

biofilms are extremely difficult to resolve. The biofilm formation cascade is initiated by 

planktonic bacterial cell adhesion to a surface. Without initial attachment, the biofilm formation 

could be prevented or reduced. As medical device surfaces are a nidus for biofilm growth, there 

is a need for a clinically relevant biofilm prevention that does not necessarily involve antibiotics 

and a quantification method to more comprehensively estimate these films. 

The overall objective of this work was to characterize and engineer microbial cultures to 

biodegrade groundwater pollutants as well as quantify and prevent microbial adhesion to 

medically relevant surfaces. In this dissertation, bench-and field-scale systems as well as in vitro 

and flow through models were studied and are described below. 

Objective 1: To engineer a microbial community composed of anaerobic and aerobic 

bacteria in modified medium to simultaneously or sequentially degrade CVOCs 

and 1,4-dioxane. 

Objective 2: To evaluate in situ biostimulation and bioaugmentation for enhancing the 

removal of 1,4-dioxane and CVOCs.  

Objective 3: To characterize Pseudonocardia dioxanivorans CB1190’s ability to metabolize 

vinyl chloride along with co-occurring contaminants like 1,4-dioxane 

Objective 4: To visualize and quantify microbial adhesion to polysiloxanes as well as 

formulate a multipronged quantification approach suitable for medical tubing. 
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1.2 Dissertation Overview 

This dissertation is divided into six chapters. Chapter 1 contains a brief summary of the 

current literature that sets the stage for the research objectives. Chapter 2 contains the results of a 

mixed microbial community comprised of the aerobic pure strain, Pseudonocardia 

dioxanivorans CB1190 and anaerobic consortia, KB-1, that can biodegrade chlorinated ethenes 

and 1,4-dioxane. This chapter is included with permission from Environmental Science and 

Technology Letters.(4) An in situ field demonstration project with aerobic biostimulation and 

bioaugmentation with CB1190 for the removal of 1,4-dioxane and chlorinated volatile organic 

compounds is described in Chapter 3. The ability of CB1190 to metabolize both 1,4-dioxane and 

vinyl chloride is presented in Chapter 4. Lastly, the assessment and quantification of microbial 

adhesion to modified substrates and medical devices is presented in Chapter 5. A summary of the 

conclusions and significance to the field of environmental science, engineering, and medicine 

along with suggestions for future research directions is presented in Chapter 6. Supporting 

information for Chapters 2, 4, and 5 are included in Appendices A, B, and C. 
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Chapter 2 A Mixed Microbial Community for the Biodegradation of Chlorinated 

Ethenes and 1,4-Dioxane 

2.1 Introduction 

Chlorinated ethenes and 1,4-dioxane are probable human carcinogens and commonly co-

occurring groundwater contaminants.(1-5) Biological treatment technologies for these 

compounds individually have become attractive remediation methods due to low implementation 

costs and minimal invasiveness.(6, 7) Members of the bacterial genus, Dehalococcoides, are the 

most widely reported bacteria capable of metabolically degrading chlorinated ethenes, such as 

trichloroethene (TCE) via reductive dechlorination.(8) However, a downside to this process is 

the formation and accumulation of intermediate transformation products, such as cis-1,2-

dichoroethene (cDCE) and vinyl chloride (VC).(9) Aerobic cometabolism of TCE can be carried 

out using substrates such as methane, propane, methanol, toluene, phenol, and ammonia.(6) 

However, cometabolism-based remediation requires additional amendments, such as electron 

donors for inducing appropriate biodegradative enzymes in microbial populations.(10, 11) 

A variety of microbial strains have been reported to metabolically or co-metabolically 

degrade 1,4-dioxane under aerobic conditions only.(7) A bacterial multicomponent 

monooxygenase responsible for initiating 1,4-dioxane degradation is the tetrahydrofuran 

(THF)/dioxane monooxygenase.(12) The genes coding for this enzyme, thmADBC/dxmADBC, 

along with the aldehyde dehydrogenase, aldH, serve as biomarkers to verify 1,4-dioxane 

biodegradation.(13) Some actinomycetes, especially, members of Pseudonocardia, are capable 

of mineralizing 1,4-dioxane via initial monooxygenase-catalyzed hydroxylation, followed by 

common cellular metabolic pathways.(12-16) 1,4-Dioxane-cometabolizing microorganisms are 

equipped with monooxygenases induced by multiple carbon sources such as methane, propane, 

phenol, tetrahydrofuran, and toluene.(17, 18) Decoupling cellular growth from 1,4-dioxane 
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degradation may allow for the removal of lower concentrations of 1,4-dioxane (13, 19-24) but 

might result in toxic products, such as 2-hydroxyethoxyacetic acid.(20) Conversely, minimum 

substrate concentrations are required to sustain microbial growth (25) but toxic intermediates are 

not expected to accumulate during 1,4-dioxane metabolizing processes.(12) 

Numerous in-situ bioremediation projects have been performed that use biostimulation 

along with bioaugmentation to promote biodegradation of chlorinated ethenes.(26-29) Many of 

these projects have involved enhancing reductive dechlorination and have focused on promoting 

anaerobic conditions with very low redox environments (oxidation-reduction potential < -200 

millivolts). If complete reduction to ethene is not achieved, there is a risk of cDCE or VC 

migrating downgradient from source zones. As the concern of 1,4-dioxane rises, remedial 

technology selection process must consider approaches to remove chlorinated solvents as well as 

1,4-dioxane. Aerobic biodegradation of 1,4-dioxane is possible in the naturally changing redox 

conditions of plumes as they move downgradient from anaerobic source zones toward more 

aerobic environments.(30) Few studies have evaluated the versatility and abilities of 1,4-dioxane 

degrading microorganisms in divergent redox environments. Opposing redox conditions favored 

by chlorinated ethene- and 1,4-dioxane-degrading bacteria pose a challenge for concurrent 

bioremediation of both contaminants. 

The objective of this study was to formulate a microbial community to simultaneously or 

sequentially degrade chlorinated ethenes and 1,4-dioxane under changing redox conditions.  

After various anaerobic incubation periods, the reactivation of the monooxygenase enzymes to 

aerobically biodegrade 1,4-dioxane and chlorinated solvents was also investigated.  
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2.2 Materials and Methods 

2.2.1 Chemicals 

1,4-Dioxane (99.8%, ACS grade), TCE (99.5%, ACS grade), cis-DCE (97%), sodium 

lactate (60% w/w), and titanium trichloride (TiCl3) (99.9%), were obtained from Sigma-

Aldrich. Saturated chlorinated stocks were prepared as previously described.(31) 

2.2.2 Bacterial Cultures and Growth Conditions 

The widely used and resilient mixed consortium, KB-1, containing Dehalococcoides, was 

grown in a defined medium (31), with 20 mg/L TCE (aqueous) as electron acceptor and 60 mg/L 

lactate as carbon source.(32) Sterile 160 mL serum bottles containing media were sparged for 3 

minutes with filtered (0.2 μm) N2 to achieve anaerobic conditions (Appendix Figure A-1) and 

sealed with 20 mm butyl rubber stoppers. TiCl3 was also used as reductant. CB1190 seed 

cultures were prepared using a 1% (v/v) transfer from an actively growing pure culture under 

aerobic conditions in the lactate-free medium previously used for growing KB-1. Experimental 

bottles were inoculated with stock cultures in their late exponential or early stationary phase after 

TCE (KB-1) or 1,4-dioxane (CB1190) was degraded to below 1,000 µg/L. 

2.2.3 Design of Batch Experiments 

The microcosms were prepared in sterile 500 mL glass bottles and maintained with 1:5 

liquid to headspace ratios with the following conditions: 1) KB-1 + CB1190 that transitioned 

from anaerobic to aerobic, 2) CB1190 only that transitioned from anaerobic to aerobic, and 3) 

CB1190 only that remained anaerobic. Experimental bottles were inoculated with 10% (v/v) 

CB1190 and 5% (v/v) KB-1.  Once TCE was degraded to cis-DCE by KB-1, 60 mL of filtered, 

high purity oxygen was amended to transition anaerobic to aerobic conditions. All bottles were 

incubated upright at 30C with 150 rpm shaking. TCE and 1,4-dioxane concentrations were 
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amended as liquid concentrations. At each time point, 200 µL of liquid sample were collected 

and filtered for 1,4-dioxane quantification. 

2.2.4 Analytical Methods 

Chlorinated ethenes were measured by direct headspace injections (10 or 100 µL depending 

on concentration) using gas chromatography-mass spectrometry (GC-MS; Agilent 6890 GC and 

5973 MS). 1,4-Dioxane concentrations higher than 1,000 µg/L were measured using a GC 

equipped with a flame ionization detector in 2 µL aqueous samples, while 1,4-dioxane samples 

containing <1,000 µg/L were measured by GC-MS after samples were prepared by a frozen 

microextraction technique.(33) The detection limits for chlorinated ethenes and 1,4-dioxane were 

5 µg/L and 2 µg/L, respectively.  

2.2.5 Total Nucleic Acids Extraction, Quantitative Polymerase Chain Reaction, and 

cDNA Synthesis 

Total nucleic acids were extracted from cell pellets using a phenol-chloroform extraction 

method.(33) The effect of anaerobic incubation on CB1190’s gene expression in pure and mixed 

cultures was determined by amplification of 1,4-dioxane biomarker targets (dxmB and aldH) (13) 

CB1190 and KB-1’s cellular growth over time was estimated using the dxmB and tceA gene copy 

numbers.(13, 34) Gene expression was quantified using the 2−ΔΔCT method, as described by 

Livak and Schmittgen.(35) Gene expression data were first normalized to the housekeeping gene, 

RNA polymerase σ subunit D (rpoD), followed by normalization to the values obtained at the 

end of the anaerobic incubation period and after 1,4-dioxane was degraded below 1,000 µg/L. 

Quantitative Polymerase Chain Reaction (qPCR) using the SYBR-green based detection reagents 

were utilized to quantify gene copy numbers of CB1190 and KB-1 as well as gene transcripts of 

CB1190. 
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2.3 Results and Discussion 

2.3.1 Chlorinated Ethene Biodegradation by the Mixed Microbial Community 

TCE was reductively dechlorinated under anaerobic conditions to cis-DCE only in the KB-1 

+ CB1190 anaerobic/aerobic bottles. After the transition to aerobic conditions, CB1190 cells 

within the mixed microbial community oxidatively biodegraded cis-DCE. KB-1 + CB1190 

anaerobic/aerobic and CB1190 anaerobic/aerobic bottles remained anaerobic for 16 hours. This 

anaerobic incubation period corresponded to the time it took KB-1 to biodegrade TCE to cDCE. 

After oxygen was amended, the bottles with KB-1 + CB1190 degraded 1,300 µg/L of cDCE at a 

rate of 0.2060.002 /day (Figure 2-1A and Appendix Figure A-1). Higher concentrations of TCE 

and 1,4-dioxane were also successfully tested with the mixed microbial community (Appendix 

Figures A-1 to A-5). Oxygen amendments resulted in cessation of KB-1’s activity, as confirmed 

by no further increase in tceA copies/mL (Figure 2-1A, Appendix Figure A-6, Appendix Figure 

A-10). This was likely due to the oxidative stress on the enzymes that make up alternative 

respiratory chain in anaerobes, as well as the production of reactive species, such as superoxide 

radicals and hydrogen peroxide.(36) Additionally, VC remained below 2 µg/L in anaerobic as 

well as aerobic incubation periods. The CB1190 only anaerobic/aerobic bottles and CB1190 only 

anaerobic bottles did not show significant TCE biodegradation (Figure 2-1A). 
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Figure 2-1 Biodegradation in pure CB1190 and KB-1 + CB1190 

A). Chlorinated ethene (TCE & cDCE) concentrations. cDCE was degraded by 

CB1190 during aerobic phase 2-1B). 1,4-Dioxane concentrations. KB-1 + 

CB1190 anaerobic/aerobic and CB1190 anaerobic/aerobic degraded 1,4-dioxane. 

The CB1190 pure cultures did not degrade TCE under anaerobic or aerobic 

conditions, while KB-1 + CB1190 anaerobic/aerobic biodegraded TCE 

anaerobically and its transformation product, cDCE, aerobically. The dxmB and 

tceA genes were used to quantify cell numbers and the mixed culture cell 

abundance results are shown. KB-1 grew significantly during the anaerobic 

phase and CB1190 grew significantly during the aerobic phase. Vinyl chloride 

was not detected.  Error bars indicate the standard deviation of triplicates, and 

oxygen was amended on day 1 thus ending the anaerobic phase. 
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Aerobic biodegradation of cDCE by CB1190 with and without a prior anaerobic incubation 

phase was first recorded in the present study (Figure 2-1A and Appendix Figures A-2 to A-3 and 

Appendix Figure A-8 to A-9). Biodegradation of cDCE by CB1190 can mitigate cDCE’s 

inhibition of 1,4-dioxane biodegradation (37-39) as well as prevents VC production. This 

reduces the need to amend additional microorganisms and their primary substrates to oxidatively 

cometabolize cDCE. 

2.3.2 1,4-Dioxane Biodegradation and Microbial Growth in the Mixed Community 

After the transition to aerobic conditions, CB1190 in pure and mixed culture experienced a 

short lag phase before beginning to biodegrade 1,4-dioxane.  KB-1 + CB1190 anaerobic/aerobic 

degraded 3,000 µg/L of 1,4-dioxane at a rate of 0.1950.002 /day (Figure 2-1B, Appendix Figure 

A-5), and CB1190 only anaerobic/aerobic bottles at a rate of 0.1990.001 /day (Figure 2-1B). 

CB1190-mediated 1,4-dioxane degradation rates were calculated using the end of the anaerobic 

phase and after 1,4-dioxane was degraded to below detection. All bottles had an average initial 

CB1190 cell density of 1.210.2 x 1011 dxmB copies/mL and the KB-1 + CB1190 bottles had an 

average initial KB-1 cell density of 5.92.1 x 108 tceA copies/mL (Figure 2-1A and Appendix 

Figures A-9 and A-10). The KB-1 + CB1190 anaerobic/aerobic grew at 1.560.7 x 1012 dxmB 

copies/mL/day (Figure 2-1B). The CB1190 anaerobic/aerobic cultures grew at 5.220.02 x 1011 

dxmB copies/mL/day but the CB1190 that was always anaerobic did not show significant growth 

(Appendix Figure A-7 and Appendix Figure A-11). 

Previous studies have cultured aerobic microbes from anaerobic environemnts as well as 

combined aerobic and anaerobic bacteria to enhance the biodegradation of recalcitrant pollutants 

such as polychlorinated biphenyls, chlorobenzenes, dinitrotoluenes, and azo dyes.(40-43) 

Although these studies developed consortia containing anaerobes and aerobes, some were 
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conducted in spatially and functionally separate bottles using immobilized cells. In our study, all 

microbes were added together into the same medium with chlorinated ethenes and 1,4-dioxane. 

Another report of degradation of TCE and 1,4-dioxane under changing redox conditions utilized 

a microbially driven Fenton reaction using the facultative anaerobe, Shewanella oneidensis, to 

drive the production of HO• radicals.(44) By contrast, our study relies on the TCE-reductase 

enzymes in Dehalococcoides (45) to break down TCE by replacing a covalently-bonded chlorine 

with a hydrogen and the monooxygenase enzyme in CB1190 to cleave the carbon-oxygen bond 

in 1,4-dioxane (12), leading to benign end products for both compounds. These previous studies 

serve as a foundation for considering this approach for removing multiple contaminants with 

bacteria that favor diverse redox conditions. The present study is the first report of 

biodegradation of 1,4-dioxane and chlorinated ethenes by a mixed microbial consortium 

containing aerobic and anaerobic bacteria, and describes its potential implications for 

bioremediation strategies for sites contaminanted with pollutant mixtures. 

