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ABSTRACT OF THE DISSERTATION 

 

 

 

 

Impacts of Nanomaterials on Microbial Communities in Engineered Systems 

 

by 

 

Alicia Ann Taylor 

 

Doctor of Philosophy, Graduate Program in Environmental Toxicology 

University of California, Riverside, June 2015 

Dr. Sharon Walker, Chairperson 

 

 

The overall goal of this dissertation was to determine the effects of an emerging 

contaminant, nanomaterials, on microbial communities in engineered systems. 

Specifically, communities within a simulated human colon and model septic system were 

studied. Microbial communities in their natural environments represent realistic scenarios 

for toxicity testing versus assays with enriched growth media and single cell cultures; the 

two engineered systems used in this work approach “real” scenarios communities would 

experience.  

This dissertation work has allowed for the following observations. The simulation 

of metal oxide nanomaterials ingestion with the model colon demonstrated these particles 

do significantly alter the phenotype of the gut microbial community within the model 

colon reactor. Next, dosing experiments with copper materials in the septic system 
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established that the effluent had pulses of improper waste treatment and that incomplete 

organic breakdown was likely occurring. However, even with weekly fluctuations in 

water quality caused by the particles, data suggest that 100% of the time, water quality 

parameters and microbial composition were recovering towards baseline conditions. This 

indicates the system could maintain baseline conditions after perturbances, regardless of 

the particle type.  

Finally, effluent containing copper emitted from the septic system was tested in a 

high throughput toxicity screening assay with zebrafish embryos. While “as-received” 

nanoscale copper materials caused the greatest embryo hatching interference, all three 

“processed” copper materials emitted from the model septic system demonstrated a 

decline in embryo toxicity, regardless of particle composition/size. Thus, the zebrafish 

screening in combination with the septic system, provide a novel way to study hazard 

potentials of commercial Cu-based particulates during partitioning, transformation, and 

speciation.  

This collection of studies provides critical insights into the importance of 

understanding microbial communities more holistically and in realistic environments. 

These studies demonstrate the need to update toxicity tests such that they more accurately 

reflect real exposure scenarios simulating environmental conditions. This research also 

confirms the invalidity of using “as received” nanoparticles; toxicity tests must use 

particles reflective of those materials transformed in the environment. Future directions 

for toxicological studies need new useful testing combinations that provide additional 

information for complex matrices and microbial communities. 
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Chapter 1: Introduction 

 

Motivation and Background 

Toxicology did not arise as a formal discipline until the 1950s, as the effects of 

synthetically made chemicals on humans became a social concern.1 Toxicity testing has 

been used to answer many types of issues, such as: chemical lethality to organisms at 

various concentrations, sub-lethal toxicity effects, organism sensitivities, and 

transformation of compounds in the environment.2-3 In fact, a considerable amount of 

legislation has been passed, and agencies formed to better regulate toxicity screening and 

risk assessment of chemicals.4 As a result, toxicity testing results have been used to 

predict environmental effects, compare various toxicants, and have served as guidance 

regulation purposes.1  

Many currently used methodologies for toxicity screenings were developed in the 

1960s and 1970s and rely on high-dose studies in various animal subjects.5 For example, 

many acute and chronic toxicity tests using animal models have been used to study the 

absorption, distribution, metabolism, and excretion of chemicals.6 Animal models present 

numerous problems. Besides the need for large numbers of animals, these types of 

toxicity tests are incredibly expensive and time-consuming.5 Furthermore, extrapolating 

animal results to human risk is also difficult.5 Recent advances in numerous fields such as 

cell biology, tissue culture, genomics, bioinformatics, biomarkers, and molecular 

methods are changing the way that contaminants are examined.7 Specifically, a decrease 

in cost and time will occur as well as an increase in the amount of compounds that can be 
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tested.5 These new approaches will focus less on animal models and more on in vitro, in 

silico kinetic models, and high through-put assays using cell lines, which will preferably 

be human in origin.8 It is important to note that there are various cell-based toxicity tests 

in use. These include techniques that have been used for decades such as the Ames test, 

which is one of the most widely used bacterial acute testing method,9 the comet assay, 

which detects damaged DNA,10 and the HeLa cell line, the first continuous cancer cell 

line.11  

While both human and bacterial cell studies are often cheaper and faster than 

animal models, the downside is that single cell lines are also not a truly representative 

toxicity test, and are an “idealized” laboratory form of testing. This type of toxicity 

testing does not take into consideration many important factors such as role of 

metabolism, epigenetics,  abnormal biological conditions, or other mechanisms.5 

Therefore, relying solely on cell-based methods may not accurately portray the effects of 

chemicals. For example, the importance of an organism’s actual environment is crucial. 

Recently, the norovirus was cultured in a laboratory setting for the first time with the 

presence of bacteria from the gut.12 The virus had never been grown before using 

traditional cell mono-culturing methods. Yet, with the presence of stimulatory 

carbohydrate molecules from enteric bacteria, the virus was grown using cell culture 

techniques. The norovirus behaves differently in the presence and absence of microbiota 

that represent the host’s intestines.   This demonstrates that there are complex interactions 

occurring between either between an organism and a chemical, or an organism and its 

microbial communities. Toxicity testing must take into account various cellular 
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interactions, such as immune cell responses and the microbiota. Therefore, a more 

realistic form of toxicity testing should incorporate microbial communities. 

Characterization of these communities and their responses to pollutants can provide 

insight into important biomarkers that can be used to monitor environmental or human 

health.13  

Because microbial communities constitute a large portion of the food web in 

aquatic environments and within the human body,14-17 risk assessment of contaminants 

should also include assessment of microbial communities. Studies usually rely on 

extrapolation of single species data or acute toxicity tests, which are likely to give 

erroneous results.18 Additionally, the toxic effects observed can also be skewed by the 

metabolic activity of a few resistant microbes.19 With the importance that the microbiome 

plays in human health,20-24 new toxicity testing will be crucial for understanding the 

dynamics between the microbiome, humans, disease, and chemicals. To date, numerous 

studies have included microbial communities in alternative toxicity screenings.25-28 

Environmental and human-based applied microbial toxicity tests include biomass 

measurements, phenotypic changes, carbon and nitrogen transformations, changes in 

microbial diversity, and enzymatic tests.19 Due to the importance of microbial 

communities and their potential as a toxicity screening method, this work has focused on 

analyzing microbial communities in human and environmental systems (distal colon 

bioreactor and model septic system). Representative microbial communities were used 

within these systems to provide a realistic simulation of these environments for a more 

accurate portrayal of toxicity effects.  
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Microbial communities can also be used to investigate numerous compounds in a 

new sub-discipline of toxicology, nanotoxicology. Nanomaterials fall within the category 

of “contaminants of emerging concern” (CECs) which can also include pharmaceuticals 

and personal care products (PPCPs), pesticides, surfactants, and flame retardants.29 Due 

to the increased use of nanoparticles in many common consumer goods and industrial 

applications,30-33 exposure to these materials will increase.34 To date, safety evaluations 

and potential hazards are unknown for many nanomaterials, as well as the route of 

exposure.34 Rapid analyses of these new materials with tools such as high-throughput 

screening35 may be evaluated using microbial communities or with human cell line co-

cultured with microbial communities rather than with traditional animal models.  

 

 

Aim and Scope 

The overall objective of this research was to determine the impact of various 

nanomaterials on two engineered systems (model colon bioreactor and septic system) and 

their microbial communities using alternative toxicity testing methods. Specifically, this 

work characterized the changes within the systems during baseline conditions and 

nanomaterial perturbances, and characterized changes to the microbial communities 

within these systems. Finally, the toxicity and fate of the nanomaterials emitted from the 

septic system effluent was assessed. This work used various metal-based nanomaterials at 

concentrations relevant to human and environmental exposures.31-32, 36-39 Nanomaterials 

were selected based on their broad use in many common consumer products30-33, 40-43 and 

due to their potential for human ingestion and release into the environment.31-32, 37-38, 44-46 
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Studies have shown that nanomaterials may have negative health impacts for both 

humans and food webs, and nanomaterials are currently found in human food and water 

sources.31-32, 37-38, 44-46 The work presented here was conducted in collaboration with the 

University of California Center for Environmental Implications of Nanotechnology (UC-

CEIN), which is a multi-disciplinary research community that addresses the responsible 

use and safe implementation of nanomaterials. This objective is met by studying 

nanomaterials in many capacities: evaluation of the material composition, toxicity using 

high throughput screening assays, fate transport and exposure, life cycle assessments, 

simulated ecosystem exposures, and molecular analyses. The nanomaterials used in this 

work were selected from the UC-CEIN’s particle library, all which have undergone 

extensive characterization by Center partners. Additionally, the UC-CEIN has provided 

access to characterization tools and instrumentation otherwise not available that were 

used in this research. This dissertation addresses these topics in three core chapters: 

effects of metal oxide nanomaterials on a model colon microbial community (Chapter 2), 

copper-based particle effects on a septic system’s function and microbial community 

(Chapter 3), and the toxicity, fate, and speciation of copper-based particles emitted in 

septic tank effluent (Chapter 4). The aims of this investigation were developed based 

upon the hypotheses and objectives presented in the subsequent section.  
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Hypotheses and Specific Objectives 

To achieve the overall goal of this doctoral research, the following hypotheses and 

specific objectives were developed and are presented below (it should be noted that each 

specific objective has been addresses in a chapter within this dissertation).  

 

Hypothesis 1: Exposure to metal oxide nanomaterials will cause measurable changes in 

the microbial community’s phenotype within the model colon.  

 

 To test this hypothesis, a reproducible microbial community was developed from 

a healthy 26-year-old female for use within the model colon bioreactor. Bacterial 

phenotypic characteristics and biochemical properties of the model colon were monitored 

to determine changes induced by various metal oxide nanomaterials. Three nanomaterials 

at environmentally relevant concentrations simulating ingestion (0.01 µgL-1 ZnO, 0.01 

µgL-1 CeO2, and 3 mgL-1 TiO2) were introduced into a model colon. These were selected 

based upon their broad use in consumer products and foods.31-32, 36-37, 39 Specifically, the 

following tests were used as an alternative toxicity screening: cell concentration, sugar 

and protein content of the extracellular polymeric substance (EPS), electrophoretic 

mobility (EPM, a surrogate for surface charge), cell hydrophobicity, cell size, short chain 

fatty acid (SCFA) production, pH, and conductivity. The purpose of this work was two-

fold: (1) to identify if the nanomaterials were eliciting measurable changes in the 

microbial community and (2) if the changes could be identified by a combination of 
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phenotypic and biochemical assays (Chapter 2). This is important to human health 

because the gut microbiota plays a crucial role in overall human health.20-24 

 

Hypothesis 2: Septic system function and operation, specifically turbidity, cell 

concentration, total suspended solids, and biological oxygen demand, will deviate from 

baseline conditions in the presence of various copper-based particles. 

 

 The overall goal of this investigation was to ascertain the influence of copper-

based particles on the function and operation of a model septic system. A series of 

experiments were conducted as a two-fold approach: (1) phenotypic and genotypic 

characterization of the microbial community with the system during baseline and copper-

exposure conditions, and (2) water quality measurements to evaluate the function of the 

septic system in treating the wastewater. The purpose of this work was to give insight as 

to whether copper-based particles may contribute to improper function in septic systems, 

and causing the release of untreated wastewater into the environment (Chapter 3). Copper 

nanoparticles are found in many common consumer goods41-43; therefore, the disposal 

and subsequent environmental release and interactions between Cu-based nanoparticles 

and microbial communities may have detrimental impacts on wastewater treatment 

processes.31-32, 38, 44-45, 47-56 This study investigates the effects of three copper particles 

(micron- and nano-scale Cu particles, and nano-scale Cu(OH)2-based fungicide) on the 

function and operation of a model septic tank. A concentration of 10 ppm was chosen 

based upon predicted concentrations of copper found in WWTPs (wastewater treatment 
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plants).31-32, 38 As only 40% of all septic tanks estimated to be properly functioning57 it 

can be inferred that overall, septic tanks are indeed technically regulated, but the 

management and regular monitoring of septic tanks are not practically enforced, 

especially as compared to WWTPs.57-61 To determine if the septic system performance 

deviated due to the presence of copper-based materials, the baseline conditions were first 

characterized and compared to known literature studies62-68 of septic systems. Specific 

experiments were designed to test the response of the septic system to the copper 

exposure.  

 

Hypothesis 3: Effluent containing “aged” copper-based particles emitted from the 

secondary chamber of the septic system will be less toxic to zebrafish than “as-received” 

copper-based nanomaterials due to speciation and complexation with organic matter.  

 

 To test this hypothesis, six Cu-based particles, namely nano-sized Cu and CuO, 

micron-sized Cu and CuO, and nano Cu(OH)2-based CuPRO and Kocide, a zebrafish 

high-throughput platform was used to compare the effects of the as-purchased materials 

as well as the “aged” materials through a model septic system. Zebrafish were selected 

due to their conventional cell culturing methods, cost and time efficiency, known 

genomics, and known embryotoxicity pathways.69-70 Copper-based nanomaterials may 

undergo speciation and transformation with engineered systems,50-52, 71 and these 

transformations within the anaerobic environment of the septic system lead to a decrease 

in toxicity through altered speciation. Thus, the use of zebrafish screening, in 
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combination with materials obtained from a real-life exposure scenario, provides a novel 

way to study the change in the hazard potential of commercial Cu-based particulates 

during partitioning, transformation, and speciation and is a new approach to combining 

traditional toxicity testing, such as high through-put screening with other interdisciplinary 

methods such as the use of a model septic system and microbial community 

characterization. The primary, and substantial, contribution to this collaborative study 

was the design and management of the experimental set-up (model septic system) with 

and without the nanoparticle perturbances, effluent characterization, and the 

measurement of and mass balance to determine the fate of copper within the system using 

ICP-MS (inductively coupled plasma mass spectrometry).  

 

 

Experimental Approach 

 

This dissertation is composed of five chapters including the Introduction (Chapter 1) and 

conclusion (Chapter 5). Following the Introduction, Chapter 2 describes the effects of 

three metal oxide nanomaterials at relevant concentrations (0.01 µgL-1 ZnO, 0.01 µgL-1 

CeO2, and 3 mgL-1 TiO2) on the gut microbial community in a model colon bioreactor. 

Results indicated nanomaterials caused the microbial community’s phenotype to partition 

into three distinct phases: initial conditions, a transition period, and a homeostatic phase, 

with the NP-exposed community displaying significant differences (P<0.05) from the 

unexposed community in multiple phenotypic traits. Notably, phenotypes including short 

chain fatty acid (SCFA) production, hydrophobicity, sugar content of the extracellular 

polymeric substance, and electrophoretic mobility, which indicates changes in the 
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community’s stability, were affected by the nanomaterials. The TiO2 nanomaterial led to 

extended phenotypic transformations for hydrophobicity when compared to the other 

nanomaterials, likely due to its lack of dissociation and greater stability. This work aimed 

to quantify the phenotypic response to nanoparticle ingestion of a model microbial 

community within a model colon. This study is thoroughly described in Chapter 2 which 

is titled “Metal oxide nanoparticles induce phenotypic changes in a model colon gut 

microbiota”. 

Chapter 3, entitled “Effects of Copper Particles on a Model Septic System’s 

Function and Microbial Community”, investigated the effects of three copper particles 

(micron- and nano-scale Cu particles, and nano-scale Cu(OH)2-based fungicide) on the 

function and operation of a model septic tank. Copper nanoparticles are found in many 

common consumer goods; therefore, the disposal and subsequent interactions between 

Cu-based nanoparticles and microbial communities may have detrimental impacts on 

wastewater treatment processes. Septic system analyses included water quality evaluation 

and microbial community characterization to detect changes in and relationships between 

the septic tank function and microbial community phenotype/genotype. During exposure 

to nano-scale Cu, biological oxygen demand (BOD) was reduced by at least 63%. 

Micron-scale Cu caused a reduction in the pH outside the optimum anaerobic 

fermentation range, indicating that the organic waste may have undergone incomplete 

degradation. The copper fungicide, Cu(OH)2, caused an increase in total organic carbon, 

which corresponded to increased BOD during the majority of the Cu(OH)2 exposure. 

Overall, results implied exposure to Cu particles caused disruption in septic tank 



 

12 

 

function. However, it was observed that the system was able to recover to typical 

operating conditions after three weeks post-exposure. These results suggested that during 

periods of Cu introduction, there is likely improper waste treatment and incomplete 

organic breakdown. 

 Chapter 4, entitled “Understanding the Partitioning, Transformation, Speciation, 

and Hazard Potential of Copper-based Particles through Integrating a Model Septic Tank 

and Zebrafish Embryo High-Throughput Screening”, explains the environmental hazard 

of commercial copper-based particles used for fungicidal or bactericidal applications. In 

order to study the hazard potential of six Cu-based particles, namely nano-sized Cu and 

CuO, micron-sized Cu and CuO, and nano Cu(OH)2-based CuPRO and Kocide, a 

zebrafish high throughput platform was used to compare the effects of the as-purchased 

materials as well as the “processed” materials through a model septic system. While the 

nanoscale materials were clearly more potent than the micron-scale particulates in 

interfering embryo hatching, the “processed” nano Cu, CuPRO and micro Cu particles 

injected in the model septic system demonstrated a steep decline in embryo toxicity, 

regardless of particle composition and size. The decreased toxicity was accompanied by 

Cu transformation into inorganic [e.g., Cu(H2PO2)2] and organic Cu species that did not 

interfere with embryo hatching. Moreover, we demonstrated that the addition of natural 

organic matters could lead to a dose-dependent decrease in Cu toxicity in the embryos. 

Thus, the use of zebrafish screening, in combination with materials obtained from a real-

life exposure scenario, provided a novel way to study the change in the hazard potential 

of commercial Cu-based particulates during partitioning, transformation, and speciation. 
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This study was also novel in that it showed that “aged” nanomaterials have different 

toxicological effects on organisms than nanomaterials in their original, “as-received” 

state. This finding suggests that nanomaterials should be assessed using systems that will 

simulate environmental changes that the nanomaterials may undergo before contact and 

exposure to organisms.  

Chapter 5, entitled “Summary and Conclusions” summarizes the findings from 

this PhD dissertation. Two of the three chapters of this work are currently undergoing the 

peer-review process with the anticipation of publication. Chapter three has been accepted 

in a peer-reviewed journal. All chapters are listed below. 

 

Manuscripts Resulted from Research 

The dissertation research and parallel projects conducted from 2011 to 2015 have resulted 

in the preparation of eight manuscripts. The first three manuscripts listed are the three 

chapters within this dissertation and include the supplemental information within the 

corresponding chapter. Each of the dissertation chapters are either currently in the peer-

review process or have been accepted for publication. Additional projects were also 

completed during the same time frame and are also listed below. Manuscripts four and 

five are appendix A and B, respectively, and are already published.  

Manuscript four and its supplemental information, titled “Deposition and 

disinfection of Escherichia coli O157:H7 on naturally occurring photoactive materials in 

a parallel plate chamber”, is available in Appendix A, and is worth noting for its 

relevance to studying iron oxide, which is present in many water systems and is known to 
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have toxic impacts to bacteria caused by reactive oxygen species.72 This paper was also 

highlighted by the journal as the cover article in January 2014. Manuscript five and its 

supplemental information, titled “D-Amino acids inhibit initial bacterial adhesion: 

thermodynamic evidence” complements the work completed in Appendix A and provides 

further insight into bacterial adhesion which is relevant for disinfection processes. 

Manuscript five is available in Appendix B.  

 

1. Taylor, A.A., I.M. Marcus, Risa L. Guysi, and S.L. Walker. “Metal oxide nanoparticles 

induce phenotypic changes in a model colon gut microbiome” (in review, Environmental 

Engineering Science)  

2. Taylor, A.A., and S.L. Walker. “Effects of various copper particles on a model septic 

system function and microbial community” (in review, Environmental Science: Water 

Research & Technology) 

3. Lin, S., A.A. Taylor, Z. Ji, T. Waller, C.H. Chang, N.M. Kinsinger, W. Ueng, S.L. 

Walker, and A.E. Nel. “Understanding the transformation, speciation, and hazard 

potential of copper particles in a model septic tank system using zebrafish to monitor the 

effluent” (published online 01-27-2015) DOI: 10.1021/nn507216f 

4. Taylor, A.A., I. Chowdhury, I., A. Gong, D.M. Cwiertny, and S.L. Walker. 

“Deposition and disinfection of Escherichia coli O157:H7 on naturally occurring 

photoactive materials in a parallel plate chamber” Environ. Sci.: Processes 

Impacts 2014:16:2 (194-202) (DOI: 10.1039/C3EM00527E). 
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5. Xing, S.F., X.F. Sun, A.A. Taylor, S.L. Walker, Y.F. Wang, and S.G. Wang. “D-

Amino acids inhibit initial bacterial adhesion: thermodynamic evidence” Biotechnology 

and Bioengineering 2014: DOI: 10.1002/bit.25479  
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Chapter 2: Metal Oxide Nanoparticles Induce Phenotypic Changes in a Model 

Colon Gut Microbiota 

 

Abstract 

Nanoparticles (NPs) are becoming prevalent in consumer goods including foods and 

cosmetics. Understanding the interactions between NPs and bacteria in an engineered 

model colon can indicate potential impacts of NP exposure on the gut, and therefore 

overall human health. Human microbiome health has important implications to overall 

individual health. This work aims to quantify the phenotypic response to NP ingestion of 

a model microbial community within a model colon. Three NPs at environmentally 

relevant concentrations (0.01 µgL-1 ZnO, 0.01 µgL-1 CeO2, and 3 mgL-1 TiO2) were 

individually introduced into a model colon to identify the subsequent impact on the gut 

microbial community. Results indicate NPs cause the microbial community’s phenotype 

to partition into three distinct phases: initial conditions, a transition period, and a 

homeostatic phase, with the NP-exposed community displaying significant differences 

(P<0.05) from the unexposed community in multiple phenotypic traits. Notably, 

phenotypes including short chain fatty acid (SCFA) production, hydrophobicity, sugar 

content of the extracellular polymeric substance, and electrophoretic mobility, which 

indicates changes in the community’s stability, were affected by the NPs. TiO2 NPs led to 

extended phenotypic transformations for hydrophobicity when compared to the other 

NPs, likely due to its lack of dissociation and greater stability. Overall, the NPs caused 

non-lethal, significant changes to the microbial community’s phenotype, which may 

relate to overall health effects.  
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Introduction 

Nanotechnology offers many positive benefits to human health, such as more efficient 

drug delivery, sensor development for toxic substances detection, and medical diagnostic 

techniques 73-76; yet the increasing popularity of nanotechnology may lead to a rise in 

potential accidental exposures through ingestion or via environmental release of 

nanoparticles (NPs). It is estimated that 15,600 metric tons year-1 of TiO2 nanomaterials, 

3,700 metric tons year-1 of ZnO nanomaterials, and 300 metric tons year-1 of CeO2 

nanomaterials enter water systems with the majority of these NPs discharged from 

wastewater treatment plants 31, 77.  