2.3.3 Strain CB1190 Survivability and 1,4-Dioxane Biodegradation After Anaerobic 

Incubation 

After 7, 14, 21, 28, 35, and 56 days of anaerobic incubation, strain CB1190 was able to 

biodegrade 1,4-dioxane to below the detection limit after oxygen addition. Strain CB1190 was 

initially inoculated into anaerobic media and amended with 1,4-dioxane for time periods ranging 

from 7 to 56 days. The aerobic bottles were continually amended with 1,4-dioxane and 

maintained in an aerobic environment as positive controls. The 56 days anaerobic bottles did not 

receive oxygen and served as anaerobic controls throughout the experiment. There was minimal 

lag phase for 1,4-dioxane biodegradation in each set of bottles that were amended with oxygen 

(Figure 2-2).  
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Figure 2-2 Dioxane biodegradation, gene abundance, and gene expression in Strain 

CB1190 after various anaerobic incubation periods 

CB1190 was able to persist alone under anaerobic conditions and completely 

degrade 1,4-dioxane upon addition of O2. Error bars indicate standard deviations 

of triplicates. 2A. 1,4-Dioxane biodegradation by CB1190. Every week only one 

set of triplicate bottles was amended with O2 (indicated by arrows). 2B. CB1190 

gene abundance on day 0, the last day of anaerobic incubation, and after 1,4-

dioxane was degraded. * p-value < 0.05 and ** p-value< 0.01 2C. CB1190 gene 

expression All cDNA copy numbers were first normalized to rpoD housekeeping 

gene and then to the end of the anaerobic phase. The 56 days anaerobic bottles 

were sampled on day 42 and 56 for gene expression. 
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The bottles, which, were anaerobic for 35 days, had a slightly longer lag phase than bottles 

that were anaerobic for 7 days. The 1,4-dioxane biodegradation rate for each set was as follows: 

0 Days Anaerobic (Aerobic Control): 0.2110.009 /day 7 Days Anaerobic: 0.1620.003 /day, 14 

Days Anaerobic: 0.1390.003 /day, 21 Days Anaerobic: 0.1400.001 /day, 28 Days Anaerobic: 

0.1390.0001 /day, and 35 Days Anaerobic: 0.1050.0002 /day. Bottles were amended with 

uniform cellular densities and had average initial biomass concentrations of 4.931.5 x 1011 

dxmB copies/mL. During the anaerobic phase, the % oxygen in the headspace averaged 

2.50.7% (ORP -534.1 mV), which is considered a reducing environment.(46) After the 

anaerobic phase, the oxygen averaged 11.60.9% in the headspace (Appendix Figure A-12). 

2.3.4 CB1190 Cell Growth and Gene Expression After Anaerobic Incubation 

1,4-Dioxane biodegradation that occurred after the restoration of aerobic conditions 

produced a carbon and energy source for CB1190 growth.  Significant CB1190 growth was 

observed in bottles that were kept anaerobic for 7, 14, 21, 28, and 35 days and then provided 

with oxygen amendments (Figure 2-2). The aerobic bottles were replenished with 1,4-dioxane to 

demonstrate CB1190 biodegradation rates in the presence of continual oxygen and carbon 

substrate availability. Additionally, CB1190’s survivability in the presence of varying reductants, 

media, and lactate amounts were also verified (Appendix Figures A-13 to A-15). Upregulation of 

dxmB and aldH genes were observed in days 7 through 35 demonstrating that 1,4-dioxane 

biodegradation was initiated and continued as the intermediates were produced (Figure 2-2). The 

bottles that were maintained under anaerobic conditions were sampled at the beginning of day 42 

and 56. The dxmB gene was upregulated in the anaerobic bottles, but the aldH gene transcripts 

were unchanged. This could be explained by the fact that the dxmB gene is induced by 1,4-

dioxane and can be expressed even if oxygen levels are insufficient. The aldH gene, which is 
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induced by 1,4-dioxane biodegradation intermediates, was not upregulated likely because 1,4-

dioxane had not been degraded. The anaerobic always bottles were subsequently kept for a total 

of 100 days and then provided oxygen and to our surprise within two weeks CB1190 was able to 

biodegrade the remaining 1,4-dioxane (Appendix Figure A-16). 

CB1190’s apparent dormancy under prolonged oxygen limited conditions could be 

explained by its ability to quickly adapt to stress and to utilize other substrates for fermentative 

growth . Similar aerobic bacteria, Mycobacterium tuberculosis and Mycobacterium bovis, were 

previously grown in microaerophilic and anaerobic conditions.(47) Those cells appeared to 

produce a thickened cell wall to withstand oxygen deficient conditions in vivo. Specifically, the 

heat shock protein played a role in stabilizing the cell structure in the long-term by creating a 

multi-layer, peptidoglycan protective casing.(47) CB1190 could be utilizing a hydrogenase 

enzyme to survive anaerobic incubation. Traditionally, hydrogenase enzymes have been 

associated with anaerobic metabolism because a majority are deactivated in the presence of 

oxygen. However, they are often present among aerobic bacteria and rarely studied among 

obligate aerobes.(48) CB1190 can fix CO2 when provided hydrogen and maintain very slow 

cellular growth.(49)  The hydrogenase enzyme in CB1190 was reported to utilize H2 coupled 

with trace amounts of CO2 or biocarbonate to remain active.(49) At low pE values, which are 

commonly found in anaerobic waters (50), the PREEQC model showed that the chemical 

components of the modified media could produce H2 in micromolar to nanomolar 

concentrations. We postulate that CB1190 could be utilizing the low amounts of hydrogen to 

remain dormant but quickly revive when sufficient oxygen becomes available for aerobic 

metabolism. Reactivation of the dxmB and aldH in CB1190 were crucial in validating that 

CB1190 could endure oxygen restrictions in the subsurface. As our findings with CB1190 
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demonstrate, bacteria that harbor the ability to maintain cellular viability and metabolism when 

exposed to divergent redox conditions could provide a wider variety of solutions for chlorinated 

ethene and 1,4-dioxane bioremediation. The results of this study demonstrate that an intrinsic or 

bioaugmented mixed microbial community can withstand the changing redox conditions that 

may be experienced by a plume and biodegrade chlorinated ethenes as well as 1,4-dioxane. 
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Chapter 3 In Situ Aerobic Biostimulation and Bioagumentation for 1,4-Dioxane and 

Chlorinated Volatile Organic Compounds 

3.1 Introduction 

1,4-Dioxane (DX) and chlorinated volatile organic compounds (CVOCs) are pervasive 

groundwater contaminants that often co-occur (1). This has largely been attributed to DX’s use 

as a solvent stabilizer for 1,1,1-trichloroethane (TCA), historical use of TCA with 

trichloroethene (TCE), and improper disposal methods (2). Until recently, many remediation 

plans have only addressed CVOCs, but continued research and predicted regulatory changes 

have shown that there is a growing need to also remediate DX. While traditional physical and 

chemical (e.g. sorption, oxidation, filtration) methods are available for removing DX and 

CVOCs (3), bioremediation offers a promising solution for eliminating these contaminants due 

to its low cost, reduced energy/chemical inputs, and in situ transformation of the pollutants. (4) 

Anaerobic biological reduction is a common remediation tactic for CVOCs (5, 6). However, 

under some conditions, intermediate daughter products such as cis-1,2-dichloroethene (cDCE) 

and vinyl chloride (VC) (a known carcinogen) accumulate. (7) Aerobic cometabolic 

biodegradation of CVOCs can be challenging due to the additional amendments required to 

sustain microbial growth (8). Contrastingly, DX is known to be biodegraded aerobically, and no 

anaerobic biodegradation pathways have been identified yet. The opposing redox conditions 

favored by CVOC- and DX-degrading bacteria pose a difficult challenge for concurrent 

bioremediation.  

Recently, bench-scale research has shown that combining anaerobic and aerobic 

microbes can be beneficial for sequential or simultaneous biodegradation of both of these 

contaminant classes (9). Dechlorinating microorganisms (e.g. KB-1) can reduce CVOCs when 

conditions are anaerobic whereas aerobic microbes (e.g. Pseudonocardia dioxanivorans 
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CB1190) can oxidize DX and cDCE when oxygen becomes available. Particularly, this novel 

technology is relevant at sites where enhanced reductive dechlorination (ERD) has been 

deployed, but degradation has stalled at cDCE due to oxygen intrusion. Currently, there is a need 

to demonstrate field-scale readiness of this technology for complex geochemical and co-

contaminated groundwater sites. Our goal was to conduct a pilot-scale test to evaluate in situ 

biostimulation and bioaugmentation with CB1190 post ERD for the removal of DX and CVOCs.  

3.2 Materials and Methods 

3.2.1 Pure Strain CB1190 Growth Conditions 

Pure strain CB1190 was grown in the UCLA Modified Medium at circumneutral pH at 30°C 

with 150 rpm shaking.(9) A 1:5 liquid to headspace ratio in 2 L Erlenmeyer flasks with a vent 

cap was used to ensure adequate oxygen. Cells were allowed to degrade multiple rounds of 100 

mg/L DX and subsequent subcultures were made using a 1% (v/v) transfer to fresh media. 

Periodically, the culture’s purity was monitored by plating 100 µL of liquid onto R2A agar plates 

and placed in a stationary incubator at 30°C for 2-3 days. After the culture reached late-

exponential or early-stationary-phase and DX was degraded to below the GC-FID detection 

limit, cultures were used to inoculate experimental bottles. 

3.2.2 Design of Batch Experiments 

Batch experiments were prepared using sterile 500 mL glass bottles and maintained a 1:5 

liquid to headspace ratio. Bottles were made anaerobic (dissolved oxygen (DO) < 0.5 mg/L) by 

flushing filtered N2 gas through the bottles as described in Polasko et al. 2019.(9) Sacrificial 

bottles were also made under the same conditions to validate the DO via an Orion 083005 MD 

DO probe (Thermo Scientific). After anaerobic incubation, bottles were made aerobic by 

amending 60 mL of filtered high purity oxygen DO reached 5 mg/L. Bottles containing CB1190 
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cells were toggled between anaerobic and aerobic environments to simulate potential 

groundwater conditions. Three-, two-, and one-week anaerobic phases were tested followed by a 

one-week aerobic phase. The following conditions were prepared with two cycles each of: 1). 

One week anaerobic, one week aerobic 2). Two weeks anaerobic, one weeks aerobic 3). Three 

weeks anaerobic, one week aerobic 4). Aerobic always (positive control).  

3.2.3 Site and Well Description 

The field demonstration site was previously utilized for aluminum pipe manufacturing 

and contains both CVOCs (TCE, cDCE, 1,1-dichloroethene, VC, TCA) and DX. The 

groundwater flow beneath the site moves both down-dip to the north and laterally along the 

strike. The site is located in a groundwater discharge zone where water moves not only laterally 

along fractures and bedding planes but also upward from depth. The siltstone and shale layers 

within the subsurface appear to be acting as a semi-confining zone between the shallow, 

unconfined water bearing zone and the deeper water bearing zone. In 2019, ERD with 

Dehalococcoides spp. was implemented at the source zone to remove CVOCs, but intermediate 

products, namely cDCE and VC, accumulated. Two wells were selected for this study—

monitoring well-31 (MW-31) and monitoring well-32 (MW-32). MW-31 is upgradient of MW-

32 and received biostimulation (i.e., air sparging). Whereas MW-32 received biostimulation and 

bioaugmentation (i.e., air sparging and CB1190). Both wells were sampled every 2-4 weeks for a 

total of 34 weeks (8 months) and continual monitoring was performed for CVOCs, DX, 

microbial populations, DO, and pH. On July 1, 2020, 100 L of water containing nutrients (e.g. N 

& P) and CB1190, were injected into MW-32 along with an air sparging system. MW-31 did not 

receive biostimulation until week 8. 
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3.2.4 Analytical Methods 

DX and CVOC concentrations in ranges 5-2,000 µg/L and 2-2,000 µg/L, respectively, were 

measured using a Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass 

spectrometer. Additional analytical method details are provided by Zhang, et al., Environ. Sci. 

Technol., 2016 (10). qPCR using the SYBR-green-based detection reagents were utilized to 

quantify gene copy numbers of total community abundance (total 16S rRNA), DX degradation 

(dxmB, aldH, CB1190-specific 16S rRNA), propane monooxygenase (prmo), and soluble 

methane monooxygenase (smmo).(11) 

3.3 Results and Discussion 

3.3.1 CB1190 Biodegrades 1,4-Dioxane After Anaerobic/Aerobic Cycles 

Due to the fact that many contaminant plumes have anaerobic and aerobic zones that change 

in size and redox potential depending upon the seasonal and biogeochemical factors and 

subsurface depth, it was crucial to understand whether CB1190 could withstand anaerobic 

incubation, aerobic incubation, and cycles of these conditions. We have previously demonstrated 

that CB1190 can withstand anaerobic incubation for up to 100 days and degrade DX once 

oxygen is amended. However, it was unknown whether toggling anaerobic and aerobic 

environments would further inhibit CB1190’s ability to degrade DX. To our surprise, CB1190 

was able to biodegrade DX after two rounds of anaerobic incubation that had a duration of one, 

two, or three weeks (Figure 3-1). After the 1st round of anaerobic incubation, the DX 

biodegradation rates for the one-, two-, and three-week anaerobic incubation periods were: 

372±13 µg/L/day; 370±12 µg/L/day; and 402±24 µg/L/day, respectively. CB1190 incubated 

under aerobic conditions throughout biodegraded DX the fastest with a rate of 483±17 µg/L/day. 

After the 2nd round of anaerobic incubation, the DX biodegradation rates for the one-, two-, and 

three-week anerobic incubation periods were: 400±29 µg/L/day; 423±18 µg/L/day; and 462±21 
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µg/L/day, respectively. There was no significant difference (p-value < 0.05) between the 

biodegradation rates after the 1st or 2nd round of anaerobic incubation. This means that the second 

round of anaerobic incubation did not significantly inhibit CB1190’s ability to reactivate the DX-

monooxygenase to break down DX. After the 1st round of anaerobic incubation, there was no 

significant difference in biodegradation rates between the one, two, or three weeks of anaerobic 

incubation. This aligns with our previous research that anaerobic incubation periods less than 

100 days will likely not cause significant delays in DX biodegradation after oxygen becomes 

present. The only significant difference was between the biodegradation rate of the aerobic 

always control and the experimental conditions. The rates were significantly lower for the one-, 

two-, and three-week anaerobic incubation periods compared to the aerobic always condition (p-

value = 0.002, 0.002, and 0.02). CB1190’s capacity to withstand anaerobic-aerobic cycles will be 

advantageous at sites where DX and other co-contaminants exist and DO concentrations may not 

be uniform throughout time and space.  
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Figure 3-1 1,4-Dioxane Biodegradation After Anaerobic Cycling 

Each set of bottles started under anaerobic conditions for one, two, or three 

weeks and then transitioned to aerobic conditions for one week. After that, the 

cycle was repeated. Following the first anaerobic-aerobic cycle, 1,4-dioxane was 

amended. The black dots indicate anaerobic incubation and the solid-colored 

lines indicate aerobic incubation for the corresponding experimental conditions. 

Error bars indicate the standard deviation of triplicates. 

3.3.2 MW-31: Biostimulation (i.e. air sparging) Resulted in CVOC Removal but Limited 

1,4-Dioxane Removal 

W-31 is considered to be a source zone for CVOCs and DX (DX = 1,300 µg/L; TCE = 44 

µg/L; cDCE = 1,200 µg/L; 1,1-DCE = 100 µg/L; VC = 170 µg/L). During the initial 8 weeks of 

the project, this well was under monitored natural attenuation (Figure 3-2). During this time 

period, a baseline for CVOCs, DX, DO, and pH were established. Air sparging was installed in 

MW-31 during week 8 and as a result the CVOCs measured decreased with the most significant 

being cDCE (cDCE = 79% decrease). This was to be expected as CVOCs have very high partial 

pressures and air stripping is a common remediation strategy. DX, contrastingly, did not decrease 

as drastically with only a 9% reduction during this initial period. Over the next 6 months (week 

8-week 34), the compressor broke and was repaired twice which resulted in two additional 

periods of low oxygen levels (pink zones) and high oxygen levels (green zones). When the air 
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sparging was not in operation, the CVOCs increased, with cDCE eventually reaching historic 

concentrations. While the mechanical problems were unforeseen, it highlights the challenges of 

air sparging, which include its ability to remove volatile compounds while sparging is in 

operation and that being a non-destructive technology, which doesn’t result in detoxification of 

contaminants. The native microbial population in MW-31 showed a total 16S gene abundance 

from 7.6x105 to 2.1x108 copies/mL (Figure 3-2). The highest total abundance for the community 

occurred during the air sparging periods, which potentially allowed certain aerobic and 

microaerophilic organisms to begin oxidizing these contaminant sources. DX degradation gene 

targets (dxmB, aldH, CB1190 16S) were also present, but at much lower concentrations than in 

MW-32. They ranged from 1.3x100 to 1.0x104 copies/mL. This background population may be 

considered an important factor for the slow, but significant DX removal over the total 8-month 

sampling period. Additionally, the prmo gene target did not significantly change with gene 

abundance ranging from 8.3x101 to 4.5x102 copies/mL. The smmo gene target decreased during 

the initial low oxygen period (1.6x100 copies/mL) and then slowly increased over time with a 

final concentration of 2.2x102 copies/mL. This fluctuation is to be expected as higher O2 levels 

can allow for increases in microbes equipped with “oxygenases”. 
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Figure 3-2 Chlorinated ethene, 1,4-dioxane, gene abundance, and oxgyen 

concentrations in Monitoring Well-31 

Top). Chlorinated ethene and DX concentrations. Air sparging began on week 8. 

Bottom). Gene abundances of the native ground water microbial population. The 

pink shaded areas indicate when dissolved oxygen was below or equal to 3 mg/L 

and the green shaded areas indicate when the oxygen was above 3 mg/L. Error 

bars indicate the standard deviation of analytical triplicates. 