TiO2 NPs are used daily by consumers with products such as toothpastes, 

cosmetics, and sunscreens 78-79 and may easily be ingested. CeO2 NPs are introduced into 

water resources through the disposal of coatings, pigments, and paints 31.  Much like 

CeO2 and TiO2, ZnO NPs also can enter bodies of water through discarded coatings, 

pigments, and paints, but also from the disposal of cosmetics 31-32. These three NPs were 

chosen based upon their potential for human exposures through their wide spread use in 

many consumer products, foods, and because of their potential to be in treated drinking 

water 30-33, 36-37, 39, 44, 80-81. 

The NPs selected in this study all have been reported to have toxic, non-lethal 

effects on organisms. Recent work has shown TiO2 NPs can cross the epithelial lining in 

an intestinal model cell line via transcytosis 82. While TiO2 did not cause cell death, there 

are implications of other non-lethal effects to the cells. CeO2 NPs have caused negative 

effects in Escherichia coli, reduction in plant germination, and have caused membrane 
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damage in eukaryotic cells 83-86. Additionally, research has also shown the CeO2 NPs may 

have strain specific antimicrobial effects 87. CeO2 particles are found in personal care 

products and humans may also risk exposure to CeO2 nanoparticles through sunscreens 

and cosmetics 80-81. CeO2 is also one of the most commonly utlizied nanoparticles and are 

used in a wide variety of applications. The disposal of these products into water sources 

is a potential route of exposure for humans. ZnO NPs exhibit toxicity to eukaryotic cells, 

decreasing cell viability and proliferation, and disrupting membrane integrity 85. ZnO 

NPs have also shown antimicrobial effects on bacteria; these effects are size and 

concentration dependent, as well as species specific 88. However, it is important to note 

that many in vivo studies with higher level organisms often give mixed results on toxicity 

89-91. Therefore, these three NPs were chosen to determine the potential toxicity on the gut 

microbiota, which is likely to occur through exposure routes such as accidental dosing 

and ingestion. 

In vitro function of gut environments has previously been characterized by 

monitoring enzymatic activity 92-93, short chain fatty acid (SCFA) production 92-95, and by 

determining microbial community genotype 92-93, 96-97. Gut organisms play an important 

role with indispensible functions to the human host such as vitamin production, digestion, 

and immune system activity 98-100.  

The role of the gut microbiota is so prominent in human health that researchers 

have found links between gut microbes and numerous diseases 101-109. In fact, changes in 

diet alone can cause rapid transformations in the activity and structure of the gut 

microbiota 110, indicating that the microbiota is sensitive with a quick reaction time to 
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changes in the human intestines. This work highlights the importance of studying the 

effects of environmental contaminants on the gut microbiota. 

Understanding the gut microbiome and its importance to human health with 

techniques such as molecular methods 111-114 will give rise to more treatment and disease 

prevention options. However, more information is needed than just sequencing data to 

fully understand the complex and dynamic function of the gut microbiota. Monitoring 

changes in the community’s characteristics over time, such as the physical-chemical 

features, may provide a more complete representation of the gut’s function and role in 

human health. Here, phenotypic characterization techniques based upon colloidal (e.g., 

cell) transport experiments provide valuable insight that may not typically be measured 

with a microbiota study. To date, this is the first paper analyzing the effects of 

environmentally relevant concentrations of nanoparticles and their effects on the 

physical-chemical components of the gut community.  

Published work with this model colon design has shown that microbial 

communities in the gut, wastewater, and groundwater can undergo significant phenotypic 

and genotypic changes when a perturbance is introduced, such as a pathogen 115. We 

hypothesize that as compared to pathogen induced disturbances, the model colon’s 

microbial community will undergo similar phenotypic changes when the colon is dosed 

with environmentally relevant concentrations of three nanoparticles: TiO2, CeO2, and 

ZnO.  
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Experimental Protocol 

Microbial community and model colon  

 

The experimental parameters measured in this work were identical to Marcus et al. 

(2013) as was the preparation of the microbial community, the microbial medium 

representing digested food entering the large intestine 116, and the in vitro model colon 

reactor 94, 115. The only exception was that the microbial community was donated by and 

developed 117 from a healthy 26-year-old female volunteer who had not received 

antibiotics in over eight months. Briefly, frozen stocks of the microbial community were 

stored at -80 °C and each week a stock community was thawed, inoculated into a 200 mL 

flask containing colon media 116, and incubated for 24 hrs before being pumped into the 

dialysis tube inside of the custom colon reactor. 

A human colon was replicated by using a custom-built reactor 115, which 

represented conditions inside of a proximal colon 118. The model colon ran for 

consecutive five-day long experiments. Colon effluent, or waste, was collected three 

times a day during feedings for characterization experiments. The model colon was run 

for a minimum of two runs (two five-day long experiments) per experimental condition 

to ensure reproducible data. Additional details and images of the model colon set-up are 

located in the supplementary information (SI) in Figure S1.  

 

 

 



 

29 

 

Nanoparticle selection 

 

Zinc oxide (ZnO, Meliorum Technologies, NY), titanium dioxide (TiO2, Evonik Degussa 

Corporation, NJ) and cerium dioxide (CeO2, Meliorum Technologies, NY) nanoparticles 

(NPs) were selected for this work. They have previously been characterized in another 

study with the primary particle size for each NP reported as 10 nm, 21 nm, and 10 nm, 

respectively 119. Additional characteristics are listed in the Keller et al. study for the NPs, 

such as phase and structure, surface area, isoelectric point, purity, and electrophoretic 

mobility. Also, additional studies have been conducted using these identical NPs to study 

their transport, aggregation, and effects on soil microbial communities 120-122.  

Environmentally relevant NP concentrations were chosen to emulate human 

exposures to NPs through both ingestion of food and drinking water at 0.01 µgL-1 ZnO 

NP, 0.01 µgL-1  CeO2 NP, and 3 mgL-1 TiO2 NP 31-32, 36-37, 39. Recent work has also 

indicated that adults in the USA ingest 5 mg TiO2 per day, half of which is in the nano-

size range 123-124. Exposure routes and reliable dosing information of NPs that are 

embedded in solid matrices is difficult to predict and is often a limitation of analytical 

techniques 125-126. The exposure levels used in this study were predominately selected 

from literature values that give predictions on amount of NPs in water and food sources 

31-32, 36-37, 39.   

NPs were added in bulk to the colon media prior to autoclaving and without 

alteration to achieve the concentrations mentioned above; this eliminated any 

contamination issues that may have occurred by adding NPs to the colon reactor 
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independently of the food source. The addition of the NPs to the sterile food source also 

provided a realistic exposure scenario that can provide the possibility for representative 

NP transformations 71, 127-132. During the weeklong experiments the sterile colon media 

containing the NPs was continually stirred, and three times a day, 100 mL was added to 

the model colon by pumping the sterile colon media into the reactor. During each 

feeding, 100 mL of colon effluent was also removed for characterization experiments.  

As a control, the model colon was run without NPs for two runs (two five-day 

long experiments) to determine the gut microbiota phenotype in the absence of NPs. All 

NP experiments were run for a minimum of two runs (two five-day long experiments) to 

ensure reproducibility and all colon experiments were run under dark conditions to 

eliminate light effects. Additional controls were conducted to test the electrophoretic 

mobility and hydrophobicity of the NPs as a function of the extreme range of pH in the 

gastrointestinal tract. The purpose of this was to account for possible transformations of 

NPs and their subsequent changes in physicochemical properties. These tests are listed in 

the SI and mentioned in the Discussion section. 

 

Phenotypic characterization of microbial community 

 

Changes in the gut microbiota phenotype were examined with the following analyses: 

cell concentration, sugar and protein content of the extracellular polymeric substance 

(EPS), electrophoretic mobility (EPM, an indicator of the relative surface charge), 

hydrophobicity, and cell size following published methods 115, 133-134(Marcus et al. 2012a; 
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Marcus et al. 2012b; Marcus et al. 2013)(Marcus et al. 2012a; Marcus et al. 2012b; 

Marcus et al. 2013)). Briefly, upon daily sampling, bacteria from the model colon were 

washed with centrifugation (3,700 x g) and then suspended in a 10 mM KCl solution 

prior to all phenotypic characterizations. All samples collected for all characterization 

methods were measured in three replicates twice a day at the same time points to 

eliminate additional variables. Additional details on these methods can be found in the SI.  

 

Biochemical characterization of microbial community 

 

Changes in short chain fatty acid (SCFA) production, pH, and conductivity of the gut 

environment were monitored to determine the effects of the NPs on the microbial 

community and gut environment. pH (Thermo ScientificTM OrionTM Model 

GD9156BNWP) and conductivity (YSI 3200 Conductivity Instrument Model # 3200 

115V) of the colon effluent were measured twice a day at the same time points with three 

replicates each for all control and NP experiments. Conductivity is an indirect 

measurement of the metal ion dissociation from the NPs; measuring ionic content of the 

colon effluent gives approximations of changes in ionic strength 135. Samples for SCFA 

analysis were collected in three replicates twice a day at the same time points from the 

colon effluent and polyethylene glycol (PEG) solution and were stored at -20 ° until 

analysis with the "gas chromatography flame ionization detector (GC-FID) (Agilent, 

Santa Clara, CA) using previously published methods 115, 136. The total concentration of 

the SCFAs was determined based upon both the colon effluent and PEG samples. Butyric 



 

32 

 

acid and acetic acid were analyzed by integration under a fitted flame ionization detection 

curve. Propionic acid is not reported due to the inability to integrate under the curve and 

account for accurate measurements of this SCFA. 

 

 Statistical analyses 

 

All data was tested for normality and equal variance and analyzed with a one-way 

analysis of variance (ANOVA) and a Student’s t test in Excel (v.14.0, Microsoft, 

Redmond, WA) to determine the phenotypic variation of the microbial community. 

Results were considered significant if P < 0.05. 

 

Results 

All data presented in the results are based upon a minimum of two five-day-long 

experimental runs in the model colon. All data points collected are a culmination of a 

minimum of three replicates per measurement. Additional details are found in the SI 

regarding control experiments used in this study.   

 

Phenotypic characterization 

 

The extensive phenotypic testing of the microbial community was chosen based upon 

known human health indicators such as SCFA production, but also used common 

evaluation techniques, such as surface charge, hydrophobicity, cell concentration, and 
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EPS content, that are associated with environmental microbial community sampling 133, 

137-141. These non-traditional testing methods were selected to further characterize the gut 

environment and microbial community and the changes that may occur during 

perturbances.  

Data for cell hydrophobicity, electrophoretic mobility (EPM), and the sugar and 

protein content of the EPS partitioned into three statistically different phases (P < 0.05) 

throughout the five-day-long experiments. Tuesday and Wednesday (days 2-3) data were 

statistically the same (P > 0.05), and Thursday and Friday (days 4-5) data were also 

statistically the same (P>0.05). Therefore, weekdays were grouped in the following 

manner as three significantly different time points: an initial phase on Monday (day 1), a 

transition phase on Tuesday and Wednesday (days 2-3), and a homeostatic phase on 

Thursday and Friday (days 4-5). Data for all of the phenotypic characterization tests are 

also displayed per daily values and can be found in the SI (Figures S2-S7).  

For cell hydrophobicity, all three metal nanoparticles altered cellular 

hydrophobicity when compared to the control, ranging from a 0-10% increase during the 

course of the five-day experiments (Fig. 1). All day 1 values (for all three NPs and 

control) were statistically the same (1-5 ± 0.8-5.3%, P > 0.05). CeO2 and ZnO showed 

significant increases in hydrophobicity (P<0.05) between day 1 and days 2-3 (CeO2 

increased from 0.9 ± 4.4% to 19.0 ± 5.3%, ZnO increased from 8.4 ± 5.3% to 15.0 ± 

8.2%) whereas all three metals lead to significant increases in cellular hydrophobicity 

from day 1 to days 4-5 (CeO2 from 0.9 ± 4.4% to 34 ± 16.8%, ZnO from 8.4 ± 5.3% to 

31.0 ± 14.1%, and TiO2 from 4.5 ± 0.6% to 30 ± 14.8%). 
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The electrophoretic mobility (EPM, an indicator of the relative surface charge) of 

the microbial community partitioned into three distinct phases. EPM became significantly 

less negative and was near neutral during the mid-week phase (days 2-3) for all three NPs 

when compared to the control (control = -1.1 ±  0.2 [(µm/s)/(V/cm)], NPs range from -0.7 

± 0.2 to -0.9 ± 0.3 [(µm/s)/(V/cm)], Fig. 1). EPM then became significantly more 

negative during the homeostatic phase (days 4-5, control = -0.9 ± 0.6 [(µm/s)/(V/cm)], 

NPs range from -0.97 ± 0.5 to -1.2 ± 0.4 [(µm/s)/(V/cm)]) (P < 0.05).  

The sugar and protein content of the extracellular polymeric substance (EPS) also 

partitioned into three significantly distinct data points (Fig. 2). The sugar content of the 

EPS significantly peaked mid-week during the transition phase (days 2-3, control = 3.6 ± 

0.2 mg cell-1x1010, TiO2 and CeO2 6-8.5 ± 1.7-3.5 mg cell-1x1010) for TiO2 and CeO2 NPs 

(P < 0.05) whereas protein content had no significant trends. 

Cell concentration decreased from 4-5.5x1010 cells/mL to 1-3x1010 cells/mL 

during the course of the five-day-long experiments for all conditions (data not shown); no 

significance was noted between the control (without NPs) and the three metal NPs, 

indicating that NPs did not have an effect on cell concentration in the model colon.  

There was no significant difference (P > 0.05) in cell size (radius) within the 

control experiments during the course of the five-day-long experiment (Table 1) 

indicating that in the absence of NPs cell size remains constant inside the model colon. 

However, significant changes (P<0.05) were seen in cell size during exposure to all three 

metal NPs. Data did not partition into the three distinct phases seen with the other cell 

phenotypes. CeO2 caused cells to decrease significantly for the entire duration of the 
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experiment when compared to the controls; specifically, cells were significantly smaller 

during the CeO2 exposure on days 4 and 5 (control 0.60 ± 0.02 - 0.62 ± 0.02 m, CeO2 

days 4 and 5 = 0.46 ± 0.02 - 0.47± 0.02 m). Of the three NPs, CeO2 caused the most 

significant deviations from the control cell size. TiO2 NPs caused a decrease in cell radius 

on days 3 and 5, exhibiting a smaller cell size, 0.59 ± 0.01 and 0.55 ± 0.05 m, when 

compared to the control. Of the three NPs, TiO2 caused the least amount of changes in 

cell size. When compared to the control, ZnO caused significant (P < 0.05) decreases in 

cell size for days 1, 3, and 5 (0.49 ± 0.02, 0.59 ± 0.05, and 0.53 ± 0.04 m). In summary, 

the phenotypic changes occurring to the gut microbiota indicates that overall, the 

nanoparticles elicit marginal changes in multiple phenotypes.  

 

Biochemical characterization 

 

Short chain fatty acid (SCFA) production remained relatively constant between the 

control and all nanoparticle conditions (Fig. 1). The only significant result occurred 

during exposure to CeO2 and showed a decrease in butyric acid production (P < 0.05, 

control = 105.8 ± 13.9 mM, butyric acid = 78.0 ± 16.0 mM). 

Changes in pH were monitored twice a day from the colon effluent. During the 

three individual NP exposures, the pH was significantly lower during the transition phase 

condition. The model colon expressed a lower pH for each NP when compared to the 

control for days 2-3 [P < 0.05 control pH = 7.2 ± 0.2 (day 2) and 6.6 ± 0.3 (day 3)]. Fig. 3 

demonstrates comparisons among pH values for all experimental conditions. Day 1 pH 
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values for the controls and the TiO2, CeO2, and ZnO NPs all have a pH range between 6.8 

- 7.2 ± 0.06-0.3, with no significance between the control and the three NP pH values (P 

= 0.07). For day 2, the pH was significantly lower for all three NPs (NP pH between 5.4 

and 6.8 ± 0.2-0.7, control = 7.2 ± 0.2) when compared to the control pH. Day 3 showed a 

significantly lower pH in the presence of TiO2 and CeO2 (day 2 control pH = 6.6 ± 0.3, 

TiO2 and CeO2 pH < 4.5 ± 0.1-0.9). There were not significant differences between NP 

conditions and the control during days 4 and 5.  

Increasing conductivity trends (Fig. 3) were noted for CeO2 exposures, with only 

day 2 data significantly higher than the control (P=0.02, control = 5.9 ± 0.1 S/cm, CeO2 

= 6.7 ± 0.5 S/cm). ZnO on day 3 (P = 0.002) and day 5 (P = 0.008) had a lower 

conductivity for both days when compared to the control (control = 6.2 ± 0.1 S/cm, ZnO 

= 5.0 ± 0.5 S/cm). TiO2 did not cause a statistical change in conductivity.  Overall, 

biochemical characterization demonstrated that slight changes occurred within the model 

colon reactor due to the nanoparticles.  
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Figure 2.1. 

Short chain fatty acid (SCA) analysis. (A) Comparison of the production of short chain 

fatty acids (SCFAs, acetic and butyric acids) over the five-day long experiments in the 

model colon in the presence and absence of TiO2, CeO2, and ZnO NPs. SCFA samples 

were collected twice a day for a minimum of two weeks and analyzed in triplicate with 

GC-FID. Each data point is an average a minimum of 60 values averaged that were 

collected over the course of two experimental weeks with samples in triplicate collected 

twice a day. (B) Hydrophobicity of the bacterial cells is displayed as a function of NP 

exposure in the model colon during the five-day long experiments. Hydrophobicity was 

measured twice a day in triplicates. (C) Electrophoretic mobility (EPM), an indicator of 

the relative surface charge, of the bacterial cells was measured in triplicate twice a day 

during the course of the five-day long experiments for a minimum of two weeks. All 

measurements were made on washed cells from the colon effluent. Error bars indicate 

standard deviation. 
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Figure 2.2 

Protein and sugar content of EPS. The average protein (A) and sugar content (B) of the 

extracellular polymeric substance (EPS) was measured in triplicate once a day during the 

course of the five-day long experiments for a minimum of two weeks. EPS samples were 

collected once a day from the colon effluent and analyzed for sugar and protein content in 

triplicate. Error bars indicate standard deviation. 

 

 

Table 2.1. Cell size measurements as a function of nanoparticle exposure. 

 Day 1 Day 2 Day 3 Day 4 Day 5 

Control 0.59 (0.05) 0.61 (0.02) 0.61 (0.020 0.60 (0.02) 0.62 (0.02) 

CeO2 0.53b (0.03) 0.54b (0.02) 0.54b (0.02) 0.46 a, b (0.02) 0.47 a, b (0.02) 

TiO2 0.63 (0.02) 0.62 (0.02) 0.59 a, b (0.01) 0.61 (0.03) 0.55 a, b (0.05) 

ZnO 0.49 a, b (0.02) 0.53b (0.02) 0.59 a (0.05) 0.56 (0.05) 0.53b (0.04) 

 

Cell size was as bacteria radius (m) was measured in triplicate twice a day during the 

course of the five-day long experiments for a minimum of two weeks. Values in 

parentheses indicate standard deviation. a indicates significant changes in cell size within 

individual weeks (P<0.05) specific to NP treatments; b indicates significant changes in 

cell size (P<0.05) as a function of NP treatment when compared to the control. 
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Figure 2.3. 

pH and conductivity in model colon. (A) Change in pH during the course of the five-day 

long experiments for the control and the three NPs: TiO2, CeO2, and ZnO. pH 

measurements were taken from the colon and was measured in triplicate twice a day 

during the course of the five-day long experiments for a minimum of two weeks. (B) 

Change in conductivity (units) during the course of the five-day long experiments for the 

control and the three NPs: TiO2, CeO2, and ZnO. Conductivity measurements were taken 

from the colon effluent in triplicate twice a day for a minimum of two weeks, resulting in 

a minimum of 60 data points.  Error bars indicate standard deviation. 

 

 

Discussion 

The techniques used in this work offer unique insight into alterations to the microbial 

metabolic processes inside of a model colon caused by NPs. An important consideration 

when studying the gut microbiota and interpreting results is that one human sample does 

not represent the high variability and diversity of gut microbiomes present in the human 

population. However, work has shown that even pure cultures of genetically identical 

bacteria can behave in radically different ways under the same experimental conditions 

142. This may explain some of the variation seen within the same conditions.  
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Here, the NPs added into the system clearly affected the phenotypic 

characteristics of the microbial community as well as the gut microenvironment. It is also 

important to note, that the system also exhibits small variation within the control 

conditions on a weekly basis, specifically, with the cell size (no significant difference 

during control conditions, 0.59 ± 0.05 - 0.62 ± 0.02 m) and the EPM (-0.90 ± 0.2 to -1.1 

± 0.2 [(m/s)/(V/cm)]. Therefore, the system may accurately reflect a human gut 

microbial community.  

 

Phenotypic characterization 

 

Changes in cellular hydrophobicity have been linked to the formation of biofilms 134, 143, 

which are aggregates of microorganisms. Over the course of the experiments, the cells 

experienced an increase in hydrophobicity in all NP conditions. Therefore, increases in 

hydrophobicity may limit the cell’s surface area for interactions with the colon media and 

NP solution inside of the model colon, possibly reducing contact between cells and NPs.  

Bacterial cells during the NP exposures that presented near-neutral EPM when 

compared to the control may be attributed to the NPs coating the surface of the cell and 

therefore changing its EPM 144. EPM has been linked to the attachment and stability of 

microorganisms, with higher absolute values of EPM linked with more stable, or mobile, 

microorganisms 115, 145-146. This suggests that the microbial community exposed to the 

NPs is the least stable during the mid-week transition phase, and is more stable in the 

initial and homeostatic phases. This indicates there is an increased chance for the 
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community to undergo attachment and form aggregates during less stable conditions. 

Additionally, this study had more near-neutral EPM values associated with the microbial 

community when compared to previous research with this system that used a microbial 

community that had more negative values and was donated from a healthy male 115. This 

demonstrates that microbial communities amongst individuals will also vary in the 

overall surface charge.   

Sugar and protein content of the EPS were measured because they have been 

utilized as indicators of cellular conditions 147. Increased amounts of sugar compared to 

the protein content of the EPS relate to cell aggregation and biofilm formation 148, which 

may be a mechanism of the cell to limit exposure to NPs inside the model colon; less 

surface area of the cells may be exposed to the colon media/NP solution. Here, the sugar 

content relative to the protein increased mid-week, indicating a greater potential for the 

cells to undergo aggregation during the transition (mid-week) phase. However, the 

protein portion of the EPS did not show distinct trends; this indicates that this testing 

method may not be ideal for determining changes within a colon microbial community. 

Establishing changes in the distribution of bacterial cell size can give an 

indication if NPs are causing phenotypic changes to the microbial community within the 

model colon; radius measurements indicate that morphological changes are occurring in 

bacteria width and length. Multiple changes in eukaryotic cellular morphology, which 

include changes in cell size such as cell rounding, nuclear membrane blebbing, chromatin 

condensation, and alterations in cytoplasmic organelles have been associated with 

cytotoxicity caused by quantum dots and single-walled carbon nanotubes (SWCT) 149-150. 
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Decreases in bacteria cell size have been attributed to stress, with one example being 

starvation. Stressed cells undergo phenotypic changes in size to increase the likelihood of 

survival. This includes reductive division to increase cell numbers and increasing the 

production of hydrophobic molecules that favor aggregation 151-152. However, it should be 

mentioned, that while community structure was not determined here with DNA 

sequencing, changes in the distribution of cell size may be attributed to changes in the 

microbial community structure 153-155. Regardless, this measurement gives an indication 

that community’s size distribution is changing over time in response to the NP exposures.  

 

Biochemical characterization 

 

Butyric acid is largely produced by the microbial breakdown of dietary fiber in the gut; 

increased levels of butyric acid inside the gut have been linked to protective measures 

against colorectal cancer such as cell proliferation reduction, decreases in tumor mass, 

and maintenance of a normal microbial population inside of the intestines 140, 156-159. A 

decrease in butyric acid inside the gut results in increased susceptibility to inflammation, 

but may also cause a decrease in the barrier function of the gut 160. This indicates that 

NPs could have a two-fold impact on the intestine by first affecting SCFA production, 

then leading to systemic circulation of the NPs via an inhibited intestinal barrier. 

Under all conditions tested (control and the three individual NP exposures), the 

pH of the colonic fluid decreased with time. This decrease is a natural phenomenon of the 

microbial community as it ages and digests the nutrients it is supplied during the course 



 

43 

 

of the experiments 161-162. The presence of the NPs did not result in a significant 

difference from the control, with all experiments exhibiting the same gradual decline in 

pH. Therefore, it is likely that the addition of the NPs did not alter the pH, but induced a 

change in the microbes that may have altered the pH.  

The pH did not partition into three distinct phases unlike the other data: 

hydrophobicity, sugar and protein content, and EPM. During the course of the 

experiments, the colon bioreactor mimicked conditions found inside of a proximal colon 

with an expected pH range between 5.5-7 118 for control days 1-3, which demonstrates 

that the model colon is stable during this period. Control days 4-5 have a pH below 5.5; 

therefore the changes noted in the NP experiments during days 4-5 (homeostatic phase) 

cannot be exclusively credited to the presence of the NPs. While decreases in a complex 

media with a neutral pH has been attributed NP dissolution 163, it is unlikely that this 

occurred in the model colon due to the similar trends between the control and the three 

NP trends. Changes in pH may also be caused by acidic metabolites and the available 

substrates within the intestines 164. A study in the literature has shown that there are 

circadian fluctuations within the stomach and intestinal pH 162, 165. Since pH did not show 

significant differences between the control and the NP exposures for 3 out of the 5 

experimental days, overall, the decrease in pH within this system is a valid trend. 161-162  

Here, conductivity is used as an indirect measurement of the metal ion 

dissociation from the NPs; and gives approximations of changes in the ionic strength of 

the colon effluent 135. Compared to the control, the increase in day 2 CeO2 conductivity 

may be attributed to metal ion release from the NP at this specific pH, while the decrease 
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in conductivity for ZnO days 3 and 5 may be attributed to cellular uptake of ions, or ions 

being bound and made unavailable by the complex colon matrix 163. 

Additional controls with NPs were conducted to simulate the range of pH 

exposure that may occur, from ingestion of NPs in food and water at a neutral pH, to a 

low pH in a stomach environment, and finally to a pH of 5.5-7 in the proximal intestine. 

The purpose of these controls was to determine if changes in pH would affect the 

physicochemical properties of the NPs, and therefore have the possibility of altering the 

effects of NPs in the gut environment. As previous work has shown, changes in pH cause 

alterations in the physical-chemical behavior of NPs such as the surface charge, 

aggregation rate, and size 120, 166-167. Similar results were noted in the additional NP 

controls used in this study (data not shown) and may indicate that NP behavior may 

change upon entering the low pH stomach environment, specifically the surface charge 

and size.  

It is essential to note that interactions between NPs and bacteria in the intestines 

may be dependent upon numerous factors: the surface charge of the NPs and bacteria, the 

chemical composition and surface charge of the digested food, and variability in diet. 

These factors may ultimately correlate to effects seen in humans on an individual basis. 

In fact, similar work has demonstrated that exposing common NPs found in food to 

stomach-like conditions will change their surface chemistry from negative to neutral or 

positive, causing the NPs to interact with negatively charged mucus proteins in the 

gastrointestinal tract and in turn affecting the transport of NPs within the intestine 168. 

The purpose of this work was to measure responses of the microbial community during 
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the NP exposures. Based upon previous research, it is anticipated that the NPs altered by 

stomach-like conditions would also cause changes in the gut environment 168.  

The changes measured in the microbial community when the model colon was 

dosed with environmentally relevant concentrations of NPs demonstrate that not only will 

the NPs only minimally affect phenotype, but the particles may also elicit other non-

lethal effects. Such effects may include stress to the microbial community. This may 

imply that other undesired effects on the human gut occur due to the NPs and therefore 

some alterations in overall human health could occur. Other studies have indicated that 

intestinal exposure to metal NPs has numerous outcomes, such as alterations in the 

enteroendocrine secretory response of serotonin, and NPs having increased retention time 

within the gut from entrapment in the intestinal folds, which led to amplified changes to 

the intestinal physiology 169-170.  

Additionally, ambient air particulate matter (<10 m), which are particles three 

orders of magnitude larger than the model NPs investigated, have also been shown to 

cause changes inside of the mice intestine. Specifically, the colloidal material was 

observed to enhance gut permeability and cytokine secretion, altering short chain fatty 

acid production (decrease in butyric acid), and shifting the microbial community 

composition 171. This example provides evidence that additional and alternative exposure 

routes should be considered when designing NP studies. Particulate matter, which can 

contain particles on the nanoscale, has been shown to have adverse consequences on the 

gastrointestinal tract and is associated with increased risks for many diseases in which the 

gut microbiota also play a significant role 171-176. Therefore, another route of exposure to 
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NPs in the gut may be through inhalation of ambient air, in addition to the ingestion 

exposure route and relevant doses accounted for in this study. The inhalation exposure 

route demonstrates that atypical exposure scenarios should be considered when designing 

future nanoparticle exposure experiments and is a relevant pathway for exposure given 

the current knowledge on ultrafine particle matter and its impacts on health (Bakand, 

2012;Grassian, 2007).  

Furthermore, NPs can undergo transformations in the environment or in consumer 

products such as speciation, dissolution, or aggregation that can alter the NP toxicity, 

reactivity, and physicochemical properties. These changes are not accurately represented 

with testing “as-received” particles 71, 128-132. Studying NPs in realistic scenarios is of the 

upmost importance. Here, the concern of a realistic exposure and subsequent 

transformation was addressed by dosing the sterile colon media with the NPs. The NPs 

remained in the colon media for the duration of the five-day-long experiments. 

Unfortunately, one disadvantage is the difficulty in characterizing NPs after introduction 

into complex media due to limitations in analytical techniques 129, 132. While the NP 

exposures were designed to mimic realistic scenarios that would involve NP 

transformation, it was beyond the scope of this particular paper to evaluate the degree of 

transformation occurring in the colon environment. However, complementary studies 

have used bacteria in both realistic settings and idealized laboratory studies to determine 

the effects of NP toxicity on organisms similarly without measuring the fate or 

transformation of the particles in the systems 177-178. 
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Our initial hypothesis, that NPs induce phenotypic changes in a gut microbial 

community, was affirmed through significant measurable effects seen in the data. Tests 

that did support that NPs caused changes in the phenotype included hydrophobicity, 

EPM, sugar content of the EPS, cell size, conductivity, and SFCA (specifically butyric 

acid) production. Data for cell concentration and the protein content of the EPS 

demonstrated no significant results. Data was inconclusive for pH. With such a complex 

biological system, it is very likely that the phenotypic and biochemical changes observed 

are combinations of responses happening in parallel. The effects seen may be attributed 

to both changes induced by the NPs and natural phenomena associated with microbial 

community activity and other metabolic processes in a multifaceted environment such as 

the gut. Some examples of natural processes that could also influence the phenotypic and 

biochemical parameters are osmolarity, active metabolites, and electrolyte concentrations 

179-180.   

Additionally, not only the complexity of the microbiota, but also the intricacy of a 

living colon environment, is extremely difficult to predict and monitor. Since the human 

colon microbiota plays a large and diverse role in overall human health, particularly with 

immunity and disease development 23, 181-182, and can vary greatly per individual basis, 

having an understanding of how the microbiota is affected at the phenotypic level may 

provide crucial information to better characterize an unhealthy or stressed colon 

microbial community. 
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Conclusions 

 

This work highlights the relevance of studying a complex matrix and microbial 

community in situ rather than individual microbial species in vitro. Diverse analyses, 

including techniques traditionally used for environmental microbial analysis such as 

phenotypic measurements, are also needed to further characterize changes in microbial 

communities. These tests can provide a depth of information that may complement 

microbial community sequencing data and other traditional colonic enzyme assays. Here, 

significant changes in hydrophobicity, EPM, sugar content of the EPS, cell size, 

conductivity, and SCFA demonstrated that representative NPs found in consumer 

products and water sources with the potential to be ingested can minimally impact the gut 

microbial community. The techniques used and presented herein offer a novel 

combination of indicators for identifying NP induced perturbances within the gut 

microbiota. 
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Supplemental Information for Chapter 2: Metal Oxide Nanoparticles Induce 

Phenotypic Changes in a Model Colon Gut Microbiota 
 

Microbial community and model colon 

A human colon was replicated by using a custom-built reactor 115 which represented 

conditions inside of a proximal colon 118 by maintaining the reactor at pH 5.5-7 and 37 °C 

inside an incubator (Barnstead MaxQ 4000; Thermo Scientific, Asheville, NC). The 

dialysis tube containing the microbial community and colon media inside of the reactor 

was encompassed by a polyethylene glycol (PEG) mixture, and the PEG was kept at a 

steady flow throughout the duration of the experiments as described previously 94. To 

mimic normal adult feedings, 100 mL of sterile colon media was pumped into the dialysis 

tubing three times per day, six hrs apart, with a rate of 5 mL/min 94. The colon media is 

not anaerobic or oxygen depleted 94. 
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FIG. S2.1.   

Visual schematics of model colon system. (A) is a photograph of the model colon system 

inside of an incubator. Photo courtesy of A. Taylor. (B) is a diagram of the system during 

the Monday AM set-up and all  feedings. The microbial community is added only on 

Monday AM. During all feedings the colon media is added. Colon media contains the 

nanoparticles during the appropriate exposure conditions. Both PEG waste and colon 

waste are located during the feedings. Not mentioned in the work, an additional study has 

used the colon waste as an input for a model septic system 115, 183. (C) is the system 

during non-feeding times. The colon media circulates in a closed loop system. 
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Nanoparticle testing 

To simulate conditions in the stomach and the potential of a low pH to alter the NPs 

physical-chemical properties before entering the intestines, additional controls monitored 

changes to the NPs as a function of pH. These control tests were conducted in tests 

outside of the colon reactor. Controls were conducted in sterile 1000 mL lidded flasks 

with 500 mL of sterile colon media. Controls consisted of the following combinations: 

colon media only or colon media with one of the NPs at the following concentrations: 

0.01 µg ZnO NP/L, 0.01 µg CeO2 NP/L, or 3 mg TiO2 NP/L. Controls were also 

conducted with and without the microbial community. Controls with the microbial 

community were inoculated in the same manner and proportion as the colon reactor. 

Samples were collected from the batch tests at 0, 30, 60 min, and 24 hrs using a range of 

pH 2-8 at 0.5 increments 184-186 and were measured in triplicate for the following tests: 

zeta potential, and hydrophobicity. These tests were performed in an identical manner to 

the washed bacteria cell samples from the colon effluent. Multiple control tests were 

conducted over a range of pH 2-8 at 0.5 increments. 

 

Phenotypic characterization of microbial community  

Cell concentration of the washed colon effluent cells was determined using a cell 

counting chamber 187, (BuerkerTürk chamber, Marienfeld Laboratory Glassware, Lauda-

Königshofen, Germany) and a light microscope (Fisher Scientific Micromaster, 

Pittsburgh, PA). EPS (extracellular polymeric substance) was measured as total protein 

and total sugar by a multi-step process: fixation of cells in 0.22% formaldehyde solution, 
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separation via centrifugation, lyophilization, and finally colorimetric measurements 

following published methods 188. The extraction process used here analyzes the EPS 

bound to the cell rather than the free EPS found in the colon effluent, which is removed 

via centrifugation. A zeta potential analyzer (ZetaPALS, Brookhaven Instruments Corp., 

Holtsville, NY) maeasured the EPM (electrophoretic mobility) of the washed cells 139. A 

microbial adhesion to hydrocarbon (MATH) test quantified partitioning of cells into the 

hydrocarbon versus the KCl solution (electrolyte phase) and gave a measure of relative 

hydrophobicity 189-190. Cell size was established by capturing images taken of the washed 

bacteria in the KCl solution using a phase contrast microscope (Fisher Scientific 

Micromaster, Pittsburgh, PA), camera (Westover Scientific Digital MCD Model 2200), 

and imaging software (MicronUSB2 v. 1.09). Images containing n>50 cells were then 

processed with Matlab (version 7.11.0.584 R2010b, The MathWorks, Inc., Natick, MA) 

in which cell radius, length, and width were confirmed 133-134. Many current studies in the 

literature have successfully used bacterial and enzymatic characterization tests in 

complex medias with the presence of NPs 191-195. Due to the estimated low concentrations 

of NPs present in the bacterial cell solution prior to the washing and centrifugation steps 

(~0.0005 µg ZnO or CeO2/45 mL washed bacterial solution, and 0.015 mg TiO2/45 mL 

washed bacterial solution), it is therefore highly unlikely that NPs caused interference 

with tests. 
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Results 

Data from Figure 1A, 1B, and 1C and from Figure 2A and 2B are displayed below per 

daily values. 
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FIG. S2.  

Comparison of the production of butyric acid over the five-day long experiments in the 

model colon in the presence and absence of TiO2, CeO2, and ZnO NPs. SCFA samples 

were collected twice a day for a minimum of two weeks and analyzed in triplicate with 

GC-FID. Each data point is an average of data that was collected over the course of two 

experimental runs (two five-day long experiments) with samples in triplicate collected 

twice a day. Error bars indicate standard deviation. 
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FIG. S3. 

Comparison of the production of acetic acid over the five-day long experiments in the 

model colon in the presence and absence of TiO2, CeO2, and ZnO NPs. SCFA samples 

were collected twice a day for a minimum of two weeks and analyzed in triplicate with 

GC-FID. Each data point is an average data that was collected over the course of two 

experimental runs (two five-day long experiments) with samples in triplicate collected 

twice a day. Error bars indicate standard deviation. 
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FIG. S4. 

Hydrophobicity of the bacterial cells is displayed as a function of NP exposure in the 

model colon during the two runs of the five-day long experiments. Data is displayed per 

experimental day.  Hydrophobicity was measured twice a day in triplicates. All 

measurements were made on washed cells from the colon effluent. Error bars indicate 

standard deviation. 
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FIG. S5. 

Electrophoretic mobility (EPM), an indicator of the relative surface charge, of the 

bacterial cells was measured in triplicate twice a day during the course of two runs of the 

five-day long experiments. All measurements were made on washed cells from the colon 

effluent. Error bars indicate standard deviation. 
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FIG. S6. 

The average protein content of the extracellular polymeric substance (EPS) was measured 

in triplicate once a day during the course of the five-day long experiments for a minimum 

of two runs (two five-day long experiments). EPS samples were collected once a day 

from the colon effluent and analyzed for sugar and protein content in triplicate. Error bars 

indicate standard deviation.  
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FIG. S7. 

The average sugar content of the extracellular polymeric substance (EPS) was measured 

in triplicate once a day during the course of the five-day long experiments for a minimum 

of two runs (two five-day long experiments). EPS samples were collected once a day 

from the colon effluent and analyzed for sugar and protein content in triplicate. Error bars 

indicate standard deviation.  
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Chapter 3: Effects of Copper Particles on a Model Septic System’s Function and 

Microbial Community 

Abstract 

There is concern surrounding the incorporation of nanoparticles into consumer products 

due to potential for toxicity and the increased risk of human and environmental exposures 

to these particles. Copper nanoparticles are found in many common consumer goods; 

therefore, the disposal and subsequent interactions between potentially toxic Cu-based 

nanoparticles and microbial communities may have detrimental impacts on wastewater 

treatment processes. This study investigates the effects of three copper particles (micron- 

and nano-scale Cu particles, and nano-scale Cu(OH)2-based fungicide) on the function 

and operation of a model septic tank. Septic system analyses included water quality 

evaluation and microbial community characterization to detect changes in and 

relationships between the septic tank function and microbial community 

phenotype/genotype. As would be expected for optimal wastewater treatment, biological 

oxygen demand (BOD5) was reduced by at least 63% during exposure to nano-scale Cu. 

A reduction in the pH occurred which was below the optimum anaerobic fermentation 

range during the micro Cu exposure, indicating that the organic waste may have 

undergone incomplete degradation. The copper fungicide, Cu(OH)2, caused an increase 

in total organic carbon (TOC) above the typical range for septic systems, which 

corresponded to increased BOD5 during the majority of the Cu(OH)2 exposure. The 

changes in TOC and BOD5 also demonstrate that the system was improperly treating 

waste. Overall, results imply individual exposures to the three Cu particles caused distinct 
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disruptions in septic tank function. However, it was observed that the system was able to 

recover to typical operating conditions after three weeks post-exposure. These results 

suggest that during periods of Cu introduction, there are likely pulses of improper waste 

treatment and incomplete organic breakdown. 
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Introduction 

The release of engineered nanomaterials is an emerging ecological concern because 

initial studies indicate significant toxicity to multiple species including bacteria, mice, 

fish, and humans.196-199 . These nanomaterials may be released from consumer products 

into the environment at any point of a product’s life, from manufacture to disposal. 

Nanoparticles are becoming more prevalent in common consumer goods such as foods 

and cosmetics. These particles are likely to enter household drains from the disposal and 

use of consumer products, and ultimately, may be released from wastewater treatment 

plants (WWTPs) into the environment.31-32, 44 Therefore, understanding the interactions 

between nanomaterials and bacteria in engineered systems (e.g. laboratory-scale septic 

tank) can indicate the consequences of nanomaterials on wastewater treatment processes 

and the potential for environmental release. Here, the effect of nanoparticles on the 

function and operation of a septic tank will be investigated. Improperly functioning septic 

systems can result in groundwater contamination and disease outbreaks.62, 200-201 

 A septic tank, which is an onsite, decentralized wastewater system,202 was 

chosen for the nanoparticle exposure experiments because it is estimated that 20-30% of 

American households have this type of onsite treatment method, and a projected 25% of 

predicted planned developments will also use septic tanks for waste disposal.202-203 

Additionally, 26% of households in Europe and 20% of Australian households also use 

septic systems.62, 204 It is critical that the function of these systems is maintained for 

sanitation and health. Essentially, the septic tank provides a waste separation process 

between the sludge, the floating material, and the wastewater in an anaerobic 
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environment in which digestion of the sludge and floating material occurs.57 To date, no 

such studies have been performed to assess the effect of nanoparticles and septic system 

function.  