3.3.3 MW-32: CB1190 Bioaugmentation Resulted in CVOC and 1,4-Dioxane Removal 

When Oxygen > 3 mg/L 

The initial injection of nutrients and CB1190 culture resulted in a dilution of CVOCs and 

DX but these concentrations quickly equilibrated to historic concentrations (DX = 1,400 µg/L; 

TCE = 50 µg/L; cDCE = 970 µg/L; 1,1-DCE = 88 µg/L; VC = 127 µg/L) by the next sampling 

point (Figure 3-3). Over the 8-month period, degradation occurred most significantly during 

A 

B 
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aerobic conditions and was only interrupted by two periods of time when the average DO 

dropped below 3 mg/L. This was likely due to an air sparging pump malfunction. During these 

two low oxygen periods, CVOC and DX concentrations increased slightly due to the up-gradient 

source zone feeding into this area and the lack of electron acceptor for CB1190. The most 

notable changes in contaminants were observed during the initial 3 months where DX and cDCE 

were reduced by almost half (DX = 48% decrease; cDCE = 47% decrease) and the end of the 

project where DX, cDCE, VC, and 1,1-DCE were at historic lows. CB1190’s biomass (as 

estimated by dxmB, aldH, and CB1190 16S), remained the highest during the first 3-month 

period, which ranged from 4.2x103-1.6x106 copies/mL (Figure 3-3B). This is a large portion of 

the total 16S population and can be considered a significant factor in the removal of DX and 

CVOCs. Over the following 4 months, which contained two periods of low oxygen, CB1190’s 

cell abundance slowly declined but still maintained DX and CVOC removal when DO was equal 

to or above 3 mg/L. The other gene targets monitored, prmo and smmo, slowly increased over 

time, which was likely due to the air sparging and nutrient amendments. By the end of the 

project, an estimated 130 mg of total DX was removed by CB1190.   

In conclusion, the post-ERD treatment of recalcitrant groundwater contaminants such as 

CVOCs and DX can be further improved by combining aerobic biostimulation and 

bioaugmentation, particularly CB1190 + air sparging, for the removal of DX and cDCE in situ. 
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Figure 3-3 Chlorinated ethene, 1,4-dioxane, gene abundance, and oxygen 

concentrations in Monitoring Well-32 

Top). Chlorinated ethene and DX concentrations post CB1190 bioaugmentation. 

Bottom). CB1190 and native microbial gene abundances. The pink shaded areas 

indicate when dissolved oxygen was below or equal to 3 mg/L and the green 

shaded areas indicate when the oxygen was above 3 mg/L. Error bars indicate the 

standard deviation of analytical triplicates. 

3.4 References 

(1)  Anderson, R.H., J.K. Anderson, and P.A. Bower. Co-Occurrence of 1,4-Dioxane with 

Trichloroethylene in Chlorinated Solvent Groundwater Plumes at Us Air Force Installations: 

Fact or Fiction. Integr. Environ. Asses., 2012, 8, 731-737. 



34 

 

(2)  Mohr, T.K.G., W.H. DiGuiseppi, J.W. Hatton, and J.K. Anderson, Environmental 

Investigation and Remediation: 1,4-Dioxane and Other Solvent Stabilizers, Second Edition. 

2020: CRC Press. 1-529. 

(3)  Godri Pollitt, K.J., J.-H. Kim, J. Peccia, M. Elimelech, Y. Zhang, G. Charkoftaki, B. 

Hodges, I. Zucker, H. Huang, N.C. Deziel, K. Murphy, M. Ishii, C.H. Johnson, A. Boissevain, E. 

O'Keefe, P.T. Anastas, D. Orlicky, D.C. Thompson, and V. Vasiliou. 1,4-Dioxane as an 

Emerging Water Contaminant: State of the Science and Evaluation of Research Needs. Sci. Total 

Environ., 2019, 690, 853-866. 

(4)  Zhang, S., P.B. Gedalanga, and S. Mahendra. Advances in Bioremediation of 1,4-

Dioxane-Contaminated Waters. J. Environ. Manage., 2017, 204, 765-774. 

(5)  Steffan, R.J., K.L. Sperry, M.T. Walsh, S. Vainberg, and C.W. Condee. Field-Scale 

Evaluation of in Situ Bioaugmentation for Remediation of Chlorinated Solvents in Groundwater. 

Environ. Sci. Technol., 1999, 33, 2771-2781. 

(6)  Hood, E.D., D.W. Major, J.W. Quinn, W.S. Yoon, A. Gavaskar, and E.A. Edwards. 

Demonstration of Enhanced Bioremediation in a TCE Source Area at Launch Complex 34, Cape 

Canaveral Air Force Station. Ground Water Monit. R., 2008, 28, 98-107. 

(7)  Hinchee, R.E., A. Leeson, and L. Semprini, Bioremediation of Chlorinated Solvents. 

1995, Colombus, OH: Battelle Press. 

(8)  Suttinun, O., E. Luepromchai, and R. Müller. Cometabolism of Trichloroethylene: 

Concepts, Limitations and Available Strategies for Sustained Biodegradation. Reviews in 

Environ. Sci. Biotechnol., 2013, 12, 99-114. 



35 

 

(9)  Polasko, A.L., A. Zulli, P.B. Gedalanga, P. Pornwongthong, and S. Mahendra. A Mixed 

Microbial Community for the Biodegradation of Chlorinated Ethenes and 1,4-Dioxane. Environ. 

Sci. Technol. Lett., 2019, 6, 49-54. 

(10)  Zhang, S., P.B. Gedalanga, and S. Mahendra. Biodegradation Kinetics of 1,4-Dioxane 

in Chlorinated Solvent Mixtures. Environ. Sci. & Technol., 2016, 50, 9599-9607. 

(11)  Gedalanga, P.B., P. Pornwongthong, R. Mora, S.-Y.D. Chiang, B. Baldwin, D. Ogles, 

and S. Mahendra. Identification of Biomarker Genes to Predict Biodegradation of 1,4-Dioxane. 

Appl. Environ. Microbiol., 2014, 80, 3209-3218. 

 

Chapter 4 Vinyl Chloride and 1,4-Dioxane Metabolism by Pseudonocardia 

dioxanivorans CB1190 

4.1 Introduction 

Vinyl chloride (VC) is a known carcinogen and priority pollutant that serves as a continual 

threat to groundwater quality (1-3). Despite the fact it is largely used in the production of poly 

vinyl chloride (4), its presence in groundwater is mainly due to biological reduction of the 

widespread groundwater pollutant, trichloroethylene (TCE) (5). Biological reductive 

dechlorination is often implemented as a remediation strategy for sites containing chlorinated 

ethenes because microorganisms equipped with reductive dehalogenases can respire these 

compounds to form the benign end-product, ethene (6-9). VC reduction is critical for achieving 

complete detoxification of chlorinated ethenes (5, 10). Although this process results in a non-

toxic compound, the initiation and termination of this reaction can be disturbed by the presence 

of oxygen, insufficient electron donor or carbon source, substrate inhibition, or competition 
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among other microorganisms. These disturbances can lead to the accumulation of toxic 

intermediates such as cis-1,2-dichloroethene (cDCE) or VC (11-14).  Currently, the 

Environmental Protection Agency has set a federally regulated maximum contaminant level 

(MCL) of 2 µg/L for VC, which is among the lowest for chlorinated ethenes (e.g. TCE MCL= 5 

µg/L; cDCE MCL= 70 µg/L; 1,1-dichloroethene (1,1-DCE) MCL= 7 µg/L) (15). 

Microorganisms can transform VC and use it as an electron acceptor (respiration), electron donor 

(metabolism), or fortuitous, non-growth supporting (cometabolic) processes.  

Cometabolic VC degradation has been observed under both anaerobic and aerobic 

environments. For example, anaerobic VC oxidation can be carried out via the non-growth 

linked process, oxidative acetogenesis (16). In this VC mineralization pathway, acetate is formed 

as a major intermediate and then readily degraded to CH4 and CO2 (16-18). Studies have 

indicated that this process is cometabolic due to the disappearance of VC and lack of ethene 

production, stable isotope fractionation analyses, and dependence on glucose as a growth 

substrate (16, 18-21). Anaerobic oxidative acetogenesis has been reported in environmental 

samples under Fe(III)-reducing, humic acid-reducing, Mn(IV)-reducing, SO4
2--reducing, and 

methanogenic conditions (22-27).  

Aerobic cometabolic oxidation of VC can be carried out by hydrocarbon-oxidizing 

bacteria that are equipped with mono- and di-oxygenase enzymes. These enzymes transform VC 

into products such as phenols, alcohols, or epoxides that can be further broken down 

spontaneously (14, 28). Both anaerobic and aerobic cometabolism of VC have benefits which 

include a broad distribution of bacteria with functional redundancies and an ability to rely on 

diverse carbon sources to maintain cellular activity. However, these processes also have 

significant disadvantages including 1). competition for oxygenase active sites by the growth 
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substrate and chloroethene co-substrate, 2). product toxicity from reactive intermediates, and 3). 

increased energy requirements such as the presence of a consistent but periodic growth substrates 

(14, 28).  

 Metabolic VC degradation has been observed under aerobic conditions by a variety of 

genera such as Brevundimonas (29), Mycobacterium (30-34), Pseudomonas (35, 36), 

Nocardioides (32), Ochrobactrum (36), Rhodoferax (29), Ralstonia (37), and Tissierella (29). 

VC-assimilating bacteria often initiate degradation via a monooxygenase-mediated epoxidation, 

which ultimately results in the terminal end product, CO2. This process is advantageous not only 

because of reduced carbon source inputs, but also because multiple strains have shown to exhibit 

low half-velocity constants with respect to VC and oxygen (32). This indicates that they can 

degrade VC to low concentrations under microaerophilic conditions (32).  

 Chlorinated solvents, such as TCE and VC, frequently co-occur with the solvent 

stabilizer, 1,4-dioxane (dioxane or DX) (38, 39). DX is a stable cyclic ether and probable human 

carcinogen that presently can only be biodegraded under aerobic conditions (40-42). When DX is 

found with TCE or one of its intermediate by-products such as VC, particular bioremediation 

challenges arise due to opposing redox conditions favored by chlorinated ethene-and-DX-

degrading bacteria. The co-occurrence of VC and DX will continue to grow as sites where TCE 

is remediated via enhanced reductive dechlorination or anaerobic natural attenuation. After 

mining data contained in the state of California’s GeoTracker 2020 database, we found that of 

the 636 groundwater sites that had either DX or VC, approximately 1 in every 8 sites contained 

both pollutants and 2 out of 3 contained only VC (43). While various microorganisms exist that 

can metabolize VC under aerobic and anaerobic conditions, it would be advantageous to identify 
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a microbe that can survive fluctuating redox conditions and metabolize VC along with co-

occurring contaminants like DX.  

 The objectives of this study were to evaluate simultaneous VC and DX biodegradation by 

Pseudonocardia dioxanivorans CB1190 under aerobic conditions. To better understand the 

molecular transformations happening inside the cell, we utilized the high-throughput technology, 

metabolomics, to obseccrve metabolic changes that occurred during the degradation process. 

Tracing the fate of 13C-labeled VC during the growth phase of CB1190 would reveal the 

intermediates of the biodegradation pathway and the key enzymatic steps therein. This study 

would broaden the number of pure strains that can assimilate VC aerobically while also uniquely 

mineralizing DX. The microbial capabilities discovered would contribute substantially to field 

applications where complex contaminant mixtures and biogeochemical parameters are present in 

groundwater.  

4.2 Materials and Methods 

4.2.1 Chemicals 

DX (99.8%, ACS grade) and sodium formate (99.0%, ACS grade) were obtained from 

Sigma-Aldrich. VC gas was purchased from Synquest Laboratory (Alachua, FL) and 13C labeled 

VC (98%, 2% hydroquinone) was purchased from Cambridge Isotope Laboratories (Tewksbury, 

MA). The extraction solvent was composed of acetonitrile (ACS grade, 99.5%) and methanol 

(ACS grade, 99.8%), both of which were obtained from Fisher Scientific. The R2A agar was 

obtained from Millipore Sigma. 

4.2.2 CB1190 Growth Conditions 

Strain CB1190 was grown in the aerobic, circumneutral UCLA Modified Medium 

containing 2.292 g/L TES, 1 g/L NaCl, 0.3 g/L NH4Cl, 0.3 g/L KCl, 0.2 g/L KH2PO4, 0.5 
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MgCl2-6H20, 0.015 g/L CaCl2-2H2O, 1mL per liter of trace elements stock solution A (Appendix 

Table B-1), and 1 mL per liter selenium/tungsten stock solution B (Appendix Table B-2) and 

allowed to degrade multiple amendments of 100 mg/L DX. These CB1190 cells were grown up 

using a 1% (v/v) transfer from an actively growing pure culture and incubated at 30°C with 150 

rpm shaking. Periodically, the culture’s purity was monitored by plating 100 µL of liquid onto 

R2A agar plates and incubated at 30°C for 2-3 days. After the culture reached late-exponential or 

early-stationary-phase and DX was degraded below 800 µg/L, cultures were used to inoculate 

experimental bottles. 

4.2.3 Design of Batch Experiments 

Batch experiments were carried out using sterile 1,000 mL glass serum bottles aliquoted 

with 200 mL of homogenized liquid culture and sealed with rubber stoppers and aluminum 

crimps. This 1:5 headspace ratio allowed for sufficient oxygen transfer to the cells, thus 

maintaining an aerobic environment. Killed control bottles were prepared in the same manner as 

experimental bottles apart from the cells being autoclaved for 30 min at 121°C. Aqueous VC 

concentrations were calculated based on Henry’s Law constants (44). After VC amendments, 

bottles were allowed to equilibrate upright for 30 min at 30°C with 150 rpm shaking. To 

accurately measure VC at time 0, bottles containing abiotic media and VC were prepared 

beforehand and measured at the start of the experiment. This provided adequate equilibration 

time for the VC in the live and killed control bottles. Periodically, replicate samples were 

collected to measure VC, DX, total nucleic acids, and metabolites. 

In order to track VC degradation metabolites, CB1190 cells were exposed to VC with 13C-

labeled carbon atoms. 13C-labeled VC was amended to bottles via a gas tight syringe and 

measured using the same analytical method as non-isotopic VC.  
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4.2.4 Analytical Methods 

4.2.4.1 Vinyl Chloride 

VC concentrations were measured over time by extracting 500 µL of headspace from the 

experimental bottles and injecting the sample into an Agilent 6890 gas chromatograph (GC) 

equipped with a flame-ionized detector (FID) (Hewlett-Packard, Atlanta, GA) with a Restek® 

Stabilwax-DB capillary column (30 m × 0.53 mm i.d. × 1 μm). The injector was set at 220°C in 

splitless mode and the detector at 250 °C. The oven temperature was maintained at 100°C for 1 

minute, then increased at 25°C/min to 150°C, at which it was held constant for an additional 0.5 

min. The limit of VC detection using the GC-FID was 25 μg/L. 

4.2.4.2 1,4-Dioxane 

DX concentrations in the range of 800-10,000 µg/L were measured as previously described 

(45). 2 μL aqueous samples that were filtered by sterile 0.2 μm syringe filters and injected into 

the aforementioned Agilent 6890 GC, equipped with a Restek® Stabilwax-DB capillary column 

and FID.  The limit of detection for DX using the GC-FID was 800 µg/L. DX concentrations in 

the range of 5-2,000 μg/L were measured using an Agilent 6890 gas chromatograph with a 5973 

mass spectrometer detector and a Supelco SPB-1 Sulfur column (30 m × 0.32 mm i.d. × 4 µm) 

(GC-MS). The collected aqueous samples were prepared and processed using a previously 

described (46). 5 µL of processed sample was injected into the GC-MS equipped with a pulsed 

splitless injection. The limit of detection for DX using the GC-MS was 5 µg/L.  

4.2.4.3 Metabolite Extraction, Measurement, and Quantification 

For extraction of metabolites, 5-10 mL of liquid culture was removed using a sterile syringe 

and quickly vacuum-filtered onto a nylon membrane filter (0.45 µm, Millipore). Immediately 

following filtration, the membrane was submerged in a petri dish containing 500 µL extraction 
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solvent (40% acetonitrile:40% methanol:10% water) that had been pre-cooled to -20°C. The petri 

dish was then incubated at -20°C for 20 min. The cell extract was carefully pipetted into an 

Eppendorf tube and centrifuged at 13,000 x g for 10 min at 4°C. Following centrifugation, the 

supernatant was collected and prepared for liquid chromatography (LC) coupled to a high-

resolution mass spectrometer (MS) via electrospray ionization (47). LC separation was achieved 

by a XBridge BEH Amide XP column (130Å, 2.5 μm, 2.1 mm x 150 mm; Waters) on a 

Vanquish Duo UHPLC system. A Q Exactive Plus Orbitrap mass spectrometer was operated in 

positive and negative modes scanning m/z 60-900 with a resolution (at m/z 200) of 140,000 (Full 

Width at Half Maxima). The LC-MS results were analyzed via the Metabolomic Analysis and 

Visualization Engine (MAVEN); the peaks were identified using authenticated standards and 

integrated for relative metabolite quantitation (48). Isotope labeled fractions were corrected for 

their natural abundance of 13C as well as the impurities in the labeled substrates.  