 Nanoparticles have been detected in municipal wastewater treatment systems,37, 

46 and therefore, nanoparticles are also likely being introduced into onsite septic systems. 

At one sampling site, the raw sewage from a wastewater treatment plant (WWTP) 

contained 100-3000 µg/L of nano and larger-sized Titanium which was also absorbed in 

sludge biomass.37 Additionally, many studies have looked at nanoparticle behavior in 

WWTPs: aggregation, removal efficiency, and fate, as well as the effects of NPs on 

wastewater biofilms, which in turn may affect the removal of nitrogen and phosphorus.47-

56 Recently, published work has highlighted the predicted fate of nanomaterials in the 

environment. It is predicted that up 22-200 metric tons/year of Cu and CuOx are 

produced, with approximately 37 metric tons/year entering WWTPs.31, 38 Concentrations 

of 0.03 g Cu/L may be present in WWTP effluent and up to 0.24 g Cu/L is in 

biosolids.31, 38 In the San Francisco Bay region, it is predicted that 0.05 g Cu/L is found 

in WWTP effluent and between 0.01 – 0.5 mg Cu/kg is in biosolids.32 Since many 

nanoparticle toxicity and transport studies are conducted in idealized lab settings,166, 205-

206 little is known on how realistic conditions that are found in a septic tank may alter 

their physical-chemical characteristics. These changes will affect nanoparticle ion release 

or toxicity, with the potential end result of an improper functioning septic tank. 

Copper nanoparticles (Cu NPs) were chosen for introduction into the model septic 

tank in this work because Cu NPs are one of the most commonly used nanoparticle types. 
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Cu NPs are used in a wide range of applications including electronics, ceramics, inks, 

polymers, films, coatings, fungicides, cosmetics and personal care products, and other 

metal containing products.41-43 Cu NPs are also used as a bacteriocide,40 which can be 

incorporated into coatings, plastics, paints, and textiles. Recent work has shown Cu to be 

found in personal care products, and the predicted fate of these particles are WWTPs.44-45 

Another source of copper into septic tanks, besides from personal care products, may be 

through the leaching of copper from household pipes.207-208 These common sources of 

nanoparticles and their potential impact to septic system operation are a concern since 

treated effluent from a decentralized treatment process is emitted directly into a soil 

leachfield and groundwater.60, 202-203, 209-210  

Under the Clean Water Act, the Environmental Protection Agency (EPA) 

regulates discharges into surface waters with the National Pollutant Discharge 

Elimination System (NPDES). This includes discharge from WWTPs, which is highly 

regulated.58-61 However, septic systems are not regulated by the national government in 

the same manner as WWTPs. Septic tanks are typically regulated by local and state 

governments, which includes regulations covering septic tank design and installation 

permits,210 and any associated inspections. Yet, the maintenance and operation of a septic 

tank for a single family home is most often left to the care and judgment of the 

homeowner.57 As only 40% of all septic tanks are estimated to be properly functioning57 

it can be inferred that overall, septic tanks are indeed technically regulated, but the 

management and regular monitoring of septic tanks are not practically enforced.  
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Due to the lack of consistent monitoring of septic tanks, it is hypothesized that 

nanoparticles entering septic systems from the disposal of common consumer products 

via household drains may cause unknown, deleterious effects on the function and 

operation of the septic tank, resulting in either the release of untreated waste or 

nanoparticles into the groundwater. This work was developed to evaluate the impact of 

nanoparticle exposure on the septic tank, specifically, to (1) determine if exposure leads 

to deviation from baseline conditions and (2) to establish if Cu particles cause septic 

systems to insufficiently and unreliably treat wastewater. Tracking changes in septic tank 

influent and effluent using traditional wastewater quality tests, microbial community 

characterization, and microbial community sequencing allowed for the assessment of 

septic tank performance per Cu particle introduction. First, the baseline conditions of the 

septic system were defined, and subsequent impacts caused by the various Cu forms 

added in the system were measured. This work will have meaningful implications for 

improving wastewater treatment and for updating regulations for both WWTPs and 

decentralized septic systems. 

 

Materials and Methods 

Model Septic System  

 

The septic system used for these experiments was developed and reported on 

previously.115 Details on the system and a digital image of the septic system are found in 

the supporting information (SI, Figure S1). Briefly, the influent added to the septic tank is 
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composed of three components: deionized water (DI H2O), synthetic greywater, and 

colon waste.115 The composition of the colon waste and synthetic greywater is listed in 

the SI.  

 

Nanoparticle Selection 

 

Cu particles were chosen for this study as a potential perturbance in a septic tank system. 

The purpose of this work was to characterize the responses within the septic system, 

rather than to characterize the Cu materials. Specific characterization details such as size 

and purity are more thoroughly addressed in the SI and are from previous work.211  All 

Cu particles (nano Cu, micro Cu, and Cu(OH)2) have been obtained through collaboration 

with the University of California Center for Environmental Implications of 

Nanotechnology (UC-CEIN) and were investigated because copper nanoparticles are 

thought to be an environmentally significant contaminant through pesticide application, 

personal products, and boat paints.40-43 The three Cu particles were manufactured by US 

Research Nanomaterials, Inc. (nano Cu), Sigma Aldrich (micro Cu), and TreeGeek 

(Cu(OH)2). These three model particles were chosen to elicit effects between the nano-

scale size (nano Cu), control bulk-size (micro Cu), and a nano-scale fungicide 

commercial product (Cu(OH)2). Previous work conducted with these particles has 

measured the degree of dissolution, with nano Cu and Cu(OH)2 being more soluble (>8 

wt% dissolution) than micro Cu (<2 wt% dissolution).211  
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For the three individual septic tank experiments, 100 mg of the chosen Cu particle 

was added once per day during five consecutive weekdays, for three weeks, for a total of 

1500 mg of the Cu particle per experiment. This equated to a final concentration of 10 

ppm over the course of three weeks with the assumption of equal distribution in the 

primary and secondary chambers. 10 ppm was chosen based upon predicted 

concentrations of Cu found in WWTPs.31-32, 38 Three individual experiments (one 

experiment per Cu particle) were conducted in the system and consisted of: four weeks of 

baseline (no Cu), three weeks of Cu addition (total of 1500 mg denoted as Cu weeks 1-3), 

followed by three weeks where Cu was no longer added to the system (denoted as post-

Cu weeks 1-3). The system was dismantled and cleaned between each experiment. More 

details on the Cu particle dosing procedure of the septic system are listed in the SI.  

 

Water Quality Tests 

 

For brevity, the water quality methodology and the water quality sampling schedule 

(Table S1) are presented in detail in the SI. Water quality tests include pH, total organic 

carbon, turbidity, and total suspended solids. These specific water quality tests were 

selected because they are traditionally associated with monitoring both WWTPs and 

septic tank systems.57, 212-213 Therefore, using literature values as a comparison, these tests 

were used to compare observable changes to the accepted reported literature values. This 

also allowed for ensuring the measured range in the system was within reason of the 

reported values. Additional water quality tests (alkalinity, conductivity, and hardness) 
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were also measured with the system but are reported in another study that determined the 

transformation of Cu particles and subsequent alterations on Cu toxicity.211  

 

Bacteria Characterization 

 

Microbial characterization techniques were selected based upon previous work with 

environmental microbial isolates and communities.115, 214 All microbial community 

testing for this study was conducted as reported in a prior study with the model septic 

system.115 Electrophoretic mobility (EPM, a surrogate for relative cell surface charge), 

hydrophobicity, cell concentration and cell size were measured from cells emitted in the 

effluent. The purpose of the bacteria characterization was to monitor changes in the 

microbial community as a function of the copper particle exposure. For consistency, all 

microbial characterization experiments were conducted once a week on the same day in 

triplicate. More details on the bacteria characterization tests, further methods and the 

sampling schedule (Table S1), are located in the SI. 

 

Bacteria Community Metabolism and Sequencing  

 

In this study, two main microbial community analyses were conducted. These tests were 

used as indirect analyses of microbial activity. The first test was a traditional method to 

detect biological activity and is a traditional water quality test, the five-day biological 

oxygen demand (BOD5) test, and selected as a microbial metabolic activity indicator. 
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Effluent BOD5 was determined by assessing the loss of dissolved oxygen (DO) by 

measuring initial DO (hour 0) and final DO (hour 120) using a DO probe (Thermo 

Electron corporation Model 033005D) with a standard protocol.215 Regardless of whether 

the system is under aerobic or anaerobic conditions, this test is an excellent indicator of 

the amount of organic material present in the system.216 For more detail on the BOD5 

protocol and the septic sampling schedule (Table S1), please refer to the SI. 

The second microbial community analysis conducted was pyrosequencing to 

evaluate the microbial community “fingerprint”. Extraction, preparation, and 

pyrosequencing of all microbial samples collected from the septic system were followed 

exactly as in previous research with this model septic system.115 Additional details on the 

methods used for sequencing are located in the SI. 

 

Copper Analysis 

 

The amount of bioavailable or free Cu2+ ions emitted in the effluent from the septic 

system was determined using an Orion cupric solid state half-cell ion specific electrode 

(Cu ISE, Thermo Scientific), an Orion double junction Sure-Flow reference electrode 

(Thermo Scientific), and an Orion Star A214 pH/ISE meter (Thermo Scientific). This 

measurement did not include any Cu2+ ions bound to organic matter and inorganic 

species.217-218 Further information is provided in the SI on the calibrations, 

concentrations, and sample preparation.  
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Statistical Analyses 

 

Statistical analyses were conducted individually for each parameter mentioned in the 

material and methods (e.g., all water quality tests, bacteria characterizations, and 

community sequencing) to identify significant trends as a function of Cu exposure and 

type. A Student t test was used and if P values were <0.05, the data was considered 

significant. Data was analyzed on a per week basis. All experimental conditions (Cu 

weeks 1-3, post-Cu weeks 1-3) were individually compared to the baseline conditions. A 

student t test was also run on grouped data (e.g., all baseline weeks vs Cu weeks 1-3, and 

baseline weeks vs post-Cu weeks 1-3). All data values collected and used in statistical 

analyses are presented in Table S2. Statistical analyses were conducted with Excel 2011 

(v.14.3.9, Microsoft, Redmond, WA) and with StatPlus:mac LE.2009 (v.5.8.2.0, 

AnalystSoft Inc.). 

 

Results 

Four water quality tests (pH, total organic carbon, turbidity, and total suspended solids) 

commonly used to evaluate effluent quality from WWTPs and septic tanks were used in 

this study.62, 67-68, 219-220 These tests were selected because they are commonly used in 

WWTPs and decentralized waste treatment systems such as septic tanks.57, 65, 115, 212-213 

Also, these tests are used for the regulation and monitoring purposes of these systems.203, 

212 Therefore, the model septic tank’s function can be verified using these traditional 

monitoring tools. 
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Tests were also selected to characterize the changes in the microbial community 

phenotype, metabolic activity, and community structure (cell hydrophobicity, 

electrophoretic mobility, cell size, cell concentration, BOD5, and DNA sequencing) in the 

model septic system. The baseline data determined if there were any statistically 

significant deviation in operating parameters when compared to the Cu and post-Cu 

exposures. For all results, the baseline weeks (no Cu present in the system) were 

statistically the same (P<0.05). Therefore, all baseline data was averaged for the sake of 

comparison to other experimental conditions with the Cu particles.  

The purpose of the three weeks of analysis after the Cu addition (post-Cu weeks 

1-3) was to determine if the effluent quality would return to values recorded during the 

baseline period. If the system returns to baseline values post-Cu exposure, this indicates 

that the system was able to re-establish its function. Because Cu and nano-scale Cu are 

known to have antibacterial effects, immediate changes, such as a loss of septic system 

function, are anticipated during the Cu exposure weeks (Cu weeks 1-3). 221-222 The septic 

system was considered to undergo a loss of function if the Cu exposure (Cu weeks 1-3) or 

post-copper exposure conditions (post-Cu weeks 1-3) were not statistically identical to 

the baseline, and by comparisons to known septic system performance.62, 67-68, 212-213, 223 

But, because of the three week residence time in septic systems,115 only the final copper 

exposure week, (post-Cu week 3) was analyzed with statistical tests and presented in the 

results (post-Cu weeks 1 and 2 values can be found in Table S2). This is because 

recovery of the microbial community was anticipated to be associated with the residence 

time of the system. Additionally, for ease of comparison and clarity, in each figure a 
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shaded box has been added to indicate the typical operating values for septic systems.212-

213 The results will be discussed below for each type of Cu particle added. 

 

Baseline Conditions in the Septic System 

 

The purpose of the baseline weeks and measurements was to establish the typical values 

during normal operating conditions without the presence of a disturbance, such as Cu. 

Water quality measurements, pH, TOC, and turbidity are found in Figure 1A-1C. For pH, 

the baseline effluent value was 7.0 ± 0.1 and the influent pH value was 7.6 ± 0.2. The 

typical range for pH septic tank effluent is anticipated to be between 6.7-7.6.212-213 Due to 

consistency of the influent material, the influent pH remained constant at pH 7.6 ± 0.2. 

For TOC, the baseline effluent average value was 54.8 ± 17.7 mg/L. The average influent 

TOC value was 89.1 ± 28.3 mg/L and was consistent for all experiments. Excepted 

effluent TOC values for a properly functioning septic tank are between 50-350 mg/L.212-

213 Turbidity is used here as an indirect measurement to determine mobilization of sludge, 

incomplete digestion of waste or higher loads of TSS in the effluent. Turbidity is 

determined by comparing the intensity of scattered light of the sample to standard 

reference materials.215 Higher scattering indicates higher turbidity. Turbidity 

measurements are not a common test used for regulation purposes within a septic system. 

Here, a reference value for the system was designated for this work by using the National 

Primary Drinking Water Regulations for surface water treatment with nonconventional 

filtration.224  Based upon this regulation, typical effluent turbidity values for baseline 
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conditions in the septic tank were defined as <5 Nephelometric Turbidity Units (NTU). 

However, the average baseline effluent turbidity value was 11.3 ± 1.1 NTU. This value 

was expected to be higher than 5 NTU since drinking water and septic tank treatments 

have differing standards of regulation for amounts of total suspended solids. The turbidity 

influent value for all experiments was 78.5 ± 3.7 NTU (Figure 1C), and is in the range for 

expected influent values for household greywater which is 22-72 NTU.225  The TSS 

effluent baseline average value was 52.7 ± 7.6 mg/L (Figure S3). The TSS influent value 

was 57.0 ± 2.9 mg/L. TSS ranges from 40-140 mg/L in effluent,213 with a removal 

efficiency of 60-80% expected.226-227 During baseline conditions, only an 8% reduction 

occurred from the influent to the effluent for TSS. BOD5 (Figure 2B) baseline effluent 

was 82.0 ± 5.6 mg/L and the influent BOD5 value was 127.0 ± 0.0 mg/L. BOD was 

reduced by ~35% in baseline conditions. A 30-50% reduction is anticipated for BOD5 in 

real world septic tanks.212-213 The standard range for BOD5 in a septic system has been 

reported between 35-200 mg/L.212-213  

The microbial community structure was determined using pyrosequencing. The 

purpose of this was to determine the changes in the structure that the community 

experienced as a function of Cu particle exposure when compared to the baseline 

community structure. The baseline condition for the microbial community structure at the 

phyla level for all Cu experiments was as follows: Proteobacteria 83.9%, Firmicutes 

4.2%, and Bacteriodetes 12.5% (Figure 2A).The Cu analysis using the Cu ion specific 

electrode will be discussed as a whole below in the Copper Analysis Results section. 
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Impact Nano Cu 

 

The nano-scale Cu caused multiple effects on the effluent water quality and microbial 

community. The septic tank pH values during and following copper addition were 

between pH 6.8-7.2 and did not significantly change from the baseline pH (pH = 7.0 ± 

0.1, Figure 1A). These values during and after the Cu exposure are within the accepted 

range (6.7-7.6) of septic tank pH values.212-213 The final experimental week (post-Cu 

week 3) following exposure had a pH of 6.7 ± 0.0. 

The only significant TOC values during the nano Cu experiment (Figure 1B) were 

during nano Cu week 2 where a decrease in TOC (16.7 ± 0.2 mg/L) occurred and during 

the post-nano C week 3 condition with an increase in TOC occurred (91.1 ± 4.0 mg/L) 

when compared to the TOC average baseline condition (54.8 ± 17.7 mg/L, P<0.0001). 

TOC was considered to maintain the baseline conditions for all other nano Cu 

experimental weeks. The 16.7 mg/L value was the lowest TOC value for all experimental 

conditions with all Cu particles. While the final week in the post-nano Cu exposure 

condition does have a significantly higher value than the baseline (91.1 mg/L vs. 54.8 

mg/L), all TOC values for the nano Cu exposure were within anticipated levels for septic 

system function.212-213  

The turbidity values (Figure 1C) for the nano Cu experiment show fluctuations 

during the nano Cu exposure weeks (nano Cu weeks 1-3, 2.5-4.6 ± 0.4 NTU). Turbidity 

during the nano Cu exposure was significantly lower than the baseline and post-nano Cu 

exposure conditions (P<0.0005). The baseline turbidity value for all experimental 
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conditions was 11.3 ± 1.1 NTU and the final post-nano Cu exposure value was 10.0 ± 0.1 

NTU. There were not significant TSS data for any of the Cu particles, although the nano 

Cu exposure did show a decrease over time from the nano Cu exposure (TSS during nano 

Cu exposure weeks 1-3 was 38.1-41.6 ±10.4 mg/L) to the final post-nano Cu exposure 

week (TSS 29.0 ± 10.6 mg/L). TSS values were well below the anticipated range (40-140 

mg/L) for TSS in septic tank effluent213 and a 28-49% reduction occurred from the 

influent to the effluent for the three nano Cu exposure weeks and for the final post 

exposure week.   

The lowest BOD5 value recorded for the nano Cu experiment was during week 1 

of the nano Cu exposures (34.0 ± 6.4 mg/L, Figure 2B). For all conditions (baseline, nano 

Cu exposure, and post-nano Cu exposure), the BOD5 experienced a significant reduction 

ranging from 35-73%.  

Microbial community phenotype can be affected by perturbances in aquatic 

systems.115 Therefore, because septic system function is linked directly to metabolic 

activity of the microbial community, changes occurring to the community phenotype 

were used as non-traditional indicators of the system’s function.  Results for the bacteria 

characterization tests (hydrophobicity, electrophoretic mobility, cell size, and cell 

concentration) are presented in the SI and in Figure S2. While the bacteria 

characterization did not overall have meaningful trends or any correlation with changes in 

the water quality tests, significant changes did occur. For example, cell hydrophobicity 

increased during the nano Cu exposure (64.4 ± 0.3%) when compared to the baseline 
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(24.3-45.8 ± 0.6-5.0%) and had the highest hydrophobicity values for any Cu exposure 

(SI).  

Here, pyrosequencing was used to investigate how Cu particles alter the microbial 

community structure, which has important implications in wastewater processing.228 This 

study is not the first to observe changes in the microbial community structure at the phyla 

level. In fact, many studies have reported changes at the phyla level and suggested 

analysis at this taxonomic group as a monitoring tool for various types of wastewater 

treatment.228-231 For the sequencing data in this study, the following phyla, Acidobacteria, 

Actinobacteria, Chloroflexi, Synergistetes, and Cyanobacteria were not statistically 

analyzed in the community structure because when combined, these three phyla made up 

less than 1% of the community structure for all experimental conditions and weeks. The 

baseline condition for the microbial community structure for all Cu experiments was as 

follows: Proteobacteria 83.9%, Firmicutes 4.2%, and Bacteriodetes 12.5%. Only one 

phylum, Firmicutes, had a significant change during the course of the nano Cu 

experiment (Figure 2A). The amount of Firmicutes (4.2%) present in baseline conditions 

significantly increased during nano Cu exposures (nano Cu weeks 1-3, 11.1-19.8%, 

P=0.003) and Proteobacteria decreased from 83% in the baseline to between 67.3-76.7% 

in during the majority of the nano Cu exposures and during the final week of the post 

exposure condition (nano Cu weeks 2 and 3, and post-nano Cu week 3). However, all 

other changes in the community other than the percent changes in the Firmicutes were not 

significant.  
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Impact of Micro Cu 

 

The micron-scale Cu caused numerous deviations in the measured effluent water quality 

(pH, BOD5, and turbidity) from the baseline septic tank values (Figure 1). Over the three 

weeks of micro Cu addition, pH was significantly lower than the baseline average (pH 

7.0 ± 0.1, Figure 1A). For example, after the initial week of copper introduction, the pH 

(6.3 ± 0.1) was significantly lower than the average baseline value (pH 7.0 ± 0.1, 

P<0.001).  In the second and third weeks (pH 6.6 ± 0.1 and 6.7 ± 0.1, respectively) the 

pH was also below typical pH range for septic tanks (6.7-7.6),213 albeit these values were 

not significantly different from the baseline (P>0.05). However, when evaluated together 

and analyzed, the average pH of the three weeks of micron-scale Cu injection (pH 6.5 ± 

0.1) was also significantly lower than the baseline average (pH 7.0 ± 0.1, P<0.05). After 

three weeks without further copper addition, the effluent pH had a pH value of 6.8 ± 0.2.  

TOC values for the micro Cu exposure (weeks 1-3) were between 47.0-49.8 mg/L 

(Figure 1B) and the final post-micro Cu exposure value for TOC was 47.0 ± 20.8 mg/L. 

All of these weeks were considered the same as baseline average conditions (54.8 ± 17.7 

mg/L, P=0.3). The typical range of TOC in septic tank effluent during the micro Cu 

experiment was well within the anticipated values based upon real world septic 

systems.212-213  

Effluent turbidity decreased during the micro Cu experiment when compared to 

the baseline (Figure 1). When grouped and analyzed, the overall micro Cu exposure (2.5 

± 0.3 NTU) was significantly lower than the baseline turbidity (11.3 ± 1.1 NTU). The 
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final post-micro Cu exposure week had a value of 1.5 ± 0.6 NTU. While not displayed in 

Figure 1, the post-micro Cu week 1 exposure has the highest turbidity value for all 

experiments with a value 24.0 ± 0.2 NTU (SI, Table S2, P<0.001). The Micro Cu 

exposure and post-micro Cu exposure did not cause significant changes in TSS (SI, 

Figure S3). There were not significant TSS data for any of the Cu particles, although the 

micro Cu particles did show a decrease in TSS over time. There was a 78% reduction of 

TSS from the influent to the effluent during the micro Cu exposure weeks. The final post-

Cu exposure week had an 87% reduction in TSS. These are in the expected range of TSS 

reduction in a functioning septic system.226-227 

The micro Cu addition BOD5 values had two significant increases in BOD5, 

during the first (241.7 ± 7.6 mg/L) and third weeks (223.3 ± 1.1 mg/L). The final week in 

the post-micro Cu exposure had a BOD5 of 26.8 ± 8.3 mg/L, which was the lowest BOD5 

value recorded for all of the experiments. The baseline effluent value for BOD5 was 82.0 

± 5.6 mg/L (Figure 2B) and the influent BOD5 value was 127.0 ± 0.0 mg/L for all Cu 

experimental tests. During the micro Cu experiment, a 30-78% reduction in BOD5 from 

the influent to the effluent was experienced only for the baseline, micro Cu exposure 

week 2, and the final post-micro Cu exposure week. All other weeks did not experience 

the anticipated percent reduction associated with a functioning septic system.  

Results for the bacteria characterization tests (hydrophobicity, electrophoretic 

mobility, cell size, and cell concentration) are presented in the SI and in Figure S2. While 

the bacteria characterization did not overall have meaningful trends or any correlation 

with changes in the water quality tests, significant changes did occur. Here, cells 
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experienced a change in electrophoretic mobility (EPM, a surrogate for surface charge) 

and became more negative during the micro Cu exposure (-1.5 ± 0.3 to -1.6 ± 0.3 

[(µm/s)/(V/cm)]) when compared to the baseline (-1.0 ± 0.2 to -1.4 ± 0.3 

[(µm/s)/(V/cm)]).  

For the pyrosequencing data, the baseline condition for the microbial community 

structure for all Cu experiments was as follows: Proteobacteria 83.9%, Firmicutes 4.2%, 

and Bacteriodetes 12.5%. While no significant changes to the microbial community 

structure occurred during the micro Cu experiment (Figure 2A), some trends are worth 

noting. The micro Cu exposure condition showed Firmicutes maintained a constant level 

in the community between 1.7-3.4%. Proteobacteria was the dominant community for the 

duration of micro Cu addition (64.4-74.6% of population) and Bacteriodetes ranged 

between 23.6-32.2%. All post-micro Cu microbial community structure data was within 

the same range as the baseline and micro Cu exposure. 

 

Impact of Cu(OH)2 

 

 Cu(OH)2 impacted numerous water quality parameters. For pH, the final week in the 

Cu(OH)2 exposure had the highest pH (7.5 ± 0.1) for all experimental conditions (Figure 

1A) and while this value is significantly higher than the baseline average (baseline pH = 

7.0 ± 0.1, P<0.001), it is still within the typical pH range for a septic system.212-213 The 

post-Cu(OH)2 week 3 value is pH 7.1 ± 0.1. All other experimental pH values were 

within the anticipated pH range for septic systems.212-213 
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The TOC values for the Cu(OH)2 addition ranged from 82.5-208.2 mg/L, and 

were significantly higher from the average baseline condition (54.8 ± 17.7 mg/L) and 

when compared to the post-Cu(OH)2 value (75.8 ± 2.8 mg/L), (P=0.0009 and P=0.02 

respectively, Figure 1). However, the post-Cu(OH)2 exposure was not significantly 

different from the baseline. The Cu(OH)2 exposure resulted in the two highest TOC 

values, 208.2 ± 136.4 and 94.2 ± 5.9 mg/L, for all experimental conditions with all Cu 

particles. Yet the TOC values measured under all Cu(OH)2 conditions were within the 

expected range for TOC in septic tank effluent (50-350 mg/L212-213), which indicates the 

system is still operating within typical conditions. 

Turbidity increased during the Cu(OH)2 experiment. The second highest turbidity 

value for all experiments was during the third week of the Cu(OH)2 exposure (22.2 ± 1.4 

NTU, Figure 1C). Overall, when grouped and analyzed, the Cu(OH)2 exposure (10.1-22.2 

± 0.7 NTU) was significantly higher in turbidity when compared to the baseline (11.3 ± 

1.1 NTU, P<0.006).  Cu(OH)2 experiments had higher turbidity overall when compared 

to the micro Cu and nano Cu experiments. The final week of the post-Cu(OH)2 condition 

was 6.4 ± 0.2 NTU. All turbidity values for the Cu(OH)2 exposure were above both the 

baseline average and the defined baseline value of <5 NTU. However, these effluent 

values are well below the range for expected influent values for household greywater.225  

TSS data was not significantly impacted by any of the Cu particles. It is worthwhile to 

note that Cu(OH)2 TSS values increased during weeks 2-3 of the Cu(OH)2 exposure (SI, 

Figure S3) when compared to the baseline (baseline = 52.7 ± 7.6 mg/L, week 2 exposure 

= 60.3 ± 8.2 mg/L, and week 3 exposure = 54.8 ± 5.6 mg/L). For Cu(OH)2 exposure 
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week 1 and for the post-Cu(OH)2 final exposure week, a 19% and 26% reduction 

occurred in TSS from the influent to the effluent. The increase in TSS during Cu(OH)2 

exposure weeks 2 and 3 correlates with an increase seen in TOC. 

The baseline effluent value for BOD5 was 82.0 ± 5.6 mg/L (Figure 2B) and the 

influent BOD5 value was 127.0 ± 0.0 mg/L for all Cu experiments. Half of the Cu(OH)2 

exposure had significantly higher BOD5 values (267.0 ± 4.8 and 208.5 ± 12.0 mg/L, 

respectively, P<0.05). The 267.0 mg/L value was the highest BOD5 value recorded for all 

Cu experiments conducted. These two weeks were above the expected BOD5 values for 

septic tank systems (35-200 mg/L).212-213 Two weeks (Cu(OH)2 week 1 and post-Cu(OH)2 

week 3) were significantly lower than the baseline effluent BOD5 (30.3 ± 29.2 mg/L and 

31.2 ± 3.6 mg/L, respectively). BOD5 experienced a 76% reduction for these two weeks. 

Results for the bacteria characterization tests (hydrophobicity, electrophoretic 

mobility, cell size, and cell concentration) are presented in the SI and in Figure S2. While 

the bacteria characterization did not overall have meaningful trends or any correlation 

with changes in the water quality tests, significant changes did occur. During the 

Cu(OH)2 exposure, the most negative EPM value was recorded for the bacterial cells (-

2.4 ± 0.4 [(µm/s)/(V/cm)], SI, Figure S2).  

The Cu(OH)2 particle caused significant changes in the microbial community 

structure. Phyla results in Figure 2A show that Proteobacteria significantly decreased 

during the Cu(OH)2 addition (60.0-68.6%) and for post-Cu(OH)2 exposure (60.8%) when 

compared to the baseline Proteobacteria percentage (83.9%). Proteobacteria remained the 

dominant phyla during all Cu experiments. Firmicutes was significantly higher for the 
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Cu(OH)2 exposure (8.5-10.7%) when compared to the Firmicutes baseline (4.2%). The 

post-Cu(OH)2 Firmicutes percentage was also significantly higher (25.3%) than the 

baseline. 

 

Copper Analysis  

 

The purpose of the copper ion specific electrode (Cu ISE) was to determine the amount 

of free Cu2+ ions emitted in the effluent (Figure 1D). The baseline average for Cu2+ ions 

was 0.0 ± 0.0 ppm. The highest recorded Cu2+ ion concentration in the effluent was 

during Cu(OH)2 week 3 at 4.9 ± 0.8 ppm. Micro Cu was measured as having 1.0 ± 0.3 

ppm during micro Cu week 3 and 1.8 ± 2.5 ppm during post-micro Cu week 3. Post-nano 

Cu week 3 had a value of 1.5 ± 1.1 ppm. All other values were below 0.2 ppm. Both the 

micro Cu and nano Cu showed an increase in Cu2+ ion concentration over the course of 

the experiments. Data is not available for micro Cu week 1. These values are in 

agreement from previous published work determining the total amount of Cu emitted 

from a septic system.211 
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Figure 3.1. Changes in water quality parameters pH (A), TOC (B), and turbidity (C), and Cu2+ free ion 

concentration (D) were measured over the course of three independent ten-week experiments for micro Cu 

(solid line), Cu(OH)2 (dashed line), and nano Cu (dotted line). The influent measurement is an average of 

three total readings taken during baseline week 4, Cu week 3, and Post Cu week 3. The baseline average is 

four week of pre-Cu measurements averaged together, Cu weeks 1-3 are three weeks in which Cu particles 

are added once a day, and post-Cu week 3 is the final week of three weeks in which Cu particles are no 

longer added and in which conditions in the septic tank were anticipated to return to baseline conditions. A 

shaded box indicates the typical septic system range212-213 for each test to give better clarification on when 

the septic system in out of range. Influent pH was maintained at 7.6 for during all experimental conditions 

due to consistency of influent material (colon waste, DI H2O, and greywater).  
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Figure 3.2. Changes in microbial community phyla (A) and biological oxygen demand (B) over the course 

of three independent ten-week experiments for micro Cu (solid line), Cu(OH)2 (dashed line), and nano Cu 

(dotted line). The influent measurement is an average of three readings; influent liquid components 

remained constant over the course of the experiments. The baseline average is four week of pre-Cu 

measurements averaged together, Cu weeks 1-3 are three weeks in which Cu particles are added once a 

day, and post-Cu week 3 is the final week of three weeks in which Cu particles are no longer added and in 

which conditions in the septic tank were anticipated to return to baseline conditions. A shaded box indicates 

the typical septic system range212-213 for each test to give better clarification on when the septic system in 

out of range.  

 

Discussion 

Septic System Water Quality Parameters 

 

The septic tank was affected minimally for the pH parameter except for the micro Cu 

exposure weeks. Since pH is used as an indicator for septic system function, this data 

indicate that septic system performance was minimally impacted with the exception of 

the micro Cu exposure. The baseline septic tank effluent pH ranged between 6.7 and 7.1 

(average 6.9 ± 0.1). The overall average effluent pH for all experimental conditions (with 

and without the three Cu particles) was 6.9 ± 0.2. Typical values associated with real 
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world septic tanks shows the average effluent pH to be between 6.7-7.6 for optimal 

treatment of waste; this is in agreement with the previously established work with this 

model septic system and septic tank effluent characterization publications.115, 212, 232 

Previous work with this system115 had an overall effluent pH average of 6.8, which again 

falls within the documented range for septic system effluent. 

 Changes in pH are an important indicator of the microbial processes occurring 

within the septic system. The addition of micro Cu resulted in the greatest pH disturbance 

from baseline conditions (6.4-6.6 vs. 6.7-7.6), which was a decrease from the ideal range. 

When compared to baseline conditions, micro Cu caused the most significant decrease in 

pH and was not in the ideal range for methanogenesis232 for two weeks during the micro 

Cu exposure. Here, the data demonstrates that consumer products with different types of 

Cu materials can have a range of effects on an anaerobic treatment system. However, 

recent work has shown that regardless of the type of Cu material, organic waste within 

the septic system mitigates toxicity effects due to transformation, speciation, and 

sedimentation of the Cu particles.211 In anaerobic treatment, decreases in pH can be an 

indirect measurement of an accumulation of volatile fatty acids (VFAs) within the 

system,49,55 which are produced by bacteria through anaerobic degradation of waste,49,55 

which can lower the pH in the system. Methanogenesis, the last process in septic system 

fermentation and an important step in the degradation of waste,56,57 occurs ideally 

between pH 6.7-7.4. Hence, it is often the most sensitive phase and the rate-limiting step 

in the fermentation process,232-234 and will be affected by acid production.58 If the Cu 

particles negatively affect the bacteria necessary for specific steps in fermentation,233-234 
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the system may no longer be able to buffer the acid production, causing a decrease in pH 

which can lead to untreated effluent emitted into the leachfield. Because methanogenic 

and acidogenic microorganisms have an optimal pH range within septic systems,232 

failure to maintain this optimal range can lead to septic system failure, e.g., improper 

treatment of the wastewater. Therefore, pH is important indicator of distress in the 

system, and incompletely treated waste will also lead to higher turbidity in the effluent. 

While methane production and methanogen population of the microbial community 

structure were not directly measured, previous research has indicated that the inhibitory 

threshold of Cu is 0.5 ppm in anaerobic systems.63 The metabolic activity of key 

microbial populations in wastewater treatment plants, specifically denitrifiers, are 

inhibited by 50% with a dose of 0.95 ppm Cu.235  

Water clarity, or turbidity, is an important test for verifying the effectiveness 

water treatment processes since it indicates indirectly the mobilization of sludge, 

incomplete digestion of waste, or higher loads of TSS in the effluent. For context, 

turbidity of treated drinking water is regulated to fall within 0-1 NTU.224 However, a 

septic tank’s turbidity is not federally regulated and is anticipated to have higher values 

due to the presence of total suspended solids when compared with treated drinking water 

turbidity standards. Additionally, a disruption in the function of the septic system can 

also lead to greater turbidity values. Here, a reference value for the system was 

determined using the National Primary Drinking Water Regulations for surface water 

treatment with nonconventional filtration.224  Based upon this regulation, typical turbidity 

values for baseline conditions in the septic system were considered ideal if the effluent 
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was measured as <5 Nephelometric Turbidity Units (NTU). Domestic wastewater 

influent for a WWTP can have a turbidity ranging from 186-328 NTU236 and a reduction 

of turbidity in the secondary effluent is typically between 80-98%.237 In the septic tank 

with the absence of Cu particles, the system reduced influent turbidity by ~90%. In fact, 

for the nano Cu experiments, the system was capable of achieving a >90% reduction of 

turbidity, while the micro and Cu(OH)2 showed turbidity reduced to between 70-90%. 

Because Cu is well documented to settle into sediment and sludge layers,211 it was 

anticipated that Cu was not bioavailable or disrupting the microbes within the liquid layer 

in the primary chamber. Here, turbidity was reduced to within the accepted ranges, 

indicating that the system was well conditioned to handle the perturbances experienced.  

In engineered wastewater settings, TOC values are typically related to the amount 

of natural organic matter (NOM), such as humic and fulvic acids. These acids are present 

in the water and impact turbidity readings. However, in this study effluent TOC is based 

upon the acid and sugar content of the degraded organic constituents from the model 

colon which may be less complex in structure. The TOC effluent value was anticipated to 

be between 50-350 mg/L.212-213 All conditions (baseline and all Cu experiments) 

maintained a TOC value below 350 mg/L, indicating that the system stayed within the 

typical range for septic systems. Increases in the TOC during the Cu(OH)2 exposure also 

correspond to increases in BOD5 for the Cu(OH)2 exposure. The TOC measurements 

indicate the lack of any system failure. Here, failure was defined as the system’s inability 

to treat waste; one attribute indicating failure is increased loads of organic material 

present in the effluent.  TOC is composed of dissolved organic carbon (DOC) and soluble 
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organic carbon (SOC). SOC is composed predominately of volatile acids. These acids can 

lower the pH within the septic system. Therefore, the presence of increased amounts of 

TOC can results in lower pH. This is noted for week 1 of the Cu(OH)2 exposure. During 

week 2 of the nano Cu exposure, a decrease in TOC may be related to the increase in pH, 

yet these values are still within the documented typical ranges for TOC and pH for septic 

tanks. There is no clear relationship between TOC and pH trends with the micro Cu 

exposure. The fact that each Cu particle causes distinct behavior with the TOC data 

demonstrates that effects are likely related to the particle properties such as size or 

chemical composition. 

Alkalinity, which was measured in the system in an additional study and is worth 

noting, increased over time in the system.211 High alkalinity is often thought to act as a 

buffer in aqueous systems to perturbances such as metals.238 However, the literature 

reports that alkalinity may or may not have an effect on Cu toxicity to aquatic 

organisms.238 Rather, the interplay of pH, alkalinity, organic matter, and total suspended 

solids play a more important role in determining Cu toxicity and the speciation of Cu in 

aquatic environments.211, 238 

 

Septic System Microbial Community Characterization  

 

Changes to the microbial community’s phenotype were monitored throughout the course 

of the experiments to determine phenotypic changes associated with the presence of Cu 

particles. These additional techniques were selected based upon previous work that used 
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these methods to characterize bacteria in aqueous environments,115, 214 specifically 

assessments associated with environmental microbial community analyses such as 

hydrophobicity, surface charge (electrophoretic mobility, EPM, a surrogate of surface 

charge), and cell size.137, 139 While significant changes did occur in the characterization 

tests, there were no meaningful trends that correlated with water quality data. These 

results are found entirely in the SI (Figure S2). These tests can give insight into changes 

occurring to the microbial community that are often associated with stress conditions, and 

these fluctuations could be used as additional indicators that the septic system is not 

operating optimally. For example, changes in cell hydrophobicity have been associated 

with biofilm formation.115, 143 Previous work with the septic system showed a baseline 

hydrophobicity cell value of 40.1 ± 2.8% and an increase in hydrophobicity was noted 

with a pathogen perturbance (51.8 ± 8.4%).115 Here, the average baseline hydrophobicity 

fluctuated between 24-45% with experimental Cu particle conditions causing 

hydrophobicity to range between 20-64%. No distinct pattern was observed when 

comparing the hydrophobicity responses to the three Cu particles. Additionally, it is 

worthy to note that the likelihood of biofilm growth varied dramatically based not only 

on the presence of Cu particles, but also on the stage and timing of the experiments.  

Another characterization test, surface charge, is an indicator of the stability and 

attachment potential for the microbial community, with higher absolute values indicating 

greater stability.145 EPM values for bacteria in aqueous environments are typically 

negative.239 A positive EPM value recorded with nano Cu suggests aggregate formation 

of the bacteria with nano Cu, with nano Cu likely coating the bacteria, thus changing its 
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surface charge.240 Surface charge values for the microbial community from previous 

work with the septic system show a baseline EPM of -1.1 ± 0.37 (m/s)/(V/cm) and -1.24 

± 0.18 with a pathogen perturbance.115 Here, the EPM baseline was -1.23 ± 0.25 

(m/s)/(V/cm) and overall the septic system had greater fluctuations in EPM ranging 

from -2.38 to 0.90 (m/s)/(V/cm)) in the presence of Cu particles when compared to 

effects caused by a pathogen. Cu(OH)2 had the greatest change in surface charge since 

positive values were measured. Nano Cu had the greatest variation in bacterial surface 

charge. Therefore, EPM may be a useful tool to determine changes within septic systems 

and to predict the fate or aggregation of nanomaterials and bacteria in the effluent.137, 241  

Finally, changes in cell size, particularly a decrease in cell size, can be attributed 

to stress on the cell.151, 242 The greatest decrease in cell size compared to the baseline was 

during post-Cu(OH)2  exposure. Of the three Cu, the micro Cu resulted in the least 

amount of fluctuation in bacterial size over the course of the experiments. Cell size is 

often monitored in microbial communities to determine cell viability and environmental 

stress.243-245  

 

Septic System Microbial Community and Metabolism 

 

Biological oxygen demand (BOD5) is another common test for determining microbial 

activity and water quality in wastewater treatment, and this test determines the amount of 

oxygen required by the microbes present in wastewater to degrade organic matter and 

oxidize inorganic material and nitrogen.215 Essentially, this test is a measurement of 
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organic material present in the system. Typical values from the literature demonstrate that 

the secondary effluent BOD5 from a septic tank should be between 35-200 mg/L.212 In 

agreement with what is expected for function septic tanks, BOD5 showed a 30-50% 

reduction between the influent and the baseline conditions.212, 226-227, 246-247 Micro Cu and 

Cu(OH)2 caused the largest increase in BOD5 and did not result in a subsequent reduction 

in BOD5 for four weeks.  High BOD5 values indicate that there is an increased oxygen 

demand for the oxidation and degradation of organic waste in the effluent and verifies the 

presence of organic waste in the effluent. In contrast, low BOD5 values mean the 

presence of less organic material or indirectly, less microbial activity. One limitation of 

the BOD5 test is the inability to differentiate between amount of organic material and 

microbial activity, since the test is effectively measuring oxygen consumed over a five 

day period. The amount of oxygen consumed is often a proxy for the amount of organic 

material present in the system.  A reason for the final low BOD5 values could be that the 

Cu particles, the type of organic waste, or the amount of oxygen affected the bacteria that 

actively play a role in the breakdown of the waste, leading to a major shift in the 

community structure.248-249  In this work, changes in the community structure occurred 

during the same experimental weeks as high pulses in BOD5 for Cu(OH)2 weeks 1-3 

(Proteobacteria decreased and Firmicutes increased). This parameter is often used as a 

tool for indirectly determining the amount of organic pollution present.250 At the end of 

the post-Cu week exposures, all BOD5 values were relatively low (between 26-46 mg/L) 

and showed a 64-80% reduction in BOD5. This indicates that the septic system was able 
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to return to baseline conditions in terms of the amount of organic waste present in the 

secondary effluent.  