4.2.4.4 Total Nucleic Acids Extraction, Quantitative Polymerase Chain Reaction and cDNA 

Synthesis 

A previously described phenol-chloroform extraction (46) was utilized to isolate total 

nucleic acids from samples that had been periodically collected from the experimental and killed 

control bottles. Upon total nucleic acid extraction, a quantitative polymerase chain reaction was 

performed to enumerate the cell abundance, as well as the level of expression for specific gene 

targets. SYBR-Green-based detection targets were utilized to quantify gene abundance and gene 

transcripts. The specific biomarker targets used to determine cell abundance and gene expression 

were 16S, rpoD, CB-etnABCD, CB-dioxyABCDE, aldH, and dxmB (46, 49, 50) and the primer 

sequences are listed in Table S3. We calculated the abundance of these targets and first 

normalized them to the copy numbers of the housekeeping gene RNA polymerase σ subunit D 
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(rpoD), and then subsequently, to those values obtained at time 0. The 2−ΔΔCT method was 

utilized to quantify gene transcripts (51). 

4.3 Results and Discussion 

4.3.1 Dioxane Biodegradation by CB1190 in the Presence of Vinyl Chloride 

VC caused a dose dependent inhibition of DX biodegradation by CB1190 (Figure 4-1A-C, 

Appendix Figure B-1). An initial concentration of 100 µg/LVC decreased the 1,000 µg/L, 4,000 

µg/L, and 10,000 µg/L DX biodegradation rates by 78±0.4% (24.4±1 µg-DX/L/h), 61±9% 

(84.1±8.6 µg-DX/L/h), and 92±0.9% (53.6±8.3 µg-DX/L/h), respectively, when compared to the 

DX biodegradation rates in VC free controls. The highest initial VC concentration (4,000 µg/L 

VC) decreased the 1,000 µg/L, 4,000 µg/L, and 10,000 µg/L DX biodegradation rates by 80±3% 

(22.3±5 µg-DX/L/h), 74±11% (52.6±9 µg-DX/L/h), 94±1.3% (44.3±12 µg-DX/L/h), 

respectively when compared to the DX biodegradation rates with 0 µg/L VC. This dose response 

relationship between VC and DX biodegradation could be the result of the membrane bound 

protein’s susceptibility to inhibitor binding, membrane disruptions, or structural changes (52, 

53).  

DX mass removal generally decreased with increasing VC concentrations from 100 µg/L to 

4,000 µg/L (Table 4-1).  However, CB1190 with an initial DX concentration of 1,000 µg/L 

removed the same amount of DX mass in the presence of 100 µg/L VC or 0 µg/L VC. This could 

indicate that when VC is below an inhibitory threshold, which in this case was 100 µg/L VC, DX 

biodegradation may not be negatively impacted. Similarly, lower concentrations of certain 

CVOCs (e.g. 1,1,1-trichloroethane (1,1,1-TCA)) and metals (e.g. Ni, Zn, Cr (IV)) have been 

reported to also be non-inhibitory to CB1190’s DX biodegradation rates (53-56). Increasing 

dxmB gene expression was dependent upon the initial concentration of DX and DX mass 
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remaining, despite increasing VC concentrations (Table 4-1, Appendix Figure B-2). This could 

indicate that VC does not directly repress the transcription of dxmB genes. Higher VC 

concentrations resulted in less DX removal and consequently more DX remaining to induce the 

dxmB gene target.  

To date, 1,1-DCE was reported to be the most inhibitory chlorinated ethene towards DX 

biodegradation, but this study demonstrates that similar concentrations of VC are even more 

inhibitory. For example, DX biodegradation rates were 10 times higher in the presence of 5,000 

µg/L TCE or cDCE (53) than 4,000 µg/L VC. Additionally, CB1190’s DX biodegradation rate 

was approximately twice as high in the presence of 5,000 µg/L 1,1-DCE, one of the strongest 

CVOC inhibitors, compared to 4,000 µg/L VC (53). Similarly, in the presence of 2,000 µg/L 1,1-

DCE or TCE, the tetrahydrofuran monooxygenase DX biodegradation rate decreased by an 

average of 75% and 70%, respectively (55). Convergently, 1,1-DCE has been shown to inhibit 

bacteria that biodegrade DX after growth on primary substrates such as propane (55, 57, 58). It is 

likely that VC would also be a stronger DX biodegradation inhibitor than 1,1-DCE to these 

microorganisms. Because many bacteria that cometabolize CVOCs also cometabolize DX, 

measurement and modeling of VC inhibition kinetics on DX cometabolism biodegradation 

would be complex but necessary to predict in situ degradation rates and clean up times. 

Unexpectantly, ethenes with a lower degree of chlorination such as VC have a stronger inhibition 

towards DX biodegradation (VC > 1,1-DCE > cDCE > TCE > 1,1,1-TCA). 
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4.3.2 Vinyl Chloride Biodegradation by CB1190 without and with Dioxane 

After prior growth on DX, CB1190 was able to aerobically biodegrade VC. The degradation 

rates of VC by CB1190 cells at initial concentrations of 40 µg/L, 280 µg/L, or 780 µg/L VC 

Table 4-1 DX mass removal by CB1190 in the presence of VC and the 

corresponding dxmB gene expression.  

 

 

Figure 4-1 Inhibition on DX biodegradation by VC.  

1A). 10,000 µg/L DX + VC 1B). 4,000 µg/L DX + VC 1C). 1,000 µg/L DX 

+ VC. Error bars represent standard deviation of triplicates. 
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were calculated utilizing the first 12 hours of data and were as follows: 1.6 ± 0.05 µg VC/L/h, 

6.4 ± 0.38 µg VC/L/h, 5.5 ± 0.71 µg VC/L/h, respectively (Figure 4-2A). The 40 µg/L VC 

bottles were reamended with VC on day two because CB1190 had successfully degraded VC to 

below detection limit. Increase in cell abundance was limited, which could be expected due to 

low growth yield and similar trends seen during the aerobic metabolic oxidation of cDCE (17) 

(Appendix Figure B-3). During VC biodegradation, CB1190 upregulated alkene monooxygenase 

(akMO) genes, namely CB-etnABCD, and down regulated the dxmB and dioxygenase genes 

(Appendix Figures B-4 to B-5). Comparably, previous research has shown that other VC-

metabolizing genera utilize the akMO to catalyze epoxidation of VC to chlorooxirane and that 

these genes are inducible by VC (59-61). While the enzymes responsible for VC biodegradation 

in CB1190 are likely part of the soluble di-iron monooxygenase family, VC is likely not 

degraded by the DX-monooxygenase or dioxygenases. 

CB1190 was able to simultaneously biodegrade VC and DX, regardless of the concentration. 

To determine the impact of DX on VC biodegradation, CB1190 was exposed to 2,000 µg/L DX 

and 40 µg/L, 280 µg/L or 780 µg/L VC (Figure 4-2B, Figure 4-2C). The VC degradation rates 

for 40 µg/L VC + DX, 280 µg/L VC + DX, and 780 µg/L VC + DX were 1.8 ± 0.06 µg VC/L/h, 

4.7 ± 0.35 µg VC/L/h, and 4.0 ± 1.4 µg VC/L/h, respectively. While presence of DX decreased 

280 µg/L VC’s biodegradation rate (p-value < 0.05), the inverse was true for 40 µg/L VC, 

meaning CB1190’s VC biodegradation rate at 40 µg/L was significantly higher in the presence 

of DX than DX free controls (p-value < 0.05). There was no significant difference in the VC 

biodegradation rates with or without DX at the highest VC concentration (780 µg/L VC). 

CB1190’s gene abundance in the presence of VC and DX followed a similar trend to the VC 

only conditions (Appendix Figure B-6). When CB1190 cells were grown on dextrose or toluene 
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instead of DX, to prevent dxmB induction (46), the cells were still able to biodegrade VC 

(Appendix Figures B-7 to B-8). Interestingly, the converse was true for DX degradation 

meaning, when CB1190 cells were grown on toluene or glucose, DX degradation was stalled or 

inhibited (46). While CB1190 is largely known as a DX-metabolizing microorganism, it also has 

the unique ability to concurrently biodegrade inhibitory co-contaminants such as cDCE (62) and 

VC.  
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Figure 4-2 Biodegradation of VC by CB1190 with and without DX. 

2A). VC biodegradation at 40 µg/L, 280 µg/L, and 780 µg/L VC. 2B). VC 

biodegradation in the presence of 2,000 µg/L DX 2C). DX biodegradation 

occurring simultaneously with VC biodegradation. Error bars represent standard 

deviation of triplicates 

4.3.3 Vinyl Chloride Assimilation by CB1190 

VC incorporation into CB1190 cells was confirmed via introducing 13C-labeled VC to the 

culture media and then observing the appearance of 13C in the intracellular metabolites. As the 

concentration of isotopically labeled VC decreased in the media, M+1 labeling fraction by 13C 
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increased for metabolites engaged in lipid and protein synthesis (e.g., aspartate, succinate, alpha 

ketoglutarate, serine, acetyl-CoA), nucleotide biosynthesis (e.g., hexose-6-phosphate and 

pentose-5-phosphate), and energy production (e.g., ATP) increased (Figure 4-3). These amino 

acids, keto acids, and sugar phosphate molecules are associated with metabolic pathways (e.g. 

TCA and glyoxylate cycle) in CB1190 as well as other microorganisms (63, 64). The isotopic 

labeling of these metabolites provides proof of incorporation of VC into the intracellular 

metabolism of CB1190. Moreover, the relative metabolite concentration fold change over time 

demonstrated that as VC was degraded, there was an increase in acetyl-CoA, which initiates the 

central carbon metabolism (Figure 4-3, Appendix Figure B-9). The isotopic labeled metabolites 

as well as relative metabolite changes provides direct evidence to the incorporation of VC into 

the intracellular metabolism. This indicates that CB1190 can use VC for its growth. 

CB1190’s conversion of VC to CO2 is implied by the incorporation of labeled 

metabolites into pathways that result in organic carbon mineralization and ATP production. This 

also aligns with previous literature which demonstrated that aerobic metabolic oxidation of VC 

results in mineralization (14, 23, 28). For example, microcosms containing sediment and 14C-VC 

showed near complete mineralization of 57 µM VC in just 2 days (24).  

Collectively, these results confirm that CB1190 utilizes VC, a strong DX degradation 

inhibitor, as a sole source of carbon and energy. The identification of microorganisms capable of 

aerobically metabolizing DX, cDCE, and VC will increase our capacity to remove pollutant 

mixtures in varying redox zones across contaminated sites or wastewater streams.  
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Figure 4-3 Assimilation of VC by CB1190.  

The heatmap represents the intracellular change in metabolites present in CB1190. The samples were 

normalized to 0.25 hours, which was when the first sample was taken. The fraction of 1,2-13C2 VC 

(M+1) labeled in CB1190 are shown over time with the biodegradation curve of 1,2-13C2 VC. Labeled 

compounds that were detected are presented in TCA cycle. Error bars represent standard deviation of 

triplicates. Additional metabolite abbreviations correspond to the following S7P = Sedoheptulose-7-

phosphate; Glu = Glutamate; Gln = Glutamine; UDP_GlcNAc = UDP-N-acetyl-glucosamine. 
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Chapter 5 Assessment of Microbial Adhesion to Modified Substrates and Multipronged 

Approach for the Accurate Quantification of Biofilms on Surfaces 

5.1 Introduction 

According to a national survey performed in 2007, about 1.7 million hospital-acquired 

infections (HAIs) are reported annually, accounting for more than 99,000 deaths and ~$30 

billion in direct medical costs.(1) Despite the reduction of HAIs in recent years through 

improved antiseptic techniques, surgical procedures, and diagnosis, HAIs declines are slowing 

down indicating the need for new preventive methods.(2) It is estimated that 60-70% of HAIs are 

associated with the use of implantable medical devices. These infections occur due to the 

colonization of bacteria on the device surfaces and most, if not all, devices are affected.(3) 

It is estimated that half of all HAIs are attributed to the growth of biofilms.(4) Biofilms form 

when replicating bacterial cells secrete extracellular polymeric substances that contain an 

insoluble mixture of proteins and polysaccharides.(5) This three-dimensional gelatinous matrix 

protects the pathogenic cells from the host defense mechanisms and reduces the diffusion rate of 

drugs through the matrix, rendering the cells within the biofilm significantly more resistant to 

antibiotics than in their planktonic state.(6) Furthermore, biofilms are linked to recurring 

infections, and already-formed biofilms are extremely difficult to resolve.(7) As medical device 

surfaces are a nidus for biofilm growth, significant research has focused on the prevention of 

biofilm growth to reduce HAIs.(8-10) 

The biofilm formation cascade is initiated by planktonic bacterial cell adhesion to a surface. 

Without initial attachment, the biofilm formation is prevented or reduced. Early research on 

biofilm growth demonstrated that weak van der Waals forces and hydrophobic interactions 

enable the first colonizers to reversibly adhere to surfaces.(11, 12) Using self-assembled 
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monolayers, Whitesides et al. surveyed several functional groups to determine surface 

functionalities that promote or hinder the non-specific adsorption of proteins.(13, 14) The 

functional groups that exhibited the lowest adhesion were electrostatically neutral hydrophilic 

moieties that contained hydrogen bond donating groups.(13) From these design rules, many 

material coatings have been developed and shown to reduce adhesion of proteins and 

microorganisms. However, these coatings are substrate dependent, require pretreatment steps, 

and/or require extreme reaction conditions that do not enable the surfaces to be permanently 

modified.(15-20) For these reasons, commercial use of antifouling coatings in medical devices 

are uncommon. Current commercial coatings rely on the elution of antibiotics from a polymer 

matrix that are costly and only partially effective.(10) 

Here, we describe a permanent antifouling coating that resists protein and bacterial adhesion 

utilizing a simple, scalable photo-activated treatment. Our criteria for the coating were as 

follows: (i) the coating must be able to permanently bind to clinically relevant plastics and 

rubbers; (ii) the coating must be applied rapidly under ambient conditions; and (iii) the coating 

must be non-toxic. The zwitterionic polymer polysulfobetaine (PSB) was selected as the 

antifouling component of the coating to benefit from its biocompatibility, ultralow-fouling 

properties, and oxidative stability. By adsorbing water electrostatically, PSB coatings form a thin 

hydration barrier that prevents organic materials from adhering to surfaces.(21) Commonly used 

approaches to attach PSB coatings to surfaces, such as radical-initiated graft polymerizations of 

PSB-methacrylate necessitate the use of oxygen-free conditions,(22) preconditioning steps,(23) 

or long reaction times (24) that do not meet scalability requirements. To circumvent the use of 

air-free graft polymerizations, we employ perfluorophenylazide (PFPA) chemistry as a 

molecular anchor to link the PSB coatings onto the surfaces of polymeric materials under 
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ambient conditions. When triggered with UV-light, PFPA moieties generate a highly reactive 

nitrene that forms covalent bonds with materials containing amines, C=C double bonds, and C-H 

bonds.(25, 26) With this method, PSB is rapidly coated onto a broad range of substrates using 

UV light under ambient conditions with no preconditioning steps. Thus, many different medical 

devices may be quickly and conveniently coated on a manufacturing level. 

We demonstrate the effect of the coating on PDMS as an exemplary, extremely difficult to 

permanently modify, model for a common rubber used in medical devices. Commonly known as 

silicone, PDMS is widely used for its biocompatibility, good chemical stability, ease of 

fabrication using injection molding or extrusion, and low cost. Many implantable device makers 

have moved away from classical medical elastomers and plastics such as latex and polyvinyl 

chloride due to allergens (27) or plasticizers (28) in these materials that leach out and lead to 

irritation. PDMS-based devices do not require plasticizers and have been shown to lead to fewer 

complications than latex and polyurethane-based devices.(29) 

Despite its ideal properties, the non-polar nature of PDMS facilitates the adhesion of organic 

materials. Bacteria, platelets, proteins, and other biomolecules bind strongly to the hydrophobic 

surfaces of PDMS elastomers, leading to the colonization and proliferation of biofilms.(21) 

When common hydrophilic surface treatments are performed on PDMS, such as plasma 

oxidation,(30) UV-ozone,(31) or corona discharge,(32) the effects are short-term due to strong 

hydrophobic recovery. The highly mobile chains of PDMS (glass transition temperature ~ -120 

°C) can reorient themselves to “hide” the surface modified elastomers, when exposed to air, 

within hours.(33) Other methods seeking long-lasting hydrophilic PDMS surfaces typically 

require preconditioning steps with silane (34-36) chemistry or radical polymerization.(34, 37) 

These steps must be performed in closed containers, and/or under the protection of inert gas. Due 



62 

 

to the high solubility of oxygen relative to nitrogen in PDMS,(38) additional steps and time are 

required to remove the oxygen from PDMS so that the radical reaction can proceed efficiently. 

These strict reaction conditions have significantly increased the treatment costs and limited the 

surface modification of PDMS to lab scale demonstrations. With our method, for the first time, 

PDMS substrates can be permanently and rapidly modified under ambient conditions, without 

pretreatment. We then demonstrate the coating’s exceptional antibiofouling efficacy by 

challenging it against protein, mammalian cells, bacteria, and fungus. To support its use in 

implantable devices, the cytotoxicity of the coating has also been investigated. 

Chronic infections are associated with microbial growth in the form of adhered colonies 

surrounded by large exopolysaccharide matrices, which are used to establish hazardous 

biofilms.(39) Biofilms are less susceptible to host defenses such as macrophage phagocytosis 

and can become resistant to antibiotics resulting in reduced treatability.(40) Medical tubing is a 

target for biofilm formation and is often the cause of severe infections, especially because it 

serves as a hiding place for microbes where the immune system is less effective.(41, 42) For 

example, urinary catheter tubing is associated with over 75% of urinary tract infections, which 

are the most common health care-associated infections (HCAIs).(43) 

There is currently no ‘gold standard’ available to evaluate the presence of microbial biofilms 

from medical tubing to assist in the diagnosis and prevention of clinical infections.(8) Current 

standard methods target: 1) Viable cells via plate counting or flow cytometry, 2) Total biomass 

via optical density, 3) Extracellular polymeric substances via resazurin dye, crystal violet dye, or 

live/dead staining, or 4) Cellular activity via ATP quantification (44-47). Reliable detection by 

these assays is limited by factors such as small-colony variants, non-culturable microbes, and 

false positives resulting from the inability to distinguish live from dead cells. Despite these tests’ 
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broad availability, they are rarely performed together.  Furthermore, the above limitations 

prevent an accurate quantification of the biofilms (44-47). Therefore, it is necessary to develop 

culture independent methods for biofilm quantification. 

Due to the widespread occurrence of biofilms and their negative effects on patient outcomes 

(48), catheters were used as model surfaces to test our approach of quantifying biofilms. The 

goals of this study were to: (1) optimize the extraction protocol of biofilms from catheter 

segments; (2) formulate a protocol for biofilm quantification that provides data on both the 

cellular constituents and the extracellular matrix; and (3) develop a multipronged approach that 

is reproducible, sensitive, culture independent, and suitable for clinical settings. 

5.2 Materials and Methods 

5.2.1 Chemicals 

Polydimethylsiloxane (PDMS) base and the curing agent (SYLGARD™ 184 Elastomer Kit, 

Dow Corning, MI, USA) were used to make the PDMS substrates and channels. The 

polysulfobetaine polymer containing perfluorphenylazide moieties was provided by Hydrophilix, 

Inc., CA, USA. Nylon 6/6, polystyrene, polyvinyl chloride, and polyethylene slabs were all 

purchased from McMaster-Carr, CA, USA. Milli-Q water (electrical resistivity ~18.2 MΩ cm at 

25 °C) was provided by Millipore Corporation. Microbial species were purchased from ATCC. 

Luria-Bertani (LB), nutrient broth, trypticase soy broth (TSB), and yeast mold (YM) broth were 

obtained from Fisher Scientific. SYTO 9 live/dead Baclight Bacterial Viability Kit L13152 was 

from Molecular Probes. Dextran (dextran from Leuconostoc spp. Mr ~40,000. 31389, Fluka) was 

obtained from MilliporeSigma (Burlington, MA). Acetic acid (99.7%, ACS grade) and Luria 

Bertani (LB) broth (BD Difco) were obtained from Sigma-Aldrich (St. Louis, MO). 
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5.2.2 Substrates and Surface Modifications 

PDMS substrates were prepared by mixing a 10:1 ratio of elastomer:curing agent (Syglard 

184), followed by curing at 80 °C for 1 h. The PDMS sheets were cut with a laser cutter into 3 

mm diameter disks. A PSB coating solution (30 µL) with a concentration of ~2, 5, or 10 mg mL-1 

was placed and spread out on the surface of each disk, followed by crosslinking on the discs by 

exposure to 254 nm UV light for 10 min under sterile conditions, rinsing with Milli-Q water, and 

drying with air. Petri dishes (dimeter ~55 mm) were filled with a 10:1 elastomer to curing agent 

(Sylgard 184) and allowed to cure at room temperature for at least 48 h to form a 3 mm thick 

PDMS film on the bottom of the dishes. Modified plates were coated with a solution containing 

PSB and irradiated with 254 nm UV light as explained previously. 

5.2.3 Pure Strain Growth Conditions and Petri Dish Inoculations 

Bacterial species, Escherichia coli, Staphylococcus epidermidis, Staphylococcus aureus 

Rosenbach, Staphylococcus aureus (MRSA), Pseudomonas aeruginosa PAO1, and Candida 

albicans were used in this work. All strains were incubated at 30 C at 150 rpm until a mid-

exponential phase was acquired to harvest the cells by centrifugation at 3800 x g for 8 min. E. 

coli was grown on a Luria-Bertani (LB) broth, S. epidermidis, P. aeruginosa, and S. aureus 

Rosenbach were grown on nutrient broth; S. aureus (MRSA) was grown on a trypticase soy broth 

(TSB); and C. albicans was grown on a yeast mold (YM) broth. These initial cultures were then 

adjusted to an optical density of 1 at 600 nm and had an initial total cell number ranging from 

1×107 cells per mL to 1×108 cells per mL. 

Each modified and unmodified PDMS-lined dish was inoculated with 4 mL of bacterial or 

fungal suspensions, which were purchased from ATCC, and incubated for 24-72 h (shaken at 25 

rpm) at 35 °C. The bacterial or fungal suspensions were then removed and stored for further 
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microscopy. The Petri dishes were gently rinsed with sterile, deionized water using a Pasteur 

pipette, and covered in 4 mL of a dye solution (SYTO 9 live/dead Baclight Bacterial Viability 

Kit L13152) for 15 min. The SYTO 9 solution was prepared by dissolving the contents of 

component A of the kit in 30 mL of sterile, deionized water. After the staining was complete, the 

Petri dishes were gently rinsed with deionized water and imaged using a 4X CCD camera 

(Axiocam MRm System) attached to a Zeiss Axioskop 2 microscope with a 10X objective, 40X 

objective, a fluorescent lamp, and a blue excitation filter. During observation, the images were 

taken at an excitation range of 450-490 nm. The numbers of attached microorganisms in all 

fluorescent images were determined using ImageJ software. 

5.2.4 Microfluidic Coating and Bacterial Adhesion 

PDMS microfluidic channels were fabricated using conventional soft lithography, and 

fluorescent fibrinogen (Fibrinogen Alexa flour 546) was utilized for static and flow experiments 

to evaluate the repelling effect of coating against protein adsorption in microfluidic channels. 

Simple straight PDMS channels (150 µm tall and 600 µm wide) were replicated from a mold of 

SU-8 photoresist (MicroChem, Corp.) on a 4-inch wafer. The mold was fabricated by standard 

photolithography, involving the spin-coating of a photoresist layer on the wafer, illuminating UV 

through a mask with the designed pattern of the channel, and developing the pattern with the SU-

8 developer. The PDMS precursor (Sylgard 184) and crosslinker were mixed in a 10:1 ratio, 

poured onto the mold, degassed in a desiccator, and incubated in an oven at 60 ºC overnight. The 

crosslinked PDMS was cut and peeled out of the mold, punched with 2 holes for inlet and outlet, 

and covalently bonded onto a glass slide after plasma treatment. The static experiment was 

conducted by incubating fibrinogen inside the sealed PDMS channel for 1 h. The channel was 

rinsed with DI water and then imaged using a fluorescent microscope. The dynamic bacterial 
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adhesion experiments were conducted by flowing a fluorescent E. coli (ATCC® 25922GFP) 

solution (108 cells/mL) through the uncoated and PSB-coated microfluidic PDMS channels for 

24 h. 

5.2.5 Pure Strain Clinical Isolates and Catheter Conditions 

In vitro experiments were carried out using common microbial pathogens encountered in 

catheter-associated urinary tract infection patients.  Clinical isolates of Staphylococcus aureus, 

methicillin resistant-Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, and Candida 

albicans were previously isolated from urine preserved in boric acid by UCLA Department of 

Pathology and Laboratory Medicine. Ten catheter samples, which had resided in male patients 

from 2-30 days, were obtained in collaboration with Cedars-Sinai Urology Towers. Once 

removed, the catheters were placed on ice and transported to UCLA for further analysis 

(additional detail in Appendix C). 

5.2.6 Design of In Vitro Experiments and Detachment of Adhered Biofilms 

5.2.6.1 Catheter Preparation and Incubation 

In vitro experiments were performed by cutting the catheter tubing into 1-inch segments 

(16 Fr diameter, 5.3 mm, Type: Foley) and placing each segment into a sterile, 20 mL glass 

scintillation vial (Appendix Figure C-1). Silicone catheters and silicone catheters modified with a 

hydrophilic coating (additional detail in SI) were selected due to their widespread clinical use 

(49) and reduced biofilm formation susceptibility (50, 51). After each 1-inch coated or uncoated 

catheter segment was placed into a scintillation vial, it was submerged in 10 mL of bacterial or 

fungal isolate broth with an OD of 0.1 and allowed to incubate at 37C with 120 rpm shaking. 

After the initial 24 hours, 9 mL of culture were removed and replenished with 9 mL of LB broth 

to ensure sufficient nutrient content. The samples were then allowed to incubate for an additional 
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24 hours. After the total 48-hour incubation period, the catheters were removed and dried by 

rolling the full segment’s perimeter on sterile absorbent paper and gently tapping each edge of 

the tube to remove any excess liquid, loosely bound cells, and liquid adhered to the inner lumens. 

Each catheter segment was then transferred into 5 mL of sterile deionized (DI) water in 15 mL 

Falcon tubes. 

5.2.6.2 Biofilm Extraction 

The extraction of tightly bound cells and EPS components was carried out as previously 

described by Mandakhalikar et al. (52). Falcon tubes containing sterile DI water and the dried 

catheter segments were vortexed continuously at full speed (10 speed) for 1 minute. The samples 

were then subjected to 50 seconds of probe sonication (QSonica, Newtown, CT) at 20 kHz and 

12 volts amplitude. Finally, samples were vortexed for another minute (10 speed). After the 

vortex-sonication-vortex sequence was completed, the catheter pieces were removed from the 

tube and the remaining suspension was used to carry out subsequent analyses. Optimization 

parameters of this method included the use of 16 Fr diameters instead of 3-14 Fr diameters, 1 

inch vs 1 cm segments, and probe sonication duration. 

5.2.7 Analytical Methods 

5.2.7.1 Total Nucleic Acids Extraction and Quantitative Polymerase Chain Reaction 

Extraction of nucleic acids was carried out using a phenol-chloroform extraction method 

as previously described (53). For cell density measurements, 500 μL liquid samples were 

collected after incubation, with cells harvested via centrifugation (21,000 x g, 10 min at 4°C) and 

the supernatant was discarded. Additional details are presented in the SI. The number cells were 

determined by amplification of the 16S rRNA or 18S rRNA taxonomic genes. Primer sequences 

are listed in Appendix Table C-1. Quantitative Polymerase Chain Reaction (qPCR) with SYBR-
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green-based detection reagents were utilized to quantify gene copy numbers in each isolate. Each 

plate consisted of a calibration curve with a no template control. Melt curve analyses were 

performed after each run to ensure single product amplification. 

5.2.7.2 Modified Lowry Assay for Protein Quantification 

Tightly bound protein measurements were accomplished with the Pierce Modified Lowry 

Protein assay (Fisher Scientific, Pittsburgh, PA), using bovine serum albumin as the standard (1 

mg/L - 1,500 mg/L). 40 µL of sample or standard was combined with 200 µL of Modified 

Lowry Reagent and incubated for 10 minutes. Subsequently, 20 µL of 1X Folin-Ciocalteau 

Reagent was amended and the plate was re-incubated for 30 minutes. Absorbance was measured 

at 750 nm using VICTOR 3 V plate reader (PerkinElmer, Waltham, MA) at 1 second intervals in 

a 96-well clear bottom, opaque-walled plate. 

5.2.7.3 Adenosine Triphosphate Assay (ATP) for Cell Viability 

The adenosine triphosphate (ATP) concentration was measured using the BacTiter-GloTM 

Microbial Cell Viability assay (Promega, Madison, WI). A calibration curve was prepared from 

lyophilized luciferase (Sigma-Aldrich) ranging from 0.0057 mg/L to 5.7 mg/L. 100 µL of cell 

sample and 100 µL of BacTiter-Glo reagent were pipetted into a 96-well opaque flat bottom and 

opaque-walled plate. Samples were incubated at room temperature for 5 minutes and analyzed 

for luminescence using the spectrophotometer plate reader mentioned above. Background 

luminescence was determined by following the same procedure as experimental samples but with 

sterile deionized water and BacTiter-Glo reagent. In order to account for variations in clinical 

isolate samples, bound ATP was normalized to the amount of ATP in the corresponding 

supernatant as shown below in Equation 1. 
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𝐵𝑜𝑢𝑛𝑑 𝐴𝑇𝑃𝑐𝑎𝑡ℎ𝑒𝑡𝑒𝑟 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑇𝑃𝑑𝑒𝑖𝑜𝑛𝑖𝑧𝑒𝑑 𝑤𝑎𝑡𝑒𝑟

𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝐴𝑇𝑃𝑐𝑎𝑡ℎ𝑒𝑡𝑒𝑟 𝑠𝑒𝑔𝑒𝑚𝑒𝑛𝑡  
− 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑇𝑃𝑑𝑒𝑖𝑜𝑛𝑖𝑧𝑒𝑑 𝑤𝑎𝑡𝑒𝑟

 

 

5.2.7.4 Periodic-Schiff Assay for Carbohydrate Quantification 

The polysaccharide fraction, as calibrated by dextran, was extracted from samples using a 

modified carbohydrate extraction method as described previously (54, 55). For this assay, 25 µL 

sample or standard were pipetted into a 96-well plate with 120 µL of freshly prepared solution 

containing 0.06% periodic acid in 7% acetic acid with gentle pipette mixing. Then a cover was 

secured to the multiwell plate, paraffined and incubated for 30 minutes at 37C with 60 rpm 

shaking. After incubation, 100 µL of room temperature Schiff reagent was pipetted into each 

well, mixed via tapping the well plate, and incubated again at 37°C for 20 hours to allow for 

color development. Absorbance was read in a 96-well clear bottom, opaque-walled plate at 550 

nm using the spectrophotometer plate reader mentioned above. Dextran, a homopolymer of 

glucose, had a standard solution range from 210 mg/L to 50,000 mg/L. 

5.2.7.5 Statistical Analyses 

Statistical differences between the coated and uncoated catheters were determined by a two-

tailed, two-sample t-test that assumes equal variance. All experiments were performed in 

triplicate with analytical duplicates or triplicates. The results are presented as the mean + the 

standard deviations (SD). The values were deemed statistically significant at p-values < 0.05. 
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5.3 Results and Discussion 

5.3.1 Assessment of Microbial Adhesion to Perfluorphenylazide Moieties-

Polysulfobetaine-coated Polydimethylsiloxane Substrates 

To demonstrate the adhesion resistance of pathogenic cells, bacterial and fungal cells were 

incubated directly on bare and PSB coated PDMS substrates, stained with Syto 9 fluorescent 

nucleic acid dye, and analyzed with fluorescent microscopy. Figure 5-1A displays images of the 

substrates using fluorescent microscopy (inset) and quantitative analysis results from microbial 

adhesion after 24-48 h of incubation on PSB-modified and unmodified surfaces. The PSB-

modified surfaces significantly decreased the bacterial and fungal adhesion as well as the biofilm 

formation compared with the unmodified surfaces across all tested microorganisms. The coating 

reduced the biofouling by inhibiting the attractive interactions of microorganisms with anchoring 

proteins responsible for bioadhesion,(56) impairing bacterial adhesion and/or biofilm forming 

cascades. Similar results were obtained when a fluorescent E. coli solution was flowed through 

the uncoated and coated microfluidic channels for 24 h, as can be seen in Figure 5-1B. In the 

bare PDMS channel, E. coli adhesion to the channel walls was observed after 3 h and continued 

to increase and form a thick film after 24 h. In contrast, the bacterial adhesion to the PSB-coated 

channels was scarce even after 24 hours of flow. Figure 5-1C presents the dynamics of increase 

in intensity based on the quantification of fluorescent images in Figure 5-1B. While the bacterial 

flow rendered the uncoated channels green, yielding more than 160% increase in intensity in 

only 24 hours, the coated channels remained protected against the bacterial adhesion and did not 

show a significant increase in the fluorescent intensity. 



71 

 

 

 

 

Figure 5-1 Assessment of microbial (bacterial and fungal) adhesion to PFPA-PSB-

coated PDMS substrates  

A). Percentage of fungal and bacterial cell coverage on bare and PSB-coated 

PDMS substrates obtained from fluorescent microscopy images (insets). B). 

Adsorption of fluorescent E. coli (ATCC® 25922GFP) to PDMS microfluidic 

channels under flow within 24 h shows that the uncoated channels permitted full 

coverage, whereas the PSB-coated channels did not support bacterial adhesion. 