The microbial community was analyzed using pyrosequencing and metabolic tests 

to determine the changes that the community experienced as a function of Cu particles 

when compared to the baseline community characteristics. Many studies use changes to 

the microbial community structure at the phyla level as a monitoring tool for various 

types of wastewater treatment.228-231 The microbial community from the effluent was 

pyrosequenced to determine the structure of the community for the baseline conditions, 

all Cu conditions, and all post-Cu conditions. At the phyla level, Proteobacteria made up 

the majority of the community in all conditions, even though Cu(OH)2 did cause a 

significant decrease in this phylum (15-23% decrease from baseline condition). Other 

studies have confirmed the dominance of Proteobacteria in wastewater conditions.115, 229, 

251 Proteobacteria encompass organisms that are known to oxidize ammonia in 

wastewater systems.231 Firmicutes are also regularly found in wastewater and have been 

reported to have low resistance to the shear forces present in WWTPs, therefore 

occupying a select niche in wastewater microbial communities.252-253 The phyla 

Firmicutes includes bacteria that are able to ferment.254 Bacteriodetes are also commonly 

found in wastewater habitats and are believed to have an important role in anaerobic 

decomposition of complex organic matter.255 Both nano Cu and Cu(OH)2 caused 

significant increases in the Firmicutes phylum. In multiple studies it has been shown that 

community stability is not often associated with the functional stability of the system, 

possibly due to functional redundancy, and that microbial community structure in 
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multiple types of WWTPs is highly and continuously variable despite stable function.256-

261 In fact, one study suggests that the less stable a community’s structure, the more stable 

the waste degradation performance.262 In the current work, the microbial community at 

the phyla level was significantly altered for the nano Cu exposure (Firmicutes increased) 

and during the Cu(OH)2 exposure (Proteobacteria decreased and Firmicutes increased). 

These fluctuations indicate that the community structure is not stable. While not 

evaluated in this study, one other phenomenon to consider is the possibility of increased 

bacterial resistance to Cu, which is often mediated by plasmids.263 

 

Copper Analysis 

 

The Cu2+ ion concentration emitted in the effluent was measured to determine the amount 

of Cu2+ ions released in the effluent. Cu2+ ions have demonstrated toxicity to organisms 

such as bacteria,264 and therefore, effects seen in the system may be due to free ions 

released from the Cu particles rather than the Cu particles. it is important to note that Cu 

toxicity resistance may be possible in bacteria through plasmids and other mechanisms.265 

Work has also shown that a decreasing pH will increase the solubility of copper and lead 

to greater dissolution and an increase in the presence of Cu2+ ions.191 Here, the Cu2+ ion 

concentration during the micro Cu experiment may have increased due to the drop in pH 

during this experimental condition. It should be noted that results may have some 

inaccuracy due to interfering constituents such as Fe2+ (Fe2+ ions are a minimal 

component of the medium), divalent ions, the complexity of the sewage matrix such as 
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high concentrations of organics.266  These Cu2+ ion concentrations released in the effluent 

are in agreement from previous published work determining the total amount of Cu 

emitted from a septic system and are in the 1-5 ppm range.211 

 

Conclusion and environmental implications 

Septic system failure is defined as the release of nutrients and pathogens in effluent 

discharge.267 Therefore, it is important to understand the effects of any contaminants that 

may enter and alter septic system function, such as various Cu particles present in 

common consumer items. Here, multiple testing strategies were used to thoroughly 

characterize a septic system with and without Cu NPs. The septic system experienced 

various transformations with the Cu exposure such as fluctuations in the water quality 

(pH, BOD5, and turbidity), microbial community phenotypic changes (hydrophobicity 

surface charge, and size), and variation in the microbial community composition. Overall, 

the septic system function was robust and managed the various Cu perturbances. Even 

with weekly fluctuations in the experiments, the data suggests that 100% of the time, the 

water quality parameters and microbial composition and activity were recovering towards 

baseline conditions by final week in the experiment (post-Cu week three) and most likely 

would be able to return to, or maintain the baseline conditions after such a perturbance, 

regardless of the particle type. The release of untreated wastewater or Cu particles into 

the leachfield may occur on a week-by-week basis and this may vary depending on 

specific conditions within the system (microbial community composition, pH, BOD5, 

TOC), and it likely to differ between septic systems. However, the subsequent entry of 
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the effluent into the leachfield and groundwater may have negligible amounts of copper. 

It is important to note that nanoparticles have unknown and negative effects on WWTPs 

and will also undergo transformations in anaerobic environments that can alter toxicity 

effects. Therefore, similar effects and impacts are likely to occur within septic systems.51, 

54, 268-269 For example sulfidation of metals in wastewater occurs and influences metal  

toxicity266, 269 and readily occurs in anaerobic environments with organic matter present, 

such as a septic system. The release of engineered nanomaterials into the groundwater 

does have known201, 270 and further unknown negative impacts on the environment and on 

human health.  
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Supplemental Information for Chapter 3: Effects of Copper Particles on a Model 

Septic System’s Function and Microbial Community  

 

Background 

The total waste treatment process of the septic tank entails two components: (1) a buried 

two compartment tank which collects household waste and where initial degradation of 

the waste occurs, (2) and the associated soil absorption system, where clarified effluent 

percolates through the soil for filtration before entering the ground water.57  

 

Materials and Methods 

Model Septic System 

 

The septic tank is a scaled-down version of a two compartment style septic tank, with a 

volume of 2:1 in the primary and secondary chambers (144 and 72 L); the septic tank was 

made from an acrylic fish tank.247 Three times a day 100 mL of colon effluent from the 

model colon bioreactor115, 214 was added to the septic tank and diluted at a ratio of 16.5:1 

(deionized water (DI) : colon effluent) for simulating toilet flushing, followed by a ratio 

of 1:2 of diluted colon to synthetic greywater to simulate the addition two-thirds of 

household waste from other sources than the toilet.212, 271  

 The colon media used within the model colon is composed of the following 

materials on a per liter basis: 4.5 g NaCl, 2.5 g K2HPO4, 0.45 g CaCl2
.2H2O, 0.5 g 

MgSO4
.7H2O, 0.005 g FeSO4

.7H20, 0.05 g ox bile, 0.01 g hemin, 0.4 g cysteine, 0.6 g 

pectin, 0.6 g xylan, 0.6 g arabinogalactan, 0.6 g amylopectin, 5.0 g starch, 2.0 mL Tween 
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80, 3.0 g bactopeptone, and 3.0 g casein. After autoclaving, a vitamin mix was filter 

sterilized and added to the media. 1.0 mL vitamin mix is added per liter and contains: 1.0 

mg menadione, 2.0 mg D-biotin, 0.5 mg vitamin B12, 10.0 mg pantothenate, 5.0 mg 

nicotinamide, 5.0 mg para-amino-benzoic acid, and 4.0 mg thiamine.115, 214 “Digested” 

colon media from the microbial community within the model colon reactor is added to 

the septic system as part of the influent. A digital picture and diagram schematic of the 

model colon system can be found in previous publications.115, 214 The synthetic greywater 

is composed of the following materials on a per liter basis: 20 mg humic acid, 50 mg 

kaolin, 50 mg cellulose, 0.5 mM CaCl2, 10 mM NaCl, and 1 mM NaHCO3 at pH 8.115, 214 

The model septic tank was designed to have a typical residence time of three weeks in the 

primary compartment.115, 247  

The model septic tank required three weeks to fill before beginning experiments. 

This was followed by four weeks of operation without Cu particles with the purpose of 

monitoring and assessing typical baseline operating conditions (defined as baseline 

average). Next Cu particles were added once a day for three weeks (defined as Cu weeks 

1-3), which was followed by three weeks where no additional Cu particles were added 

(defined as post-Cu weeks 1-3). The purpose of the post-Cu weeks was to determine if 

the septic tank could return to its baseline conditions following the perturbance. While Cu 

particles were no longer added during post-Cu exposure, the assumption was made that 

Cu added during the prior three weeks (Cu weeks 1-3) was likely still present in the 

system or effluent. The colon effluent was added from a reactor built in the lab to 

simulate a model colon. 115, 214 The colon contained a microbial community developed 
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from human feces, 115, 214 and is a reproducible laboratory representation of an in situ 

microbial community as would be found in a septic tank from household waste. 

 

Nanoparticle Selection 

 

 A previous study conducted characterizations of the three Cu particles used in this 

work.211 The characterization work has shown the following size in deionized water (DI 

H2O): nano Cu as 1164 ± 202 nm and Cu(OH)2 as 889 ± 156 nm using HT-DLS (high 

throughput dynamic light scattering instrument, Dynapro Plate Reader, Wyatt 

Technology).211 Micro Cu size was not collected due to fast particle sedimentation.211 

The primary size of the particles are as follows: 10 nm Cu(OH)2, >1000 nm micro Cu, 

and 200-1000 nm nano Cu211. The zeta potential of the particles were measured in DI 

H2O and are were as follows: nano Cu -46.3 ± 1.6 mV, micro Cu -32,5 ± 2.9 mV, and 

Cu(OH)2 -45.1 ± 0.8 mV.211 The micro and nano Cu manufacturers claim over 99.5% 

purity. The primary particle sizes are 200-1000 nm (nano Cu), >10 µm (micro Cu), and 

10 nm (Cu(OH)2). ICP-OES (inductively coupled plasma optical emission 

spectrometry, ICPE-9000, Shimadzu) determined that the purity of the materials was as 

follows: nano Cu 84.8 ± 2.7 wt%, micro Cu 94.9 ±1.4 wt%, and Cu(OH)2 47.1 ± 2.6 

wt%.211 Cu particles were selected based upon dissolution categories. Cu(OH)2 and nano 

Cu were considered highly dissolvable (>8 wt % dissolution) and micro Cu was 

considered to have low dissolution (<2 wt % dissolution)211. For context, the maximum 

contaminant level of copper allowed in drinking water is 1.3 ppm.224 
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 The dosing regimen is as follows: Cu particles were added five-days a week into 

the septic system for three weeks for a total of 500 mg per week and 1500 mg total per 

experiment. Cu particles were added daily to the septic system at 3 pm along with 

deionized water, colon waste, and synthetic greywater. More details on the experimental 

regimen is listed below in Table S1.  

 

Water Quality Characterization 

 

Four standard water quality tests: pH, total organic carbon (TOC), turbidity, and total 

suspended solids (TSS) were selected for monitoring effluent from the model septic 

system. These water quality tests were specifically chosen based upon their common 

usage in WWTPs and septic systems,62, 67-68, 219-220 and are necessary for comparison of 

operating conditions between baseline, or normal operating condition, and conditions 

when copper is present in the model septic system. Changes in pH were monitored twice 

a week (Table S1) in triplicate on the effluent using a pH probe (Thermo Scientific Orion 

Star double junction electrode). Turbidity of the effluent was measured once a week and 

an initial reading of the influent was taken using a Hach 2100N Turbidimeter (Hach 

Company, Loveland, CO) with <0.1, 1, 10, 20, and 200 NTUs StablCal® Formazin 

Turbidity Standards (Hach Company, Loveland, CO). All samples were collected and 

quantified during the week at consistent time points (Table S1) to eliminate any sampling 

biases.  
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Total organic carbon (TOC) is the amount of carbon bound in organic compounds 

and is a standard measurement in water and wastewater analysis.215 Here, total TOC was 

measured rather than soluble TOC. TOC was determined using a TOC analyzer (OI 

Analytical, Aurora 1030 Combustion Model) following previously published methods.115 

Measurements were taken twice a week (Table S1) from the septic tank effluent and 

every three weeks from the influent with each sampling event involving collection and 

analysis of three replicates. The TOC analyzer evaluated the non-purgable organic carbon 

(NPOC); this is done by first removing the inorganic carbon (in the form of carbon 

dioxide), and then subtracting this value from the reading of total carbon to give the total 

organic carbon fraction.215 NPOC includes dissolved organic carbon (DOC) and 

suspended organic carbon (SOC).272 Samples were stored at 4 °C for up to one month 

prior to analysis as longer storage may result in carbon loss and sample bias.273  

Total suspended solids (TSS) were measured  from the septic tank effluent once a 

week in triplicate using a vacuum filtration apparatus and oven.215 The sampling dates 

and times are consistent on a weekly basis and are listed in Table S1.For this text a 

control was used, which consisted of filtering deionized water. Samples were assessed 

every hour for five hours or until weight loss was < 4% from the previous weight.215 A 

Whatman 934-AH glass microfiber filter with a pore size of 1.5 µm was chosen based on 

the volume of sample, time required to yield an appropriate sample size, and for meeting 

typical requirements for wastewater sampling (method 2540D).215  
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 Additional methods and data regarding septic tank parameters that are not 

reported in this paper (alkalinity, hardness, and conductivity) and can be found in a 

separate publication.211 

 

Bacteria Characterization 

 

Before testing, effluent samples underwent three washing steps with centrifugation (3,700 

x g). The pellet, containing bacterial cells, was resuspended in 10 mM KCl115 such that 

suspended cells could be evaluated by the following characterization methods. 

Electrophoretic mobility (EPM, a surrogate for surface charge) was analyzed using a zeta 

potential analyzer (ZetaPALS, Brookhaven Instruments, NY).48, 115, 241, 274 Cell 

hydrophobicity was analyzed by the microbial adhesion to hydrocarbon (MATH) test in 

which cell partitioning is quantified by using a hydrocarbon and electrolyte phase.115, 275 

The mean size of the bacteria was determined by capturing (Westover Scientific, 

Westover Digital Camera MCD Model 2200 Version 2.0.0) three images of the bacteria 

(n>20) and determining the spherical radius using a light contrast microscope (Fisher 

Scientific, Micromaster) and imaging software (MatLab, MathWorks, Natwick, MA, 

Version 7.11.0).115  
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Bacteria Community Metabolism and Sequencing 

 

BOD5 (biological oxygen demand, amount of oxygen consumed over a five-day period) 

was calculated from the difference between the initial and final dissolved oxygen (DO) 

levels. An effluent sample was collected once a week at a consistent time point for 

measuring BOD5. A total of three replicates of a 2% effluent dilution, which were 

prepared from the collected effluent sample, and three replicates of deionized water 

blanks were tested each week (Table S1).215  

Septic effluent samples were collected and DNA extracted once a week for 

baseline weeks, all Cu injection weeks, and for the three final post-copper injection 

weeks. DNA was sent to Research Laboratory and Testing (Lubbock, TX) for bacterial 

tag-encoded FLX amplicon sequencing (bTEFAP) using the primers Gray28F 

(5=GAGTTTGATCNTGGCTCAG) and Gray519r (5=GTNTTA 

CNGCGGCKGCTG).115, 276 Data was then analyzed with previously published 

methods276-279 that include denoising, assigning operational taxonomic units (OTUs) 

using USEARCH280 (with 77-80% identity score for phyla level), and finally using 

BLASTN+ to determine taxonomic identities. 276-279 All pyrosequencing data were 

between 1,700 and 11,000 reads. By removing rare operational units (OTUs) and 

singletons and adding sequences from other technical replicate sequencing runs, the 

comparability of the amplicon sequencing data was enhanced.115 The purpose of the 

pyrosequencing was to determine a “fingerprint” of the microbial population under each 

experimental and baseline condition. 
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Copper Analysis 

 

A five-point calibration curve was first conducted before each measurement using a 

cupric standard 0.1 M Cu2+ (Thermo Scientific) in DI H2O with concentrations of 10-2 M, 

10-3 M, 10-4 M, 10-5 M, and a blank which is equivalent to 635.5 ppm, 63.55 ppm, 6.355 

ppm, 0.6355 ppm, and 0 ppm, respectively. An additional calibration curve was also 

conducted using baseline effluent from the septic system with the cupric standard. The 

samples were prepared based upon previous work, including ionic strength adjustments to 

minimize interferences and sample biases.281-282 pH was not adjusted, and only the free 

concentration of Cu2+ ions was determined rather than the Cu bound to organic matter 

and inorganic species.217-218 All reagents used in this study were analytical grade. 

Measurements were made in 10 mL samples from the effluent twice a week in triplicate. 

The inner and outer filling solutions of the electrodes were filled as recommended by the 

manufacturer’s manual. 

 

Sampling Schedule for Septic System 

 

The system underwent consistent sampling time points each week. The times all 

experiments began and sample collection are listed in Table S1.  
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Table S1.  

Experimental sampling schedule. The model colon was fed a media simulating digested food three times a 

day at 9 am, 3 pm, and 9 pm. BOD5 and TSS were performed once a week with three replicates. Alkalinity, 

hardness, pH, conductivity, TOC, DLS, and zeta potential were performed twice a week in three replicates. 

All bacteria characterization experiments were performed every Wednesday. All of these analyses were 

conducted on collected effluent under this sampling regime for the baseline experiments (first four weeks 

with no copper addition) as well as during the three weeks of copper introduction (Cu weeks 1-3, three 

individual experiments for nano Cu, micro Cu, or Cu(OH)2), and for the three  post-Cu weeks, in which 

copper was no longer added, but still expected to be in the system.  

 Sunday Monday Tuesday Wednesday Thursday Friday 

Time       

9:00 AM Seed  Set up colon/ 

feed colon/ 

Collect colon 

waste 

Feed 

colon/collect 

colon waste 

Feed colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

Feed 

colon/collect  

colon waste 

 colon 

microbes 

All liquid 

components 

into septic  

All liquid 

components 

into septic  

All liquid 

components into 

septic  

All liquid 

components 

into septic  

All liquid  

components  

into septic  

    Begin TSS (5 hrs in 

oven) 

  

       

9:30 AM    All bacteria 

experiments 

  

10:00 AM  DLS/ZP  (cell conc., ZP, 

sizing, EPS, Part 1 

DLS/ZP  

10:30 AM  pH/conductivity  hydrophobicity, 

DNA extraction) 

pH/conductivity  

11:00 AM   TOC sample 

collected 

 TOC sample 

collected 

 

2:00 PM  Alkalinity 

Hardness 

 Finish up TSS Alkalinity 

Hardness 

 

3:00 PM  Feed 

colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

Feed colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

  Dose w/ Cu 

All liquid 

components 

into septic  

Dose w/ Cu 

All liquid 

components 

into septic  

Dose w/ Cu 

All liquid 

components into 

septic  

Dose w/ Cu 

All liquid 

components 

into septic  

Dose w/ Cu 

All liquid 

components into 

septic  

    EPS Part 2  Take apart 

colon 

      Prepare colon 

for following 

week 

4:00 PM  BOD5 part 2 

(hour 120) 

 BOD5 part 1 (hour 0)   

9:00 PM  Feed 

colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

Feed colon/collect 

colon waste 

Feed 

colon/collect 

colon waste 

 

  All liquid 

components 

into septic  

All liquid 

components 

into septic  

All liquid 

components into 

septic  

All liquid 

components 

into septic  

 

Table footnotes:  

DLS = dynamic light scattering to determine particle size 
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ZP = zeta potential to determine surface charge (EPM) 

BOD5 = biological oxygen demand, oxygen consumed over five-day period 

TOC = total organic carbon 

TSS = total suspended solids 

EPS = extracellular polymeric substances 

Cell conc. = cell concentration 

Effluent was collected every week for all experimental conditions. TOC samples were collected twice a week and 

stored in 4 °C and were run within one month of collection.273 EPS samples were stored at -80 °C following the EPS 

Part 2 procedure on Wednesday at 3 PM. EPS samples were analyzed once a month in bulk. The colon was set-up 

every Monday AM using an in vitro model colon bioreactor and a microbial community donated and developed by a 

healthy 26-year-old female who had not had antibiotics in over eight months.115, 247 

Alkalinity, hardness, and conductivity data are found in another publication.211 
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Figure S1  

Digital image of model laboratory-scale septic tank. Photo courtesy of A. Taylor. 
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Results 

 

Raw data collected in the experiments are reported here.  

Table S2  

All raw values (average and SD, where SD is the standard deviation) for all experiments conducted. The table is divided based upon test and 

Cu particle used. Raw values here are recorded with four significant figures. Water quality data throughout the main article are reported with 

three significant figures.  