The scale bars represent 100 µm. C). Increase of intensity over time based on the 

quantification of fluorescent images in panel B). shows that while uncoated 

channels underwent more than 160% increase in intensity in 24 h as a result of 

bacterial deposition, the coated channels remained protected against the bacterial 

adhesion. 

5.3.2 Quantification of Adhered Biofilms Resulting from Clinical Isolates to Catheter 

Segments In Vitro 

The enumeration of DNA in extracellular polymeric matrices attached to catheters is a 

critical parameter that facilitates microbial growth, adhesion, and overall biofilm integrity. 
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Extracellular DNA (eDNA) typically originates from cell lysis and/or active or passive extrusion 

mechanisms (57, 58). eDNA has been shown to be a universal adhesive substance and aids in 

biofilm formation (59, 60), which is why this parameter is of great importance when trying to 

quantify biofilm presence and growth. qPCR is a rapid and targeted quantification method that 

can accurately detect various nucleic acid biomarkers (61). 

qPCR and universal gene targets effectively identify and enumerate nucleic acids, yet this 

technique remains largely absent from methods striving to quantify adhered biofilms on medical 

surfaces. By targeting highly conserved and reliable sites within the genome via the 16S or 18S 

primers, gene abundance inside the biofilm was quantified on catheter segments. Cycle threshold 

(CT), which is proportional to the -log of the nucleic acid concentration, is reported because of its 

use in clinical settings to diagnose patient infections (62-64). Results demonstrated that within 

the adhered biofilm, bacterial or fungal DNA was successfully detected across all undiluted 

catheter segment samples, but that the ability to accurately quantify the DNA decreased when 

samples were diluted 10-fold and 100-fold to represent clinically-ambiguous copy numbers 

(Figure 5-2A, Figure 5-3A, Appendix Figure C-2, Appendix Table C-3). MRSA and P. 

aeruginosa clinical isolates showed the greatest overall surface attachment to uncoated catheters 

both with an average CT value of 15.1 (Appendix Figure C-3). Studies have shown that several 

species including S. aureus and P. aeruginosa, can utilize eDNA to promote or modulate the 

development of biofilms (59, 65). Microbial cells have also been shown to prefer hydrophobic 

surfaces when developing a biofilm (66). Our results showed that bound DNA was significantly 

greater on the uncoated silicone segments compared to coated hydrophilic segments across all 

clinical isolates tested. This could be attributed to the fact that eDNA enhances adhesion to 

hydrophobic surfaces due to the amphiphilic nature of DNA (67). Correspondingly, P. 
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aeruginosa showed the most significant difference between coated and uncoated catheters (p-

value < 0.01). 

Quantifying proteins in the biofilm of pathogenic microorganisms is an important metric 

because it provides indicators of components contributing to adhesion, as well as to an 

infection’s virulence (68-74). Protein components of biofilm include secreted extracellular 

proteins, protein subunits of pili or flagella, proteins of outer membrane vesicles, and cell surface 

adhesins (68).   

The modified Lowry method was selected because it has been shown to be the optimal 

protein quantification method for natural biofilms when compared to others such as the 

Bicinchoninic acid (BCA) or Bradford Coomassie protein assays. For example, the Lowry assay 

has a lower detection limit than both the BCA and Coomassie assays. Additionally, the 

Coomassie assay has been shown to underestimate the concentration of glycoproteins, and the 

BCA assay shows interference with saccharides (10 mM-100 mM) (75, 76). Furthermore, all 

reagents used in the Lowry assay are stable at room temperature, granting it a relatively low 

susceptibility to experimental error or reagent degradation.  

Total protein content measured by the modified Lowry assay showed greater protein 

association to uncoated catheter segments compared to coated segments (Figure 5-2B and Figure 

5-3B). The greatest amount of protein on unmodified catheters corresponded to S. aureus with 

values of 176 ± 19.6 mg/L, while the least amount of protein was measured for MRSA (98 ± 6.8 

mg /L) on coated catheters. Differences between amounts of protein measured among strains 

may indicate differences in their ability to colonize surfaces, but also result from the fact that the 

composition of extracellular matrix varies between species, as well as among strains of the same 

species (e.g., MRSA vs. S. aureus) (77). The greatest difference between uncoated/coated 
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catheters occurred with P. aeruginosa (p-value < 0.01).  P. aeruginosa proteomics have shown 

that the EPS of this species contains mostly outer membrane proteins, but also includes 

cytoplasmic, secreted, and periplasmic proteins, which are directly linked to adhesion 

and biofilm stability (68). 

ATP plays an essential role in cellular respiration, metabolism, and energy storage (78). The 

ATP concentration within a biofilm matrix can provide insight into the performance of the 

biofilm and overall cellular virility (79). Viable microbial load within the biofilm was quantified 

via the BacTiter-Glo cell viability assay (80). Previous studies have shown that there is a linear 

relationship between intracellular ATP and the number of viable cells (81, 82), which is why this 

assay was selected to characterize and quantify biofilm production. This luminescence-based 

assay enables the detection of ATP in catheter-associated biofilms. 

ATP concentrations were successfully quantified across all samples and showed that greater 

ATP was associated with the uncoated catheters than the coated catheters (Figure 5-2C and 

Figure 5-3C). Coated catheter segments had significantly less ATP than uncoated segments 

across all clinical isolates. P. aeruginosa showed the greatest difference between the coated (6.88 

+ 2.44 mg/L) and uncoated (2.87 + 1.22 mg/L) catheters. This could be linked to the fact that the 

phosphate kinase gene (PPK), which encodes for the inorganic phosphate in ATP in P. 

aeruginosa, is responsible for thick and differentiated biofilm formation (83). Contrastingly, C. 

albicans had the lowest overall concentrations of ATP on the catheters, but still showed 

significantly more ATP on uncoated catheter segments (1.77 + 0.45 mg/L) than coated catheter 

segments (0.81 + 0.13 mg/L). These results are consistent with Haghighi et al., (84) in which the 

ATP assay was used to measure the ability of TiO2-coated catheters to resist C. albicans 

adhesion. 
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Quantifying total carbohydrates is essential in evaluating the presence of biofilm because 

EPS is the most abundant component of the extracellular matrix of many biofilm-forming 

pathogens (77). Additionally, polysaccharides are integral constituents in determining biofilm 

structure and integrity (85). For instance, one of the prevalent carbohydrates in P. aeruginosa 

facilitates cell-to-cell adhesion within the biofilm by crosslinking eDNA within the extracellular 

matrix (77). Carbohydrate quantification is thus considered a crucial component in the evaluation 

of biofilms due to their significance for biofilm stability.  

Detection and analysis of complex carbohydrates is typically performed via colorimetric 

assays, including phenol-sulfuric acid (86), Monsigny resorcinol (87), resazurin (88) and crystal 

violet (89). The Periodic Acid-Schiff reagent (PAS) is widely used to visualize tissues by 

staining glycogen and other polysaccharides (54, 90, 91). In contrast to other methods, the PAS 

assay does not face interference from proteins or sugars, has the ability to capture neutral and 

charged carbohydrates, and is not specific to any kind of glycosidic linkage (54, 55). This is 

important when concerned with quantifying carbohydrates in real biofilms because there are 

many carbohydrates present in EPS, even within the EPS of a single species (77). For instance, 

studies on the extracellular matrix of P. aeruginosa have shown that different strains secrete as 

much as three types of matrix exopolysaccharides (77, 92-95). Ensuring the universality of the 

assay is critical for its widespread clinical applicability. Kilcoyne et al., (54) developed a method 

to use the PAS assay in a microtiter plate format for the in vitro quantification of dissolved 

carbohydrates (54), introducing the possibility to use it as a high-throughput method. However, 

this method had yet to be explored as a strategy for quantifying biofilms extracted from 

indwelling medical tubing. 
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Results from the PAS assay showed that the concentration of bound carbohydrates was 

significantly greater in uncoated catheter segments compared to coated ones (Figure 5-2D and 

Figure 5-3D). P. aeruginosa had the greatest amount of bound carbohydrate on coated catheters 

(3,411 ± 505 mg equivalent dextran/L), while MRSA had the lowest concentration (411 ± 126 mg 

equivalent dextran/L) on coated catheters. S. aureus showed the greatest difference between 

uncoated/coated segments (p-value < 0.001).  The linearity of the response of a number of 

polysaccharides to the assay indicates (54) that it can be reliably used for different strains 

regardless of the dominant carbohydrate in their EPS. Thus, in contrast to other methods, the 

selected assay is not only useful for a large range of microorganisms but can also be confidently 

used with microbial communities, such as those present in clinical settings. Additionally, the 

PAS assay requires low sample volume and generates small amounts of non-hazardous waste, so 

it has the potential to be used as a high-throughput assay for biofilm quantification in clinical 

settings.  
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Figure 5-2 Gene abundance, total protein, ATP, and total polysaccharide 

concentrations from adhered biofilms on coated and uncoated catheter segments 

A). Gene abundance represented by CT values. B). Total protein concentration as 

estimated via a bovine serum albumin standard. C). ATP concentration. D). 

Carbohydrate concentration as µg equivalents of dextran. Each value represents 

average and quartiles of experimental triplicates, each measured thrice (n = 9). 

5.3.3 Quantification of Adhered Biofilms from Catheters Previously Residing in Patients 

Figure 2 shows that all four assays were successful at detecting and quantifying biofilm 

extracted from catheters that were previously implanted in patients. ATP and gene abundance 

were evaluated for the same set of patient samples because both have a presence in clinical 

contexts. Gene abundance has been used to diagnose S. aureus, C. albicans, and P. aeruginosa 

infections via CT value (62-64) and ATP has been used to estimate antimicrobial effects (80, 96). 

Based upon existing infection guidelines, patients 6 and 8 could be diagnosed relatively easily 

with only qPCR since the distance from the infection positive threshold was consistent for most 

of the replicates (Figure 5-3A, Appendix Table C-3). Correspondingly, the average ATP 

concentrations in patient 8 was high (likely infection) (0.66 mg/L) and low in the case of patient 

6 (0.20 mg/L). However, for patients 2, 4, and 7 the distribution of points for gene abundance 
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was considered inconclusive in the diagnosis of an infection since the replicate analyses straddle 

the threshold (Figure 5-3A). In these instances, additional data would be needed. For example, 

the ATP measurements indicate that patient 2 had a high average amount of ATP (1.9 mg/L), 

while patients 4 and 7 had average ATP concentrations that were similar to a patient with a no 

infection qPCR result, (0.75 mg/L and 0.29 mg/L).  Polysaccharides and total proteins were 

measured for patients 21-25 because these two methods are currently not widely used in clinical 

settings to diagnose infections and have no established threshold for presence or absence of 

infection. Figure 5-3B and Figure 5-3D show similar trends in the variation and distribution for 

proteins and polysaccharides in different patients, indicating the value of these multiple lines of 

evidence in accurate identification of infections caused by biofilms. 

 

Figure 5-3 Quantification of gene abundance, total protein, ATP, and total 

polysaccharide concentrations adhered to uncoated catheters 

 

In summary, this study emphasizes a multiple lines of evidence approach for characterizing 

and quantifying catheter-associated biofilms in vitro (Appendix Table C-2 and Appendix Table 
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C-3). When implemented in a clinical setting, these assays collectively aid the accurate 

enumeration of infections and inform costs and patient care decisions. Furthermore, these assays 

could be beneficial in the design and testing for materials to limit attachment of potentially 

pathogenic biofilms. 
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Chapter 6 Conclusions and Perspectives 

6.1 Summary and Significance of Research 

This research systematically approached the use and management of microorganisms 

through two research avenues. The first technique involved formulating and optimizing pure and 

mixed cultures to remove contaminants from groundwater and the second technique utilized 

surface chemistry and a multipronged assay approach to reduce microbial adhesion and quantify 

their population abundance. 

A mixed microbial community composed of an anaerobic microbial consortium (KB-1®) 

and aerobic pure strain Pseudonocardia dioxanivorans CB1190 (CB1190) was assembled to 

evaluate the biodegradation of chlorinated ethenes and 1,4-dioxane under changing redox 

conditions. Conventional technologies have focused on removing each compound separately--

anaerobes for trichloroethylene (TCE) and aerobes for 1,4-dioxane. However, this single 

consortium was able to reduce TCE in anaerobic environments and oxidize 1,4-dioxane after 

oxygen amendments. The mixed microbial community mitigated CVOC inhibition on 1,4-

dioxane aerobic biodegradation as well as introduced CB1190’s ability to biodegrade cDCE 

under aerobic conditions. Additionally, results showed that CB1190 was able to survive 100 days 

of anaerobic incubation and still grow in optimized medium when conditions turned aerobic. The 

monooxygenase enzyme present in CB1190 was reactivated after little to no lag and was able to 

catalyze 1,4-dioxane degradation. As a plume disperses throughout the saturated zone, the redox 

conditions frequently change from anaerobic (source zone) to aerobic (downgradient). The 

engineered microbial community survived these changes and biodegraded both CVOCs and 1,4-

dioxane. This approach could reduce the cost, energy, and substrates required for in situ 

bioremediation for CVOCs and 1,4-dioxane. 
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Subsequently, an in situ biostimulation and bioaugmentation with CB1190 system was 

operated to promote the removal of chlorinated ethenes and 1,4-dioxane present in groundwater. 

Two monitoring wells (MW) were selected at this field demonstration site and sampled every 

two to four weeks over a total eight-month period. MW-31 received biostimulation in the form of 

air sparging and as a result there was significant removal of chlorinated ethenes with cDCE 

experiencing the largest decline (79% decrease). While air sparging was in operation, the 

chlorinated ethenes remained below 300 µg/L. However, when the air sparging pump 

experienced a malfunction, the chlorinated ethenes rapidly increased due to an upgradient source 

feeding into the area. 1,4-Dioxane decreased in concentration by 35% with the greatest reduction 

periods occurring when dissolved oxygen levels were above 3 mg/L. MW-32 received both air 

sparging as well as bioaugmentation with CB1190 + nutrients. This resulted in a 50% decrease in 

the 1,4-dioxane concentration as well as the cDCE concentration. Similar to MW-31, the greatest 

periods of contaminant removal in MW-32 occurred when the dissolved oxygen concentration 

were equal to or above 3 mg/L. By the end of the project, CB1190’s gene abundance 

significantly decreased likely because of competition from the native bacterial population and 

nutrient limitations; however, an estimated 130 mg of total DX was removed by CB1190.  In 

conclusion, the treatment of recalcitrant groundwater contaminants such as CVOCs and 1,4-

dioxane can be further improved by combining biostimulation and bioaugmentation, particularly 

CB1190 + air sparging, for the removal of 1,4-dioxane and cDCE in situ. 

The ability of CB1190 to metabolize the known carcinogen and groundwater pollutant, VC, 

with or without the co-contaminant, 1,4-dioxane, was examined in controlled experiments. While 

VC did pose inhibitory effects, CB1190 was able to biodegrade VC and utilize it as a growth 

substrate. CB1190 also demonstrated simultaneously degradation of VC and 1,4-dioxane. 



95 

 

Increasing concentrations of VC decreased 1,4-dioxane biodegradation rates, whereas increasing 

1,4-dioxane did not have a strong effect on VC biodegradation. The dxmB and aldH gene targets 

were down regulated during VC biodegradation and were likely not induced by VC. After 

introducing 13C-labeled VC to the culture media and then extracting the intracellular metabolites, 

molecules associated with the metabolic pathways such as tricarboxylic acid (TCA) cycle and 

gluconeogenesis increased. CB1190’s ability to aerobically degrade VC as well as 1,4-dioxane 

would be beneficial at sites where enhanced reductive dechlorination stalled at VC due to oxygen 

intrusion or strain specific limitations. 

An assessment of a novel hydrophilic coating’s ability to resist microbial adhesion was 

carried out. Additionally, a multipronged method for quantifying cellular and extracellular 

polymeric matrix components attached to catheter surfaces was proposed in this research. Six 

microbial isolates comprised of one fungal strain and five bacterial strains were individually 

grown in petri dishes with hydrophilic-coated and uncoated silicone and results illustrated that 

the % area covered by the microorganisms was consistently less in the coated dishes than 

uncoated. Additionally, results showed that when a fluorescent E. coli solution was flowed 

through a silicone and hydrophilic-coated silicone microfluidic channel for 24 hours, the 

uncoated channel walls had significantly more biofilm than the coated channel. The microbial 

film detection approach was tested using four clinical isolates (Pseudomonas aeruginosa, 

Staphylococcus aureus, methicillin resistant-Staphylococcus aureus, Candida albicans) and two 

catheter types that were placed in vitro and in vivo. Results demonstrated that the shortcomings 

of standard approaches can be overcome through the conjunct analysis of total protein (modified 

Lowry), total biomass (quantitative polymerase chain reaction), cellular activity (ATP 

luminescence), and extracellular polymeric substances (Periodic Acid-Schiff). All four assays 
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were successful at detecting and quantifying biofilm extracted from catheters grown in microbial 

suspensions as well as catheters that were previously implanted in patients When implemented in 

a clinical setting, these assays collectively provide an accurate enumeration of infections and 

inform patient care decisions. 