   Influent Baseline 

wk 1 

Baseline 

wk 2 

Baseline 

wk 3 

Baseline 

wk 4 

Cu wk 

1 

Cu wk 

2 

Cu wk 

3 

Post Cu 

wk 1 

Post Cu 

wk 2 

Post Cu 

wk 3 

pH           

Micro 

Cu 

Avg 7.60 7.15 7.12 6.78 6.73 6.43 6.62 6.68 7.08 6.62 6.80 

  SD 0.20 0.06 0.09 0.12 0.03 0.09 0.09 0.12 0.07 0.09 0.15 

Cu(OH)2 Avg 7.60 7.15 7.12 6.78 6.73 6.73 7.07 7.45 7.39 7.04 7.18 

  SD 0.20 0.06 0.09 0.12 0.03 0.02 0.06 0.14 0.15 0.28 0.12 

Nano Cu Avg 7.60 7.15 7.12 6.78 6.73 6.92 7.18 7.15 7.12 6.78 6.73 

  SD 0.20 0.06 0.09 0.12 0.03 0.16 0.13 0.06 0.09 0.12 0.03 

              

TOC (mg/L)           

Micro 

Cu 

Avg 89.08 46.32 41.66 90.82 51.91 49.81 48.15 46.97 36.79 50.12 46.97 

  SD 28.26 8.56 1.08 0.78 3.61 9.43 6.93 4.52 0.53 4.00 20.78 

Cu(OH)2 Avg 89.08 46.32 41.66 90.82 51.91 208.20 94.18 82.51 91.79 62.22 75.81 

  SD 28.26 8.56 1.08 0.78 3.61 136.47 5.89 1.47 5.77 33.87 2.78 

Nano Cu Avg 89.08 46.32 41.66 90.82 51.91 58.34 16.79 49.44 55.59 57.72 91.16 

  SD 28.26 8.56 1.08 0.78 3.61 31.82 0.42 6.20 1.85 18.94 3.96 
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Turbidity (NTU)          

Micro 

Cu 

Avg 78.50 12.50 11.20 10.30 N/A 2.63 3.73 2.38 23.97 3.86 1.47 

  SD 3.73 0.30 0.42 0.36 N/A 0.07 0.72 0.07 0.15 0.14 0.58 

Cu(OH)2 Avg 78.50 12.50 11.20 10.30 N/A 18.17 10.41 22.20 15.10 15.87 6.39 

  SD 0.00 0.30 0.42 0.36 N/A 0.15 0.51 1.39 0.30 0.55 0.15 

Nano Cu Avg 78.50 12.50 11.20 10.30 N/A 4.55 3.06 2.48 5.16 5.74 10.03 

  SD 0.00 0.30 0.42 0.36 N/A 0.37 0.60 0.29 0.30 0.47 0.06 

              

BOD5 (mg/L)           

Micro 

Cu 

Avg 127.00 60.50 86.60 75.00 91.20 241.67 74.50 223.33 316.50 248.17 26.75 

  SD 0.10 N/A N/A N/A N/A 7.64 24.50 1.06 47.22 20.74 8.13 

Cu(OH)2 Avg 127.00 66.50 93.00 89.20 91.20 30.33 267.00 208.50 25.25 26.83 31.17 

  SD 0.10 N/A N/A N/A N/A 29.20 4.77 12.02 10.75 15.43 3.55 

Nano Cu Avg 127.00 63.50 94.00 82.10 91.20 34.00 35.00 25.33 7.25 46.33 46.33 

  SD 0.10 N/A N/A N/A N/A 6.38 1.00 3.62 2.75 9.65 9.65 

              

Hydrophobicity (%)          

Micro 

Cu 

Avg N/A 45.81 35.77 24.30 38.47 32.48 37.09 33.33 26.53 22.59 24.62 

  SD N/A 4.62 2.50 0.57 5.03 3.41 1.29 1.04 0.88 1.92 2.80 

Cu(OH)2 Avg N/A 45.81 35.77 24.30 38.47 20.13 29.02 35.41 27.15 38.27 41.52 

  SD N/A 4.62 2.50 0.57 5.03 4.60 1.87 5.19 4.84 1.84 3.72 

Nano Cu Avg N/A 45.81 35.77 24.30 38.47 64.39 51.89 21.44 42.37 38.43 32.87 

  SD N/A 4.62 2.50 0.57 5.03 0.30 2.54 2.90 1.36 1.26 5.66 

              

EPM [(m/s)/(V/cm)]           

Micro Avg N/A -1.16 -1.02 -1.34 -1.39 -1.55 -1.58 -1.46 -1.46 -1.09 -1.14 

1
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Cu 

  SD N/A 0.19 0.24 0.31 0.27 0.24 0.34 0.28 0.16 0.18 0.25 

Cu(OH)2 Avg N/A -1.16 -1.02 -1.34 -1.39 -1.34 -1.95 -1.92 -1.09 -2.39 -1.54 

  SD N/A 0.00 0.00 0.00 0.00 0.49 0.37 0.26 0.55 0.35 0.43 

Nano Cu Avg N/A -1.16 -1.02 -1.34 -1.39 -0.71 -0.65 0.90 -2.00 -2.30 -1.99 

  SD N/A 0.00 0.00 0.00 0.00 0.63 0.27 0.26 0.43 0.26 0.32 

              

Cell radius (m)         

Micro 

Cu 

Avg 0.60 0.55 0.55 0.56 0.52 0.53 0.51 0.54 0.57 0.61 0.57 

  SD 0.03 0.01 0.00 0.01 0.02 0.02 0.02 0.04 0.01 0.01 0.02 

Cu(OH)2 Avg 0.60 0.55 0.55 0.56 0.52 0.55 0.50 0.64 0.57 0.25 0.43 

  SD 0.03 0.01 0.00 0.01 0.02 0.00 0.02 0.03 0.03 0.01 0.02 

Nano Cu Avg 0.60 0.55 0.55 0.56 0.52 0.59 0.50 0.44 0.52 0.53 0.52 

  SD 0.03 0.01 0.00 0.01 0.02 0.07 0.02 0.02 0.04 0.06 0.04 

              

TSS (mg/L)           

Micro 

Cu 

Avg 57.03 54.79 57.72 45.72 52.65 33.40 35.58 40.76 44.01 57.60 25.17 

  SD 2.90 5.61 6.84 6.84 11.01 14.19 10.69 5.55 9.66 3.22 13.07 

Cu(OH)2 Avg 57.03 54.79 57.72 45.72 52.65 46.15 60.31 54.79 33.80 44.01 42.28 

  SD 2.90 5.61 6.84 6.84 11.01 16.94 8.18 5.61 13.73 7.68 13.36 

Nano Cu Avg 57.03 54.79 57.72 45.72 52.65 41.60 38.75 38.10 34.09 31.67 29.01 

  SD 2.90 5.61 6.84 6.84 11.01 6.85 6.22 18.21 2.81 5.89 10.58 

              

              

Cell concentration (10^10 cell/mL)       

Micro 

Cu 

Avg N/A 0.58 0.73 0.75 0.55 0.55 0.35 0.38 0.38 1.05 0.63 

1
3
7
 

 



 

138 

 

  SD N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Cu(OH)2 Avg N/A 0.58 0.73 0.75 0.55 1.50 0.25 0.48 1.50 N/A N/A 

  SD N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Nano Cu Avg N/A 0.58 0.73 0.75 0.55 0.54 0.53 0.48 0.10 0.40 N/A 

  SD N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

              

Cu2+ ions (ppm)         

Micro 

Cu 

Avg N/A N/A N/A N/A N/A N/A 0.04 1.04 N/A 1.30 1.75 

  SD N/A N/A N/A N/A N/A N/A 0.01 0.34 N/A 0.40 2.47 

Cu(OH)2 Avg N/A 0.02 0.01 0.01 0.01 0.05 0.07 4.87 0.02 0.00 0.21 

  SD N/A 0.03 0.01 0.00 0.00 0.11 0.07 0.78 0.02 0.00 0.08 

Nano Cu Avg N/A 0.02 0.01 0.01 0.01 0.18 0.03 0.06 0.88 1.30 1.47 

  SD N/A 0.03 0.01 0.00 0.00 0.05 0.03 0.04 1.39 2.72 1.12 
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Results and Discussion 

 

Bacteria Characterization 

 

Figure S2  
Changes in effluent bacteria characterization parameters (A-D) where hydrophobicity (A), electrophoretic mobility (B), cell size (C), and cell 

concentration (D) were measured over the course of three independent ten-week experiments for micro Cu (solid line), Cu(OH)2 (dashed line), and nano 

Cu (dotted line). The influent measurement is an average of three readings; influent liquid components remained constant over the course of the 

experiments. The baseline average is four weeks of pre-Cu measurements averaged together, Cu weeks 1-3 are three weeks in which Cu particles are 

added once a day, and post-Cu week 3 is the final week of three weeks in which Cu particles are no longer added (post-Cu weeks 1-3) and in which 

conditions in the septic tank were anticipated to return to baseline conditions. 
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Impact of Nano Cu 

 

Cell phenotype characterizations (hydrophobicity, electrophoretic mobility, cell 

concentration, and cell size) were performed to determine if deviations in septic 

system function could be assessed using other methods besides water quality tests. 

Bacteria hydrophobicity for a majority of the nano Cu exposure (nano Cu weeks 1-2, 

58.3 ± 7.0%) was significantly higher than the baseline weeks (36.10 ± 3.81%, 

P<0.001, Figure S2 A). The post-Cu exposure hydrophobicity was considered the 

same as the baseline weeks (32.9 ± 5.7%, P>0.05). Bacterial cells exposed to nano Cu 

had the highest hydrophobicity values for all of the experiments during the nano Cu 

addition (weeks 1 and 2, 64.4 ± 0.3% and 51.9 ± 2.5%, respectively). For nano Cu, 

the EPM for all grouped conditions (baseline vs. nano Cu weeks 1-3 vs. post-nano Cu 

weeks 1-3) were significantly different from one another (P≤0.01, Figure S2 B), with 

baseline values of -1.2 ± 0.3 (m/s)/(V/cm), nano Cu exposure as -0.2 ± 0.9 

(m/s)/(V/cm), and -1.9 ± 0.3 (m/s)/(V/cm) for post-nano Cu exposure. Nano Cu is 

the only condition that caused positive surface charge values (0.9 ± 0.3 

(m/s)/(V/cm)) during the final week of the nano Cu addition, yet the final week of 

the post-nano Cu exposure had the most negative EPM value for all experiments (-

1.99 ± 0.32 (m/s)/(V/cm)). The cell size for nano Cu conditions significantly 

decreased during the nano Cu addition (nano Cu weeks 2 and 3, 0.49 ± 0.2 m and 
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0.44 ± 0.03 m, respectively, P<0.001) when compared to baseline cell size (0.54 ± 

0.01 m). All other weeks were considered identical to the baseline for cell size 

(P>0.05). There were neither clear trends nor significant changes in the cell 

concentration data for any of the Cu exposures (Figure S2 D). Cell concentration data 

is missing for the last two weeks of the Cu(OH)2 exposure (Cu(OH)2 post weeks 2 

and 3) and for the final week of the nano Cu experiment; therefore, cell concentration 

data is discussed only in the SI.  

 

Impact of Micro Cu 

 

The baseline average cell hydrophobicity for all Cu experiments was 36.10 ± 3.18% 

(Figure S2 A). The micro Cu exposure was not different from the baseline 

hydrophobicity (34.30 ± 2.50%). The final week of the post-micro Cu exposure (24.6 

2 ± 2.80%) was significantly lower from both the baseline and the micro Cu 

hydrophobicities (P=0.005 and P<0.001, respectively). The surface charge (EPM, 

Figure S2 B) baseline average for all Cu experiments was -1.23 ± 0.25 (m/s)/(V/cm). 

The micro Cu exposure (-1.59 ± 0.07 (m/s)/(V/cm)) was significantly more negative 

(P<0.001) when compared to both the baseline condition (-1.23 ± 0.25 

(m/s)/(V/cm)) and the post-micro Cu exposure (-1.14 ± 0.25 (m/s)/(V/cm), 

P<0.001). Post-micro Cu conditions and the baseline were not significantly different 
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for EPM data. For bacteria cell size, the micro Cu exposure size (0.53 ± 0.01 m) was 

smaller (P=0.04) when compared to the baseline cell size (0.54 ± 0.01 m) and to 

post-micro Cu cell size (0.57 ± 0.02 m). 

 

Impact of Cu(OH)2 

 

For cell hydrophobicity (Figure S2 A), the hydrophobicity during the Cu(OH)2 

addition (28.20 ± 3.88%) was significantly lower than both the baseline (36.10 ± 

3.81%) and the post-Cu(OH)2 exposure hydrophobicities (41.52 ± 3.72%, P=0.002 

and P=0.048, respectively). The baseline and post-Cu(OH)2 hydrophobicities were 

significantly different (P<0.001). Cu(OH)2 had the lowest hydrophobicity value for all 

experiments during week 1 of the Cu(OH)2 addition (20.13 ± 4.60%). 

Two of the three weeks during the Cu(OH)2 exposure had the most negative 

values collected for surface charge (EPM) for all Cu experiments, -1.95 ± 0.37 and -

1.92 ± 0.26 (m/s)/(V/cm), following the value collected during the final week of the 

post-nano Cu exposure (-1.99 ± 0.32 (m/s)/(V/cm)). The baseline value (-1.23 ± 0.25 

(m/s)/(V/cm)) was significantly less negative (P<0.05) than the Cu(OH)2 addition 

and the post-Cu(OH)2 exposure (-1.54 ± 0.43 (m/s)/(V/cm). Variations in cell size 

were also recorded. Overall, the Cu(OH)2 exposure cell size (0.56 ± 0.07 m, three 

week average) was not significantly different from the baseline cell size (0.54 ± 0.01 
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m), except for the individual Cu(OH)2 week 3 which had a larger cell size (0.64 ± 

0.02 m, P=0.01) than the baseline. The post-Cu(OH)2 cell size was significantly 

smaller in size (0.41 ± 0.20 m) than the baseline (P=0.01). 

 

Total Suspended Solids (TSS) 

 

Figure S3  

Changes in the water quality parameter total suspended solids (TSS) over the course of three 

independent ten-week experiments for micro Cu (solid line), Cu(OH)2 (dashed line), and nano Cu 

(dotted line). The influent measurement is an average of three total readings taken during baseline 

week 4, Cu week 3, and post-Cu week 3. The baseline average is four week of pre-Cu measurements 

averaged together, Cu weeks 1-3 are three weeks in which Cu particles are added once a day, and post-

Cu week 3 is the final week of three weeks in which Cu particles (post-Cu weeks 1-3) are no longer 

added and in which conditions in the septic tank were anticipated to return to baseline conditions. 

Typical TSS values for septic tanks range between 40-140 mg/L of TSS.213  
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Typical TSS values for septic tanks range between 40-140 mg/L of TSS.213 There 

were neither clear trends nor significant changes in the TSS data (Figure S3). The 

final post-exposure week (micro Cu post week 3) had the lowest TSS value of 25 

mg/L. During the micro exposures (micro Cu post week 2) the second highest TSS 

value of 57 mg/L was recorded. The post-nano Cu exposure condition did not return 

to baseline conditions (52.7 mg/L); the post-nano Cu exposure weeks were overall 

significantly lower (31.6 mg/L) than the baseline weeks (P<0.01). The final post-nano 

Cu exposure weeks (nano Cu post week 3) had the lowest recorded TSS value of 29 

mg/L and the highest TSS value (nano Cu post week 2, 60 mg/L). Cu(OH)2 did not 

cause significant changes in TSS and during the Cu(OH)2 exposure, the highest TSS 

value (60 mg/L, Figure 1B) was recorded for this form of Cu. 

TSS are the portion of the effluent sample making up the solid residue that 

remains on the filter after filtering, evaporation, and drying of the sample.215 TSS can 

be correlated with turbidity measurements, the difference being TSS gives actual 

weights of the material collected from the sample.215 Typical TSS values for septic 

tanks range between 40-140 mg/L of TSS213 and TSS values should show a 60-80% 

removal efficiency of TSS from the influent to the effluent.226-227, 246-247 While the 

TSS results shown in Figure S1 demonstrate that all experimental conditions are 

within the expected range for TSS, the removal efficiency percentage did not reach 

60-80%. This indicates that the system may not have been functioning optimally. 
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However, all other water quality tests during baseline conditions indicate that the 

system was functioning like a real-world septic system. No other clear patterns were 

noted among the various Cu NP treatments.  
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Chapter 4: Understanding the Transformation, Speciation, and Hazard Potential 

of Copper Particles in a Model Septic Tank System Using Zebrafish to Monitor 

the Effluent 

 

Abstract 

Although copper-containing nanoparticles are used in commercial products such as 

fungicides and bactericides, we presently do not understand the environmental impact 

on other organisms that may be inadvertently exposed. In this study, we used the 

zebrafish embryo as a screening tool to study the potential impact of two nano Cu-

based materials, CuPRO and Kocide, in comparison to nano-sized and micron-sized 

Cu and CuO particles in their pristine form (0 - 10 ppm) as well as following their 

transformation in an experimental wastewater treatment system. This was 

accomplished by construction of a modeled domestic septic tank system from which 

effluents could be retrieved at different stages following particle introduction (10 

ppm). The Cu speciation in the effluent was identified as non-dissolvable inorganic 

Cu(H2PO2)2 and non-diffusible organic Cu by X-ray diffraction, inductively coupled 

plasma mass spectrometry (ICP-MS), diffusive gradients in thin-films (DGT), and 

Visual MINTEQ software. While the nanoscale materials, including the commercial 

particles, were clearly more potent (showing 50% hatching interference above 0.5 

ppm) than the micron-scale particulates, the Cu released from the particles in the 

septic tank underwent transformation into non-bioavailable species that failed to 

interfere with the function of the zebrafish embryo hatching enzyme. Moreover, we 
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demonstrate that the addition of humic acid, as an organic carbon component, could 

lead to a dose-dependent decrease in Cu toxicity in our high content zebrafish embryo 

screening assay. Thus, the use of zebrafish embryo screening, in combination with the 

effluents obtained from a modeled exposure environment, enables a novel bioassay 

approach to follow the change in the speciation, and hazard potential of Cu particles 

instead of difficult-to-perform direct particle tracking.  
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Introduction 

Nano-enabled Cu products are increasingly being used for commercial applications, 

including as antibacterial and antifungal agents that can be applied for spraying of 

vegetation or as a marine anti-fouling paint on the hulls of boats and ships.283-289 For 

example, CuPRO and Kocide are Cu(OH)2-based nano-products used as antifungal 

agents to spray agricultural crops and lawns. While clearly beneficial for eradicating 

bacterial and fungal growth, inadvertent exposure of other environmental species, 

such as fish or fish embryos, has not received sufficient attention because it is difficult 

to model complicated exposure environments. In addition to identifying relevant 

environmental species to serve as organisms for predictive toxicological 

assessment,290-291 it is important to consider the fate, transport, and transformation of 

Cu particles in the exposure environment.292 Not only it is challenging to track the 

presence and behavior of commercially applied nanoparticles in complex exposure 

environments, but we also need to consider the impact of pH, ionic strength, light 

exposure, and the presence of natural organic matters on the fate, transformation and 

possible hazardous impact of these materials.292-293  

Because of the complexity of tracking the environmental fate and 

transformation of commercial nanomaterials, it is helpful to use simulated exposure 

scenarios to obtain information that can be used to support environmental risk 

assessment.294-295 One approach is the use of life cycle analysis (LCA) to delineate 
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potential hotspots of exposure that can be used to obtain predictive environmental 

concentrations (PEC) for risk assessment.296 In a recent study of Cu-based 

nanomaterials, Keller et al. have provided assessments of environmental exposure 

routes, based on which the proportional distribution of commercial products to air, 

landfill, soil, and the aquatic disposal sites could be estimated.297 This work has 

identified Cu entry into wastewater treatment systems (industrial, community or 

private houses) as an important life cycle stage during which aquatic exposure can 

occur. Since 20-30% of American households use a septic tank system for sewage 

treatment,202-203 we have established a laboratory-scale septic tank system to model 

the fate, transport and speciation of nanoparticles. In contrast to intensive monitoring 

of industrial wastewater treatment plants (WWTPs),298-308 household septic tanks are 

not scrutinized or regulated to the same degree.57-61, 209-210, 224, 309 Moreover, up to 40% 

of domestic septic tank systems do not function properly,57 and the impact of 

commercial nanomaterials have not been considered on the function and efficiency of 

these wastewater treatment (WWT) systems. 

Given this background, we designed a study wherein we combined the use of a 

model septic system with our zebrafish high content screening (HCS) platform for 

assessing the toxicological potential of nano- and micron-sized Cu and CuO, 

including the commercial nano Cu(OH)2-based particulates, CuPRO and Kocide. The 

septic tank system allows modeling of the fate, transport, and transformation of these 
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materials in a decentralized WWT utility. The zebrafish embryo is a sensitive 

screening platform to access nanoparticle release and speciation of the Cu at a 

molecular level, namely the active center of the zebrafish hatching enzyme 1 

(ZHE1).310 Moreover, this metalloprotease enzyme serves as a delicate abiotic marker 

that can predict the ionic metal and metal oxide species that can disrupt embryo 

hatching.311 We demonstrate that even though nano-sized Cu particles are more toxic 

than micron-scale particulates, particle transformation and Cu speciation at different 

stages of the WWT process led to a significant change in hazard potential, regardless 

of the particle composition or size. The hazard reduction was accompanied by the 

formation of insoluble inorganic as well as non-diffusible organic Cu species, which 

are not bioavailable to the hatching apparatus. Our results demonstrate a novel 

approach to assessing the environmental transformation of nano Cu without the 

necessity of direct particle tracking. 

 

Materials and Methods 

Cu Particle Acquisition and Physicochemical Characterization  

 

Six Cu particles, including nano-sized Cu and CuO, micron-sized Cu and CuO, and 

two nano Cu(OH)2-based fungicides (CuPRO and Kocide) were used in this study. 

They were purchased in powder form from commercially available vendors. Nano Cu 
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was from US Research Nanomaterials, Inc., and nano CuO, micro Cu, and micro CuO 

were from Sigma Aldrich. CuPRO 2005 was from SePRO, and Kocide 3000 was 

from DuPont. All materials were used, as received, without further purification or 

modification. Physicochemical characterization, including primary particle size, 

shape, crystal structure, purity, and endotoxin levels were assessed on all materials. 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

were used to measure the primary particle size and shape. X-ray diffraction (XRD) 

was used to determine the crystal structure of each particle. Purity was measured by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) and presented 

as weight percentage of each main component per unit mass of Cu particles (i.e. 

Cu(OH)2 in Kocide and CuPRO; Cu in nano Cu and micro Cu; CuO in nano CuO and 

micro CuO, respectively). The hydrodynamic sizes and surface charge of the particles 

dispersed in deionized water (DI H2O) and Holtfreter's medium were determined by a 

high throughput dynamic light scattering instrument (HT-DLS, Dynapro Plate Reader, 

Wyatt Technology) and a ZetaPALS instrument (Brookhaven Instruments, Holtsville, 

NY), respectively. The dissolution characteristics of Cu particles were analyzed by 

ICP-OES through ultracentrifugation, as described by Lin et al. Briefly Cu particle 

suspensions (in DI H2O and Holtfreter’s medium) were kept at 28.5 °C for 48 h and 

centrifuged for 1 h at 20,000g. The supernatants were collected for quantification of 

elemental Cu content, using ICP-OES. 
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Septic Tank Design and Effluent Sample Collection 

 

A septic tank system, comprised of primary and secondary chambers,312 was used to 

simulate the fate, transport and transformation of the Cu particles in a decentralized 

wastewater treatment process. Details of the septic tank construction and function 

appear in the SI. Briefly, before dosing of the primary chamber with Cu particles, the 

tank system underwent four weeks of conditioning. The effluent collected from the 

secondary chamber during this period was considered as “background”. Subsequently, 

nano Cu, CuPRO or micro Cu were introduced into the primary chamber (three 

individual experiments) daily for three weeks, by mixing with synthetic grey water 

and colon waste from a model colon reactor to mimic household wastewater. The total 

quantities of Cu particles added to the septic system amounted to 500, 1000, and 1500 

mg, at the culmination of weeks 1 - 3, respectively. This was equivalent to Cu 

concentrations of 3.33, 6.67, and 10 ppm, respectively. This period was followed by a 

three week interval during which no new particles were added to the septic tank but 

during which effluents were collected on a weekly basis. These were labeled week 1 - 

6 effluents for each of the particle types being assessed. The final concentration of 10 

ppm was selected based upon predicted concentrations of Cu found in WWTPs31-32, 38. 