6.2 Future Research Directions 

6.2.1 Application of novel omics approaches to characterize microbial communities 

capable of degrading contaminant mixtures 

The study of genomes, proteomes, and metabolomes of microorganisms has been 

revolutionized by “omics” approaches. Genomics and transcriptomics are frequently being 

utilized to understand the cellular potential and function of contaminant degrading 

microorganisms. While this information does aid practitioners’ ability optimize site remediation 

strategies, an even more direct measurement of the microbial system and activity is needed. 

Metabolomics, which is the study of metabolic profiles, intermediates and signaling molecules, 

can provide that direct line of evidence for contaminant biodegradation and is the reason why I 

believe future research within environmental engineering and specifically the bioremediation 

field should move to include widespread metabolomics studies. For example, while revealing 

CB1190’s ability to metabolize VC will aid site clean-up where VC and 1,4-dioxane are present, 

future research is needed on the metabolites formed during the degradation of other CVOCs, 

such as TCE, cDCE, and 1,1-DCE, and 1,4-dioxane. This information would provide evidence of 

whether CB1190 metabolizes or co- metabolizes these pollutants and which products can serve 

as degradation indicators. To achieve this goal, stable isotope labeling of these compounds (e.g. 

TCE [U-2H1 or U-13C2], cDCE [U-2H2 or U-13C2], 1,1-DCE [U-2H2 or U-13C2], 1,4-dioxane [U-

2H8 or U-13C4]) could be utilized to track metabolite fluxes, absolute metabolite concentrations, 

and incorporation of isotope signatures in amino acids and cellular components. Increased efforts 
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to combine isolating, enriching, and adaptively evolving microorganisms with high-throughput 

technologies like omics could open the door to using biodegradation for emerging and 

recalcitrant contaminants and aid the design and implementation of these complex systems. 

6.2.2 Multipronged assay approaches for biofilm enumeration and clinical guidelines 

Biofilms facilitate many of the key processes that are responsible for life on Earth such as 

nutrient cycling, atmospheric oxygen, gut health, pest control, contaminant removal, and the 

production of energy, food, and medicine. Contrastingly, they are also responsible for some of 

the most devastating losses of life from infections and disease to ecological degradation.  

Detection and enumeration of adhered cells is important for both environmental and public 

health. The research presented in this dissertation offer a multipronged approach for 

systematically quantifying components of biofilms adhered to medical tubing, which are 

notoriously known as a source for infections and biofilms. While this method has been shown to 

be effective for catheter surfaces in vitro and limitedly for catheters that resided in patients, I 

believe that future research is needed in testing these methods with larger number of samples 

collected from diverse patients as well as standardizing diagnoses and care based on this 

approach.  Because biofilms have far greater mechanisms for survival compared to planktonic 

cultures, earlier detection of biofilms could result in fewer health complications and better 

patient outcomes. These assays would also be valuable in the testing of novel functional 

materials designed to mitigate biodeterioration in wide-ranging applications from shipping 

industry to dental health.   
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Appendix A:Supporting Information for A Mixed Microbial Community for the 

Biodegradation of Chlorinated Ethenes and 1,4-Dioxane 

A-1 Methods and Materials 

A-2 Culture Maintenance and Growth Conditions 

The modified medium described by Cole et al.(1) contained: 2.3 g/L of TES buffer, 10 mL/L 

of 100x salt stock solution (100x stock solution: 100 g/L NaCl, 30 g/L NH4Cl, 30 g/L KCl, 20 

g/L KH2PO4, 50 g/L MgCl2-6H2O, 1.5 g/L CaCl2-2H2O), 1 mL/L of the Trace Element Solution 

A (Trace Element Solution A: 10 g/L HCl (25% w/w), 0.006 g/L H3BO3, 0.5 NaOH, 0.1 g/L 

MnCl2-4H2O, 1.5 g/L FeCl2-4H2O, 0.19 g/L CoCl2-6H2O, 0.07 g/L ZnCl2, 0.002 g/L CuCl2-

2H2O, 0.024 g/L NiCl2-6H2O, 0.036 g/L NaMoO4-6H2O), and 1 mL/L of Trace Element 

Solution B (Trace Element Solution B: 0.006 g/L Na2SeO4-5H2O and 0.008 g/L Na2WO4-

5H2O).(2) After the above ingredients were added, the medium’s pH was adjusted to 7.2-7.3 and 

then autoclaved for 30 minutes at 121C. The pH of the medium was measured periodically 

throughout the experiment.  TiCl3, the main reductant used, was prepared in an anaerobic glove 

box using 0.38 g of TiCl3 powder in 100mL of sterile DI water. Varying amounts were added in 

order to reduce any trace amounts of oxygen in anaerobic cultures. 

A-3 Total Nucleic Acids Extraction and qPCR 

For cell density measurements, 500 µL liquid samples were collected during incubation, 

with cells harvested via centrifugation (21,000 x g, 10 min at 4C) and the supernatant was 

discarded. Cells were lysed by adding 250 μL of lysis buffer (50 mM sodium acetate, 10 mM 

EDTA [pH 5.1]), 100 μL 10% sodium dodecyl sulfate, 1.0 mL pH 8.0 buffer-equilibrated 

phenol, and 1 g of 100 μm-diameter zirconia−silica beads (Biospec Products, Bartlesville, OK), 

followed by heating at 65°C for 2 min, bead beating for 2 min with a Mini-Beadbeater 16 

(Biospec Products, Bartlesville, OK), incubating for 8 min at 65°C, and bead beating again for 2 
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min. The lysate was collected by centrifugation at 13000 g for 5 min, followed by 

phenol−chloroform−isoamyl alcohol purification (1 volume) and chloroform−isoamyl alcohol 

purification (1 volume). Precipitation of total nucleic acids was performed by the addition of 3 M 

sodium acetate (0.1 volume) and isopropanol (1 volume) followed by incubation at −20°C 

overnight. Nucleic acid pellets were collected by centrifugation at 4°C for 30 min at 20000 g. 

The precipitate was washed with 70% ethanol and resuspended in 100 μL DNase- and RNase-

free water. The purity of DNA and RNA were determined by a Nanodrop 2000C 

spectrophotometer (Thermo Scientific, Wilmington, DE). For gene expression analyses, RNA 

was isolated from total nucleic acid extracts using a RapidOUT DNase Kit (Thermo Scientific, 

Waltham, MA). The cDNA was synthesized from purified total RNA using a Maxima First 

Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA). All samples were stored at 

−80°C until further amplification and analyses. CB1190 primer sequences were used as 

described in Zhang et al. 2016 (3) and KB-1 primers were used as described in Waller et al. 

2005.(4) All reactions were run on a StepOnePlus thermocycler (Life Technologies, Carlsbad, 

CA) using a total volume of 20 μL containing 1× Luminaris Color HiGreen−HiROX qPCR 

Master Mix (Thermo Scientific, Waltham, MA), 0.3 µM primers, and 2.5 μL of DNA (1−10 

ng/μL) template. The cycling parameters to amplify the gene fragment included sample holds at 

50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 45 s. 

All reactions were accompanied by a melt curve analysis to confirm the specificity of qPCR 

products. Melt-curve analyses that were within the ranges of 78.1−80.5°C (rpoD) and 

81.5−83.6°C (dxmB, aldH, and 16S rRNA) were considered specific to each target gene.(3, 5, 6) 

The gene expression fold change was calculated using the following equation:  

ΔΔCq, Target gene = (Cq, Target gene – Cq, Housekeeping gene) Treatment – (Cq, Target gene – Cq, Housekeeping gene) Control 
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A-4 Preparation of Chlorinated Solvent Stock Solutions 

Chlorinated solvents were measured in samples collected from headspace of the bottles.  

They were converted to aqueous concentrations by using Henry’s Law constants for each 

compound.(7, 8) 

A-5 Oxygen Headspace, Dissolved Oxygen and Oxidation Reduction Potential 

Procedures 

Headspace oxygen concentrations were measured using an O2/CO2 model 902D analyzer 

(Quantek Instruments, Grafton, MA). During experiments, 3 mL of headspace were sampled 

from each bottle and then immediately injected into the analyzer resulting in a % O2 value. The 

headspace analyzer was chosen due to its relatively low sample volume requirement.  

The oxidation-reduction potential (ORP) was measured using an Orion Triode Refillable 

ORP Probe (Thermo Fisher Scientific, Waltham, MA). Triplicate bottles containing 100 mL of 

modified media were sparged with two metal needles at 40 PSI for varying amounts of time up 

to three minutes and then measured on the ORP probe. The bottles were measured after 

equilibration for 1 hour at 30C. 

Dissolved oxygen and pH were measured using an Orion Versa Star (Thermo Fisher 

Scientific, Waltham, MA), and were measured in both anaerobic and aerobic conditions. The 

dissolved oxygen probe was calibrated using air saturated water (high oxygen concentrations) 

and a 50 g/L sodium sulfite solution for the zero point (low oxygen concentrations). Triplicate 

bottles containing 100 mL of modified media were sparged with two metal needles at 40 PSI for 

varying amounts of time up until three minutes. The bottles were measured after equilibration for 

1 hour at 30C. Appendix Figure A-1 shows a calibration curve between the amount of time 

sparged and dissolved oxygen (mg/L). 
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Appendix Figure A-1 Dissolved Oxygen  

Dissolved Oxygen was measured in modified media after varying amounts of 

sparging time with N2 gas. Bottles and media equilibrated to 30C and measured 

using an Orion Versa Star DO probe.  

 

A-6 Statistical Analysis 

All experiments were performed in triplicate and are presented as the mean  standard 

deviation. 1,4-Dioxane and chlorinated ethene inter and intragroup differences were estimated 

using a paired two sample for means t-Test. Intragroup biomass differences were estimated using 

a one-way paired t-Test. Values were considered statistically significant when the p values were 

 0.05. 

7.42

3.19

1.83

0.80 0.84
0.46

0

1

2

3

4

5

6

7

8

0 30 60 90 120 150 180

D
is

s
o

lv
e

d
 O

2
(m

g
/L

)

Sparging Time (s)



102 

 

 

Appendix Figure A-2 Chlorinated ethene biodegradation (µmoles/L) in pure 

CB1190 and mixed cultures  

The CB1190 anaerobic/aerobic pure culture did not degrade TCE under 

anaerobic or aerobic conditions, while KB-1 + CB1190 anaerobic/aerobic 

biodegraded TCE anaerobically and its transformation product, cDCE, 

aerobically. cDCE was degraded by CB1190 at a rate of 0.2060.002 /day. Error 

bars indicate the standard deviation of triplicates, and the shaded grey area 

indicates the anaerobic phase. 
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Appendix Figure A-3 Chlorinated ethene biodegradation (mg/L) in pure CB1190 

and mixed cultures 

The CB1190 anaerobic/aerobic pure culture did not degrade TCE under 

anaerobic or aerobic conditions, while KB-1 + CB1190 anaerobic/aerobic 

biodegraded TCE anaerobically and its transformation product, cDCE, 

aerobically. cDCE was degraded by CB1190 at a rate of 0.0780.004 /day. Error 

bars indicate the standard deviation of triplicates, and the shaded grey area 

indicates the anaerobic phase. 
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Appendix Figure A-4 Chlorinated ethene biodegradation (µmoles/L) in pure 

CB1190 and mixed cultures 

The CB1190 anaerobic/aerobic pure culture did not degrade TCE under 

anaerobic or aerobic conditions, while KB-1 + CB1190 anaerobic/aerobic 

biodegraded TCE anaerobically and its transformation product, cDCE, 

aerobically. cDCE was degraded by CB1190 at a rate of 0.0780.004 /day. Error 

bars indicate the standard deviation of triplicates, and the shaded grey area 

indicates the anaerobic phase. 
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Appendix Figure A-5 1,4-Dioxane biodegradation in pure CB1190 and mixed 

cultures 

KB-1 + CB1190 anaerobic/aerobic and CB1190 anaerobic/aerobic biodegraded 

1,4-dioxane aerobically. CB1190 bottles that were not amended with oxygen did 

not degrade 1,4-dioxane. KB-1 + CB1190 anaerobic/aerobic degraded 15,000 

µg/L of 1,4-dioxane at a rate of 0.2490.0008 /day, and CB1190 only 

anaerobic/aerobic bottles at a rate of 0.2500.00002 /day. CB1190-mediated 1,4-

dioxane degradation rates were calculated using the end of the anaerobic phase 

and after 1,4-dioxane was degraded to below detection. Error bars indicate the 

standard deviation of triplicates, and the shaded grey area indicates the anaerobic 

phase. 
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Appendix Figure A-6 KB-1 grows during anaerobic phase and does not grow during 

aerobic phase 

Bottles contained 5,000 µg/L TCE and 15,000 µg/L 1,4-dioxane. The tceA gene 

was used to quantify cell number. Error bars indicate the standard deviation of 

triplicates. 
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Appendix Figure A-7 CB1190 grows during aerobic phase after anaerobic 

incubation 

Bottles contained 5,000 µg/L TCE and 15,000 µg/L 1,4-dioxane. The dxmB gene 

was used to quantify cell number. CB1190 + KB-1 anaerobic/aerobic and 

CB1190 anaerobic/aerobic grew after the anaerobic phase and during aerobic 

conditions, (* p < 0.05, ** p < 0.01). The CB1190 anaerobic bottles did not grow 

significantly during the anaerobic phase. Error bars represent standard deviation 

of triplicate samples. 
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Appendix Figure A-8 CB1190 aerobically degrades cDCE with and without 1,4-

dioxane 

There was no significant difference in degradation rates when CB1190 was 

amended with and without 1,4-dioxane. Error bars indicate the standard 

deviation of triplicates. 

 

Appendix Figure A-9 CB1190 aerobically degrades 1,4-dioxane in the presence of 

cDCE 

There was no significant 1,4-dioxane transfer from the seed culture in CB1190 

amended with only cDCE. Error bars indicate the standard deviation of 

triplicates. 
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Appendix Figure A-10 KB-1 grows during anaerobic phase and does not grow 

during aerobic phase 

Bottles contained 1,250 µg/L TCE and 3,000 µg/L 1,4-dioxane. The tceA gene 

was used to quantify cell number. KB-1 grew under anaerobic conditions in the 

KB-1 + CB1190 anaerobic/aerobic bottles, and did not grow under aerobic 

conditions (* p < 0.05, ** p < 0.01). Error bars indicate the standard deviation of 

triplicates. 

 

Appendix Figure A-11 CB1190 grows during aerobic phase after anaerobic 

incubation 

Bottles contained 1,250 µg/L TCE and 3,000 µg/L 1,4-dioxane. The dxmB gene 

was used to quantify cell number. CB1190 + KB-1 anaerobic/aerobic and 

CB1190 anaerobic/aerobic grew after the anaerobic phase and during aerobic 

conditions, (* p < 0.05, ** p < 0.01). The CB1190 anaerobic bottles did not grow 

significantly during the anaerobic phase. Error bars indicate the standard 

deviation of triplicate samples. 
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Appendix Figure A-12 Dissolved oxygen concentrations after prolonged anaerobic 

incubation 

CB1190 was able to biodegrade 1,4-dioxane after anaerobic incubation and 

~12% oxygen in the headspace. Error bars indicate standard deviation of 6 

replicates. 
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Appendix Figure A-13 Titanium trichloride has a less inhibitory effect on CB1190’s 

ability to biodegrade 1,4-dioxane than sodium sulfide 

Titanium trichloride resulted in the least inhibition and sodium sulfide resulted in 

the most inhibition on CB1190’s ability to biodegrade 1,4-dioxane. Error bars 

indicate standard deviation of 6 replicates. 
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Appendix Figure A-14 CB1190 degrades 1,4-dioxane with and without lactate (1 

mg/L) and an anaerobic incubation period 

The anaerobic phase was 3.5 days and is indicated by the shaded grey area. 1,4-

dioxane biodegradation was slightly delayed between bottles amended with 

lactate and those without lactate. However, 1,4-dioxane was still successfully 

degraded in the bottles with lactate.  Error bars indicate standard deviation of 6 

replicates. 
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Appendix Figure A-15 1,4-Dioxane degradation by CB1190 grown in aerobic 

ammonium mineral salts medium (AMS) and BAV1 medium 

There were no significant differences in 1,4-dioxane biodegradation when 

CB1190 was grown in AMS (9) or modified BAV1.(1) Error bars indicate 

standard deviation of 6 replicates. 
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Appendix Figure A-16 CB1190 biodegrades dioxane after 100 days of anaerobic 

incubation 

CB1190 was kept under anaerobic conditions for 100 days after which filtered 

high purity oxygen was amended and dioxane biodegradation was tracked. Error 

bars indicate the standard deviation of triplicates. 
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Appendix B: 

B-1 Tables and Figures 

Table B-1 Trace elements stock solution A for the UCLA modified medium 

 

(1 mL stock into 1L medium) 

  
Components MW Stock Final concentration in medium 

    g/l M g/l M uM 

HCl (25% w/w)   10 mL   0.01 ml     

H3BO3 61.81 0.006 0.00010 6.00E-06 9.70E-08 0.10 

NaOH 39.9 0.5 0.01253 5.00E-04 1.25E-05 12.53 

              

MnCl2-4H2O 197.84 0.1 0.00051 1.00E-04 5.05E-07 0.51 

FeCl2-4H2O 198.75 1.5 0.00755 1.50E-03 7.54E-06 7.55 

CoCl2-6H2O 237.83 0.19 0.00080 1.90E-04 7.98E-07 0.80 

ZnCl2 136.28 0.07 0.00051 7.00E-05 5.13E-07 0.51 

CuCl2-2H2O 170.48 0.002 0.00001 2.00E-06 1.17E-08 0.01 

NiCl2-6H20 237.69 0.024 0.00010 2.40E-05 1.01E-07 0.10 

Na2MoO4-2H2O 241.94 0.036 0.00015 3.60E-05 1.49E-07 0.15 
 

Table B-2 Selenium/tungsten stock solution B for the UCLA modified medium 
Components MW Stock Final concentration in medium 

    g/l M g/l  M  uM 

Na2SeO4-5H2O 244.94 0.006 0.00002 6.00E-06 2.45E-08 0.02 

Na2WO4-5H2O 383.88 0.008 0.00002 8.00E-06 2.08E-08 0.02 
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Table B-3 Sequences of oligonucleotide prime 

Primers Sequence Reference 

Universal 16S for 
Universal 16S rev 

5’-ATGGCTGTCGTCAGCT-3’ 
5’-ACGGGCGGTGTGTAC-3’ 

(1) 

dxmB for 
dxmB rev 

5’-ACTTCTTAGAGGGACTATTGGCG-3’ 
5’-CCTTGTTACGACTTCTCCTTCCT-3’ 

(2) 

aldH for 
aldH rev 

5’-GCCGACGCTTTTAGCAGATG-3’ 
5’-TCATTAACGGCAGCAAACGC-3’ 

(2) 

rpoD for 
rpoD rev 

5’-GGGCGAAGAAGGAAATGGTC-3’ 
5’-CAGGTGGCGTAGGTGGAGAA-3’ 

(3) 

CB-etnA for 
CB-etnA rev 

5’-TGCCCACTGTCATGAACTCC-3’ 
5’-TAGTAGTGGAAGGGCCACGA-3’ 

This Study 

CB-etnB for 
CB-etnB rev 

5’-TCGTGGCCCTTCCACTACTA-
3’ 
5’-ACTCCGGCGAGCAATAGAAC-
3’ 

 

This Study 

CB-etnC for 
CB-entC rev 

5’-CTCCAGGTCGTCGTTGAGAC-
3’ 
5’-TACAGAAGTGTCGCGTAGCC-
3’ 

 

This Study 

CB-entD for 
CB-etnD rev 

5’-AGCAGATCATGGGCGACTAC-
3’ 
5’-AGGATGGTGTTCGTGAAGGC-
3’ 

 

This Study 

CB-dioxyA for 
CB-dioxyA rev 

5’-GAACGACTCGGCTCTCACTC-3’ 
5’-ATGACTTCTGGATCGGCTGC-3’ 

This Study 

CB-dioxyB for 
CB-dioxyB rev 

5’-CGATCATCACCCAGCCTGAA-3’ 

5’-GGACGAACCTGTCGAACTCA-3’ 
 

This Study 

CB-dioxyC for 
CB-dioxyC rev 

5’-CAGGAACTCAGCCAGTCACC-3’ 

5’-TGCTGGATCAGACGTTGTGG-3’ 
 

This Study 

CB-dioxyD for 
CB-dioxyD rev 

5’-TCACTCAGGCCTCATCGAGC-3’ 

5’-AGGGGAAGCTATGACCTCGT-3’ 
 

This Study 

CB-dioxyE for 
CB-dioxyE rev 

5’-ATCACTCAGGCCTCATCGAGC-3’ 

5’-CAGGGGAAGCTATGACCTCGT-3’ 
 

This Study 

Note: CB-etnABCD primers were designed based on Polaromonas sp. Strain JS666 (4) and then aligned 
with CB1190’s genome. Dioxygenase (CB-dioxyABCDE) primers target the extradiol ring-cleavage 
dioxygenase class II proteins or the phthalate 3,4-dioxygenase ferredoxin subunit. 
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Appendix Figure B-1 VC biodegradation by CB1190 in the presence of 10,000 µg/L 

DX, 5,000 µg/L DX, 1,000 µg/L DX, and 0 µg/L DX 

Error bars indicate the standard deviation of triplicates 
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Appendix Figure B-2 CB1190 gene abundance and expression in the presence of 

varying VC and DX concentrations 

The VC concentrations tested included: 0 µg/L, 100 µg/L, 1,500 µg/L, or 4,000 

µg/L and the DX concentrations tested included: 0 µg/L, 1,000 µg/L, 5,000 µg/L, 

or 10,000 µg/L. 4A). CB1190 gene abundance was measured by the 16S rRNA 

and dxmB gene targets at hour 20. Compared to the control (killed), CB1190’s 

gene abundance did not significantly decrease with increasing VC 

concentrations. Error bars indicate the standard deviation of triplicates. 4B). 

CB1190 dxmB and aldH gene expression after DX and VC exposure. dxmB and 

aldH regulation did not increase with increasing VC concentrations. However, 

dxmB did increase with increasing DX concentrations. The aldH gene target did 

not increase with increasing DX concentrations likely because samples were 

taken before sufficient DX intermediates were produced and degraded. All 

cDNA copy numbers were first normalized to rpoD housekeeping gene and then 

to gene target concentrations at hour 10. Error bars indicate the range of 

duplicates. 
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Appendix Figure B-3 CB1190 gene abundance in the presence of only VC. 

3A). Gene abundance as measured by the gene target 16S rRNA during VC 

biodegradation. 3B). Gene abundance as measured by the dxmB gene target 

during VC biodegradation. Error bars indicate the standard deviation of 

triplicates. 
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Appendix Figure B-4 VC Biodegradation by CB1190 and gene expression of alkene 

monooxygenase gene targets 

All cDNA copy numbers were first normalized to the rpoD housekeeping gene 

and then to gene target concentrations on either day 1 or day 6. Error bars 

indicate the standard deviation of triplicates. During VC biodegradation CB1190 

upregulated etnA, etnB, etnC, and etnD but significantly down regulated the 

dxmB gene target. 
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Appendix Figure B-5 Dioxygenase gene target expression in CB1190 cells grown on 

toluene and exposed to VC 

All cDNA copy numbers were first normalized to the rpoD housekeeping gene 

and then to gene target concentrations on day 6.9. Error bars indicate the range of 

duplicates. 
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Appendix Figure B-6 CB1190 gene abundance in the presence of DX and VC.  

A). Gene abundance as measured by the 16S rRNA gene target during VC and 

DX biodegradation. B). Gene abundance as measured by the dxmB gene target 

during VC and DX biodegradation. Error bars indicate the standard deviation of 

triplicates 
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Appendix Figure B-7 Biodegradation of VC by CB1190 cells grown on DX, 

dextrose, or toluene 

CB1190 cells grown on DX, dextrose, or toluene were able to biodegrade VC. 

Toluene fed cells were amended with 600 µg/L VC whereas, DX and dextrose 

fed cells were amended with approximately 200 µg/L VC. Error bars indicate 

standard deviation of triplicates. 
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Appendix Figure B-8 CB1190 biodegrades VC after being grown on toluene 

Acetylene was amended to bottles containing CB1190 and incubated for 30 

minutes. Subsequently, the acetylene was flushed out with filtered air and then 

VC was amended. Error bars indicate the standard deviation of triplicates. 
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Appendix Figure B-9 Fraction of 1,2-13C2 VC (M+2) labeled in CB1190 over time. 

Metabolites associated with growth and containing two 13C atoms increased as 

CB1190 biodegraded 1,2-13C2 VC. Error bars represent standard deviation of 

triplicates. Metabolite abbreviations correspond to the following: a-KG = alpha-

ketoglutarate; Suc = Succinate; Asp = Aspartate; H6P = Hexose-6-phosphate; 

P5P = Pentose-5-phosphate; Ser = Serine; AcCoA = Acetyl-CoA; NAD+ = 

Nicotinamide adenine dinucleotide; UDP_Glc = UDP-glucose; S7P = 

Sedoheptulose-7-phosphate; Glu = Glutamate; Gln = Glutamine; UDP_GlcNAc 

= UDP-N-acetyl-glucosamine 
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Appendix C: 

C-1 Description of Coated Silicone Foley Catheters  

Clinical isolate experiments were carried out using 1-inch segments of silicone Foley 

catheters or silicone Foley catheters coated with a zwitterionic compound comprised of 

polysulfobetaine moieties (provided by UCLA Chemistry Department). This coating created a 

more hydrophilic surface, which is believed to better resist microbial adhesion as it imposes an 

increased energy barrier. All catheters had 16 French diameters and the drainage port and 

balloon were avoided due to uneven surface area and material composition (Appendix Figure 

C-1). The segments were cut and trimmed under sterile conditions in a biosafety cabinet with 

70% ethanol.  
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Appendix Figure C-1 Photo of silicone catheter used in biofilm adhesion 

experiments 

C-2 Preparation of Clinical Trials 

Axenic strains were previously isolated from urine preserved in boric acid by UCLA 

Department of Pathology and Laboratory Medicine.  Those were identified as Staphylococcus 

aureus, methicillin resistant-Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, and 

Candida albicans. 1µL of the liquid urine sample was plated onto blood or MacConkey agar, 

incubated at 35C for 24-48 hours and then examined for specific colonies. Isolates were sub-

cultured with a 1% (v/v) transfer into LB broth at 37C with 120 rpm shaking. Once the cultures 

reached early stationary phase (Approximate Optical Density (OD) measured at 600 nm = 2)), 

they were diluted to an OD = 0.1 and transferred to experimental vials. 

C-3 Total Nucleic Acids Extraction and qPCR 

For cell density measurements, 500 μL liquid samples were collected during incubation, 

with cells harvested via centrifugation (21,000 x g, 10 min at 4 °C) and the supernatant was 

discarded. Cells were lysed by adding 250 μL of lysis buffer (50 mM sodium acetate, 10 mM 

EDTA [pH 5.1]), 100 μL 10% sodium dodecyl sulfate, 1.0 mL pH 8.0 buffer-equilibrated 

phenol, and 1 g of 100 μm-diameter zirconia−silica beads (Biospec Products, Bartlesville, OK), 

followed by heating at 65°C for 2 min, bead beating for 2 min with a Mini-Beadbeater (Biospec 

Products, Bartlesville, OK), incubating for 8 min at 65°C, and bead beating again for 2 minutes. 

The lysate was collected by centrifugation at 13000 g for 5 min, followed by 

phenol−chloroform−isoamyl alcohol purification (1 volume) and chloroform−isoamyl alcohol 
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purification (1 volume). Precipitation of total nucleic acids was performed by the addition of 3 M 

sodium acetate (0.1 volume) and isopropanol (1 volume) followed by incubation at −20°C 

overnight. Nucleic acid pellets were collected by centrifugation at 4°C for 30 min at 20000 g. 

The precipitate was washed with 70% ethanol and resuspended in 100 μL DNase- and RNase- 

free water. The purity of DNA and RNA were determined by a Nanodrop 2000C 

spectrophotometer (Thermo Scientific, Wilmington, DE). All reactions were run on a 

StepOnePlus thermocycler (Life Technologies, Carlsbad, CA) using a total volume of 20 μL 

containing 1× Luminaris Color HiGreen−HiROX qPCR Master Mix (Thermo Scientific, 

Waltham, MA), 0.3 µM primers, and 2.5 μL of DNA (1−10 ng/μL) template. The cycling 

parameters to amplify the 16S rRNA gene fragment included sample holds at 95°C for 10 min, 

followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.  The cycling parameters to amplify the 

18S rRNA gene fragment included sample holds at 95°C for 5 min, followed by 45 cycles of 

95°C for 10 s and 56°C for 30 s and 72°C for 15 s. All reactions were accompanied by a melt 

curve analysis to confirm the specificity of qPCR products. Melt-curve analyses that were within 

the ranges of 81.7°C (16S rRNA) and 84.3°C (18S rRNA) were considered specific to each 

target gene. CT values of 45 or higher were labeled as undetermined. Primer sequences are listed 

below in Appendix Figure C-1. 

Table 6-4 Sequences of oligonucleotide primers used in this study 

Primers Sequence Reference 

Universal 16S for 

Universal 16S rev 

5’-ATGGCTGTCGTCAGCT-3’ 

5’-ACGGGCGGTGTGTAC-3’ 

(1) 

18S for 

18S rev 

5’-ACTTCTTAGAGGGACTATTGGCG-3’  

5’-CCTTGTTACGACTTCTCCTTCCT-3’ 

(2) 
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C-4 Results and Discussion 

Clinical Isolate Undiluted, 10x Diluted, and 100x Diluted, qPCR Results  

In order to test whether qPCR would be sufficient for samples with lower quantities of 

nucleic acids, samples were diluted 10-fold and 100-fold and measured via qPCR in addition to 

the undiluted samples. The CT results are shown in Appendix Figure C-2.  

 

Appendix Figure C-2 Bacterial or fungal gene abundance adhered to catheters and 

represented as CT values 

A). Uncoated catheter with no sample dilution B). Uncoated catheter with 10x 

sample dilution C). Uncoated catheter with 100x sample dilution D). Coated 

catheter with no sample dilution E). Coated catheter with 10x sample dilution F). 

Coated catheter with 100x sample dilution. 

C-5 Overview of Biofilm Quantification Methods 

In this study, four methods based on different biological and chemical parameters were 

evaluated in regard to their ability to quantify bacterial biofilm bound to catheter surfaces. Each 

method was able to detect and quantify bacterial/fungal cells, biofilm matrices and differences in 

catheter performance. Additionally, cost and time for each assay were taken into account as this 
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can be a limiting factor for many research and clinical institutions. Cost was estimated using the 

list prices from Thermo Fisher Scientific (Periodic Acid-Schiff, Modified Lowry Protein, qPCR) 

and Promega (BacTiter-Glo). Average time was based on the reaction time of the reagents for 

each method and did not take into account the time of labor due to the fact that this may vary 

depending upon experience and access to multichannel pipettors. These features are summarized 

in Table 6-5.  

Table 6-5 Summary of biofilm quantification methods 
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C-6 Raw Values from Biofilm Quantification Assays 

The averages and standard deviations for each assay are provided below (Table 6-6). 

Table 6-6 Summary of raw data from biofilm quantification methods 
qPCR (undiluted) 

 

Average  

(16S or 18S 

copies/mL) 

Standard 

Deviation (16S or 

18S copies/mL) 

Average  
(16S or 18S CT 

value) 

Standard 
Deviation 

(16S or 18S 

CT value 

P. aeruginosa 

Uncoated 1.64E+11 5.40E+10 

15.13 0.22 

P. aeruginosa 

Coated 1.48E+10 4.84E+09 

17.73 2.70 

C. albicans 

Uncoated 1.34E+08 7.54E+07 

31.12 0.90 

C. albicans 
Coated 2.18E+06 1.77E+06 

40.72 1.02 

MRSA 
Uncoated 1.93E+11 1.02E+11 

15.10 1.49 

MRSA 

Coated 1.42E+10 3.58E+09 

18.90 0.13 

S. aureus 

Uncoated 5.10E+10 2.28E+10 

17.04 0.44 

S. aureus 

Coated 1.03E+10 7.94E+09 

20.29 4.04 

 

Modified Lowry Total Protein Assay 

 

Average total protein 
(mg/L) 

Standard Deviation  
(mg/L) 

P. aeruginosa 
Uncoated 148 14.8 

P. aeruginosa 

Coated 99 21.6 

C. albicans 

Uncoated 152 39.4 

C. albicans 

Coated 124 23.4 

MRSA 

Uncoated 109 11.9 

MRSA 

Coated 98 6.8 

S. aureus 

Uncoated 176 19.6 

S. aureus 

Coated 152 20.9 
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Values reported as averages and standard deviation of experimental triplicates. 

 

ATP Assay 

 Average ATP (mg/L) Standard Deviation (mg/L) 

P. aeruginosa 

Uncoated 6.88 2.44 

P. aeruginosa 

Coated 2.87 1.22 

C. albicans 

Uncoated 1.77 0.45 

C. albicans 

Coated 0.81 0.13 

MRSA 

Uncoated 2.93 0.70 

MRSA 

Coated 1.41 0.61 

S. aureus 

Uncoated 4.68 2.40 

S. aureus 
Coated 1.27 1.11 

 

Periodic Acid-Schiff Carbohydrate Assay 

 

Average  
(mg equivalent 

dextran/L) 

Standard Deviation  

(mg equivalent dextran/L) 

P. aeruginosa 

Uncoated 3,411 505 

P. aeruginosa 
Coated 2,511 417 

C. albicans 
Uncoated 2,189 386 

C. albicans 

Coated 667 352 

MRSA 

Uncoated 1,122 135 

MRSA 

Coated 411 126 

S. aureus 

Uncoated 3,022 839 

S. aureus 

Coated 1,333 252 
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