Moreover, since the system has a three week residence time of liquids, it was 

anticipated that an effect would not be observed with dosing the system once due to 
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the amount of liquid that enters the primary chamber on a weekly basis (~75 L per 

week). With general use of a septic system, it was estimated that waste from the 

household would contain a steady stream of a low concentration of nanomaterials 

from consumer products. Therefore, we selected to dose the system over a three week 

period with a dose of ~3.3 ppm per week (or a final total concentration of 10 ppm). 

Toxicity Assessment Using Zebrafish Embryo High Content Screening (HCS) 

Our robotic and automated system for zebrafish embryo hatching was used to assess 

the impact of as-received Cu particles, “background” effluent, week 1 - 6 effluents, as 

well as “background” effluent spiked with known concentrations (0.125 - 1 ppm) of 

Cu2+ and nano Cu. Details of our embryo HCS screening protocol appear in the SI and 

reference 38.   

 

Copper Partitioning, Transformation and Speciation  

 

To quantify the Cu content of the septic system, inductively coupled plasma mass 

spectrometry (ICP-MS) was used to measure the elemental Cu concentrations in the 

primary chamber sludge as well as the various effluents. The method for sample 

digestion and ICP analysis appear in the SI. Cu particle transformation and inorganic 

speciation was assessed by X-ray diffraction (XRD) analysis. Ten mL of each effluent 

was dried on the sample stub prior to XRD spectral acquisition, using a Panalytical 
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X’Pert Pro diffractometer (Cu Kα radiation). Inorganic Cu species were identified by 

comparing the diffraction peaks in the effluents with a standard spectral library. 

However, since this technique cannot be used for organic Cu, organic Cu speciation 

was modeled by the Windows software program, Visual MINTEQ (version 3.1, 2014, 

KTH Royal Institute of Technology, Stockholm, Sweden).313 A “sweep” function was 

used to determine the organic Cu speciation in the presence of humic acid (HA) as a 

source of dissolved organic matters (DOM, as appears in the effluent). The percentage 

distribution of organic-Cu vs. Cu2+ was calculated and plotted against increasing HA 

concentrations (0 - 100 ppm). These results were supplemented by using the diffusive 

gradients in thin-films method (DGT Research Ltd) to measure the diffusible effluent 

content of Cu2+. Each DGT unit is comprised of a nitrocellulose membrane filter, 

diffusion and resin gel layers to isolate the diffusible Cu2+ from the non-diffusible 

organic-Cu complexes in the effluent. After incubation of the DGT unit in the effluent 

for 3 days at 28 ºC, the resin gel was retrieved and digested in nitric acid, before 

performance of ICP-OES.  

 

 

 

 

 



159 

 

Statistical Methods 

 

Results were statistically analyzed using two-side Student’s t-test. The difference is 

regarded as statistically significant with p < 0.05. Data are reported as the mean ± 

standard deviation from at least three separate experiments. 

 

Results 

Acquisition and Physicochemical Characterization of a Cu Particle Library 

 

To conduct our study, we assembled a library of particles that included nano-sized Cu 

and CuO, micron-sized Cu and CuO, and two Cu(OH)2-based commercial fungicides, 

Kocide and CuPRO. Comprehensive physicochemical characterization of the particles 

was undertaken, and the results are shown in Table 4.1. Transmission electron 

microscopy (TEM) showed a nano CuO size range of 20 - 100 nm, with nano Cu 

exhibiting a broader size distribution of 200 - 1000 nm. Representative images are 

shown in Figure S4.1. By comparison, micron-sized Cu and CuO particles were ≥ 2 

µm in size. Although the commercial fungicides, Kocide and CuPRO, claim to 

include nano Cu(OH)2 as an active ingredient, only CuPRO showed discernable 

particles of ~20 nm while the Kocide TEM images showed amorphous materials with 

no definable particles. Most particles observed in our library had irregular shapes, 
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except micro Cu which had a dendritic appearance (Figure S4.1). X-ray diffraction 

(XRD) analysis confirmed the presence of orthorhombic Cu(OH)2 as the main 

chemical ingredient of CuPRO and Kocide. Highly crystalline, monoclinic CuO was 

the only phase identified in nano- and micron-sized CuO samples. Although no oxides 

were detected in the micron-sized Cu sample, a significant amount of Cu2O was 

present in nano Cu, likely as a result of surface oxidation.  

  When introduced into deionized water and Holtfreter’s medium, the 

hydrodynamic diameters of the Cu particles ranged from 400 nm to 2 µm. All 

particles had a narrow range of zeta-potentials (-16 to -22 mV) in Holtfreter’s 

medium, likely as a result of surface coating by alginate, which was included as a 

dispersal agent that is present in natural aquatic environment (Table 4.1). Particle 

purity was assessed by ICP-OES and the presence of each ingredient was expressed as 

weight percentage (wt%) relative to the weight of the powdered formulation. The 

Cu(OH)2 content of Kocide and CuPRO were 40 wt% and 47 wt%, respectively, 

which is similar to the manufacturers’ data. The Cu purity content was used to convert 

the nominal particle concentrations into elemental Cu concentrations for the planning 

of zebrafish exposure experiments. 

Particle dissolution plays a critical role in hazard generation by metal and 

metal oxide nanoparticles.310-311, 314-315 We have previously demonstrated that 

dissolution of CuO nanoparticles in Holtfreter’s medium can affect hatching 
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interference in zebrafish embryos as a result of the inhibitory effect of Cu2+ on the 

active center of the metalloprotease hatching enzyme, ZHE1.311  Use of ICP-OES to 

determine Cu particle dissolution in Holtfreter’s medium revealed three dissolution 

categories based on the wt% dissolution (Figure 4.1A). That is, while the two 

fungicides as well as nano Cu were highly dissolvable (> 8 wt% dissolution), nano 

CuO occupied an intermediate range (2-8 wt% dissolution), with micro Cu and CuO 

showing < 2 wt% solubility.  
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Use of As-received Cu Particles to Study Their Impact on Zebrafish Embry Hatching 

 

We used our robotic arm for picking and plating fertilized zebrafish embryos 

into 96-well plates, followed by automated imaging to identify embryo hatching in the 

presence of the particles in our library. Healthy embryos were exposed to particles at 

concentrations of 0 - 10 ppm at 4 hours post fertilization (hpf) before determining 

hatching outcome at 72 hpf, using our automated imaging equipment and phenotyping 

software.310-311, 316 Please note that we converted the nominal particle concentrations 

into elemental Cu concentrations to allow comparison of materials with different 

levels of impurity. Expression of the % embryo hatching vs. log[Cu] concentration 

(ppb) demonstrated dose-dependent hatching interference by the fungicides as well as 

nano Cu and CuO, with the micron-sized materials showing comparatively little effect 

(Figure 4.1B).  The same data was expressed as linear dose response curve of Cu 

particle concentrations (0 – 2.5 ppm) vs. % hatching in Figure S4.2, with error bars 

indicating standard deviation. Using CuCl2 as positive control allowed us to express 

the hierarchical hatching interference as: CuCl2 > nano Cu > CuPRO = Kocide > nano 

CuO > micro Cu = micro CuO. Statistically significant hatching interference was 

observed at 0.1 ppm CuCl2, 0.25 ppm nano Cu, 0.3 ppm CuPRO and Kocide, and 0.5 

ppm nano CuO, respectively. The particle ranking is in good agreement with the 

dissolution profiles, showing a Pearson’s correlation coefficient of 0.873 for the IC50 
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values (concentration yielding 50% hatching interference) vs. wt% particle 

dissolution. Overall, higher dissolution rates were strongly correlated to lower IC50 

values. Toxicological outcomes, including morphological abnormalities and mortality, 

were also monitored throughout the development of embryos upon Cu particles 

exposure. No significant effects on embryo morphology or mortality were observed 

within the concentration range of all Cu particles. 

 

 

 

Figure 4.1.  

Cu dissolution and hatching interference of as-received Cu particles. (A) Calculation 

of the weight percent dissolution of nano Cu, Kocide and CuPRO (highly soluble); 

nano CuO (intermediate solubility); and micro Cu and CuO (minimally soluble). (B) 

Percent hatching of zebrafish embryos exposed to as-received Cu particles (0 - 10 

ppm) for 72 hours, commencing at 4 hours post-fertilization. The dose dependent 

curve is expressed as % hatching vs. Log [Cu] (ppb).  
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Use of Septic Tank Effluents to Study the Effect of Cu Particle Transformation on 

Zebrafish Embryo Hatching 

 

While Cu is efficacious as a bactericide or a fungicide, the environmental impact of 

Cu on other environmental species that may be inadvertently exposed, needs to be 

considered. Since it has been shown by LCA modeling that nano Cu gains access to 

WWTPs,297 we developed a model septic tank system to simulate an exposure 

environment in which particles could be introduced to study their transformation and 

speciation on another aquatic species. The zebrafish was chosen because of their well-

studied utility for nanosafety studies, including the demonstration of a high level of 

sensitivity of the zebrafish embryo to nano Cu.310-311 We reasoned that the toxicity 

profiling of the effluent would be informative for studying Cu speciation as a means 

of following the particle transformation rather than tracking the particles directly. 

Figure 2A shows the design of the model septic tank system to generate effluents for 

assessment of zebrafish toxicity. Based on their hazard ranking and dissolution 

characteristics, nano Cu, CuPRO, and micro Cu, were selected from the library 

materials for introduction to the septic tank. Prior to adding the particles, the septic 

tank underwent four weeks of conditioning by introducing simulated wastewater into 

the primary chamber, followed by weekly collection of effluents from the secondary 

chamber. These effluents were pooled and regarded as “background” effluent, which 
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served as a control to rule out possible interference of non-Cu materials in the effluent 

on embryo hatching. Each type of particle was added in individual experiments, daily 

for 3 weeks, to reach a cumulative dose of 10 ppm by the end of week 3. The effluents 

were collected from the secondary chamber, weekly for 3 weeks (week 1 - 3), as well 

as for an additional 3 weeks (week 4 - 6) during which no particles were introduced. 

The “background” as well as the week 1 - 6 effluents were used to assess the impact 

on zebrafish embryo hatching. As a positive control, we used 0.5 ppm nano Cu in 

Holtfreter’s medium; this dose leads to 50% hatching interference (Figure 4.2B). 

Interestingly, all effluents, irrespective of whether they were from “background’ 

origin or collected after the addition of Cu to the tank, did not interfere with embryo 

hatching (Figure 4.2B). The effluent did not affect the embryo morphology or the 

survival rate (Figure S4.2B). The lack of an effect by the effluents signified that there 

was either no significant Cu carryover or that the Cu in the effluent was not 

bioavailable for hatching interference. 
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Figure 4.2A. 

Combined use of a model septic tank and zebrafish embryo high content screening to 

study the effects of Cu-containing effluents on embryo hatching. (A) Schematic 

diagram of the model septic system to generate effluents for testing in zebrafish 

embryos. 

 

 



168 

 

 

Figure 4.2B. 

Combined use of a model septic tank and zebrafish embryo high content screening to 

study the effects of Cu-containing effluents on embryo hatching. (B) Percent hatching 

of zebrafish embryos exposed to the effluents collected weekly from the nano Cu, 

CuPRO, and micro Cu groups for 6 weeks. The introduction of 0.5 ppm nano Cu in 

Holtfreter’s medium was used as a positive control. Symbol * denotes statistical 

significance at p < 0.05. 

 

Cu Speciation Explains the Lack of Toxicity in the Zebrafish Assay 

 

In order to assess Cu in the effluent, ICP-MS was used to measure the elemental Cu 

content in the weekly effluent collections, as shown in Figure 4.3A. This 
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demonstrated a progressive increase in the elemental Cu content over the course of 

the first 3 weeks, beyond which there was a gradual reduction in Cu content during 

weeks 4 - 6. The nano Cu and CuPRO effluents showed consistently higher Cu 

concentrations compared to micro Cu. Interestingly, the Cu content of the effluents 

collected during weeks 2 - 4 following the introduction of nano Cu and CuPRO was 

higher than the threshold levels (indicated by the dashed lines in Figure 4.3A), at 

which, the as-received nano Cu and CuPRO would have caused significant hatching 

interference. This finding suggests that Cu in the effluent may not be bioavailable as a 

result of Cu speciation after particle introduction. 

In order to assess the Cu particle transformation, XRD analysis was performed 

on week 3 effluents collected after addition of nano Cu, CuPRO, and micro Cu. These 

results were compared to the XRD peaks of the as-received materials. As shown in 

Figure 4.3B, the characteristic XRD profiles of the as-received Cu particles could no 

longer be seen in the effluents. Instead, the effluents showed new peaks at ~12.39 and 

~24.76 degrees (2θ CuKα), which represent water-insoluble inorganic Cu(H2PO2)2, as 

well as CuSO4, respectively. These Cu species appear in the effluent as early as 1 

week after the introduction of the particles (Figure S4.3). The presence of a NaCl 

crystalline peaks reflect a “background” ingredient in the effluent (Figure 4.3B). To 

identify other potential Cu species, we also performed X-ray photoelectron 

spectroscopy (XPS) analysis on both the Cu particles and the Cu-containing effluent. 



170 

 

However in most cases, the Cu content was too low to be detected, therefore no 

additional information on the Cu speciation was obtained (data not shown). All 

considered, these results show that Cu particles undergo transformation in the septic 

tank, resulting in the formation of new Cu species. 

 

 

 

Figure 4.3A. 

Characterization of the septic effluents. (A) ICP-MS measurements were undertaken 

to quantify elemental Cu in the effluents collected on a weekly basis following the 

introduction of the different particle types. The dashed lines represent the as-received 

Cu2+, nano Cu and CuPRO concentrations providing ~50% hatching interference in 

Holtfreter’s medium. 
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Figure 4.3B. 

Characterization of the septic effluents. (B) XRD analysis on the as-received 

particulates as well as the corresponding effluents at week 3. 

 

In addition to the detection of inorganic Cu species, it is possible that there 

could also be the formation of organic Cu, which cannot be detected by XRD. In 

order to address this possibility, we used Visual MINTEQ software to the model the 

chemical speciation of Cu in the presence of organic material. Our first modeling 

attempt introduced humic acid (HA) as a source of dissolved organic matter (DOM) 

to the effluent. The predominant species of Cu in Holtfreter’s medium, which is 

devoid of HA, is Cu2+, which comprises ~ 75% of the total Cu content (Figure 4.3C). 

However, upon the introduction of 100 ppm HA to the aqueous environment, the 
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amount of Cu2+ rapidly decreases to ~ 2% of the total Cu, while the organic-bound Cu 

increased to ~ 90% (Figure 4.3C).   

 

 

 

Figure 4.3C. 

Characterization of the septic effluents. (C) Visual MINTEQ modeling to show Cu 

speciation in the presence and absence of Dissolved Organic Matter (DOM). Humic 

acid (HA) was used as a form of DOM in the Visual MINTEQ modeling. Without the 

presence of DOM, Cu2+ is the dominant species, accounting for 75% of the total Cu. 

The presence of 100 ppm DOM decreases the Cu2+ content precipitously (to 2%) as a 

result of metal complexation. DOM-bound Cu (DOM1-Cu(6): 63%, and DOM2-

Cu(6): 27%) accounts for 90% of the total Cu. DOM1 and DOM2 are used by the 

Visual MINTEQ software to distinguish different humic components. 
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Figure 4.3D. 

Characterization of the septic effluents.(D) Visual MINTEQ modeling to show the Cu 

distribution into ionic (Cu2+) and organic Cu following the introduction of 

incremental amounts of humic acid. The grey area indicates the humic acid 

concentration range (30 – 100 ppm) that is expected in the septic tank effluent.  

 

This trend is progressive for incremental amounts of HA in the model, as shown in 

Figure 4.3D. As indicated by the shaded area, which represents the HA concentration 

range (30 – 100 ppm) in the effluent, the organic-bound Cu comprised > 65% of total 

Cu while the Cu2+ content accounted < 10%. 
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To provide experimental support for the Visual MINTEQ modeling, we also 

used methodology for diffusive gradients in thin-films (DGT) to quantify the 

diffusible Cu2+ content of the effluent as a % of the total Cu.317-318 Soaking of the 

DGT unit, comprised of a nitrocellulose membrane filter, diffusion gel and resin gel 

layers (Figure 4.4, insert), in the effluent showed that the % Cu2+ (determined by ICP-

OES) is < 18% of the total Cu in week 3 effluents for all particle types introduced into 

the septic tank (Figure 4.4). This is in reasonable agreement with the Visual MINTEQ 

calculation. All considered, the above data suggest that particle transformation in the 

septic tank results in Cu speciation, with organic non-bioavailable Cu being the 

dominant species, which lacks the ability to interfere in embryo hatching. 

Experimental Addition of Natural Organic Matters Decreases Cu Particle Toxicity 

To provide direct experimental evidence that HA impacts Cu toxicity, 

Holtfreter’s medium was spiked with 0.5 or 1 ppm Cu2+ following which HA was 

added in the amounts of 0 - 500 ppm. These mixtures were tested for their effects on 

embryo hatching. As shown in Figure 4.5A, an HA concentration as low as 7.8 ppm 

could significantly reverse the Cu2+ interference in embryo hatching, with 100% 

protection at HA concentrations > 15 ppm. Similar protective effects were seen using 

a Suwannee River NOM solution (125 ppm) as well as “background” effluent (Figure 

4.5B). Furthermore, the comparison between “background” effluent and Holtfreter’s 

medium spiked with Cu2+ or nano Cu at 0.125 – 1 ppm revealed that HA present in 
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the “background” effluent, could significantly reverse hatching interference by both 

ionic and nano Cu (Figure 4.5C and D).  

 

Figure 4.4. 

Use of the methodology for diffusive gradients in thin-films (DGT) to quantify 

diffusible Cu2+ in the effluents. Schematic diagram of a DGT unit comprised of a 

nitrocellulose membrane filter, a gel for diffusion, and a resin gel layer (insert). 

Separation of the diffusible Cu2+ and organic Cu in the effluent collected during week 

3 (post introduction of micro Cu, nano Cu and CuPRO) was undertaken by incubation 

the DGT unit in the effluents for 3 days at 28 ºC. The resin gel was retrieved and 

digested in nitric acid, before performance of ICP-OES.  
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Figure 4.5A/B.  

The addition of humic acid (HA) decreased Cu toxicity.(A) The effect of humic acid 

(0 - 500 ppm) on hatching interference by 0.5 and 1 ppm Cu2+ in Holtfreter’s medium. 

(B) Comparison of the effect of Suwannee River NOM (100 ppm) with humic acid 

(100 ppm) and “background” effluent for their effects on embryo hatching in the 

presence of 0.5 and 1 ppm Cu2+ in Holtfreter’s medium. The data in the 3D bar chart 

represent average of 3 individual experiments in which the standard deviation varied 

less than 6%. 
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Figure 4.5C/D.  

The addition of humic acid (HA) decreased Cu toxicity. (C) Comparison of the effect 

of known concentrations (0.125, 0.25, 0.5 and 1 ppm) of Cu2+ directly spiked into 

Holtfreter’s medium or into “background” effluent. (D) Comparison of the effect of 

zebrafish embryos exposed to known concentrations (0.125, 0.25, 0.5 and 1 ppm) of 

nano Cu directly spiked into Holtfreter’s medium or into “background” effluent. The 

* and # symbols denote statistical significance at p < 0.05. 

 

However, in the absence of HA in Holtfreter’s medium, Cu2+ and nano Cu showed 

significant hatching interference at 0.125 and 0.25 ppm, respectively. Spiking of 

Holtfreter’s with “background” effluent increased the concentrations of hatching 

interference by Cu2+ and nano Cu to  >1 ppm. 

 

Discussion 

In this study, we used a model septic tank system and zebrafish hatching interference 

to investigate the impact of particulate Cu transformation and speciation to obtain 
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information on the inadvertent hazard potential of commercial Cu nanoparticles 

outside of their immediate scope of use. We demonstrated that while the Cu 

dissolution played a key role in determining the hazard potential of the as-received 

particles, the transformation of these materials in a septic tank system rendered the Cu 

non-bioavailable to the zebrafish hatching bioassay system, thereby preventing an 

effect on hatching interference. The decrease in Cu toxicity was due to Cu speciation 

to insoluble inorganic and non-diffusive organic Cu species, which does not interfere 

with the hatching enzyme. We also demonstrated that the addition of humic acid (HA) 

led to a dose-dependent decrease of Cu toxicity as a result of the organic 

complexation of Cu. These data demonstrate that it is possible to address the 

environmental hazard of particulate Cu (including nano Cu) through the use of 

simulation studies that can be used for modeling the complexity of the environmental 

fate and transformation of these materials.  

The increased commercialization of nanotechnology is introducing a wave of 

nano-enabled products to the marketplace. While a great deal of consideration has 

been given to the safety of workers and consumers, much less is known regarding the 

environmental implications of nanotechnology. In this study, using the effluent from a 

model septic tank system, we investigated the hazard potential of Cu particles 

(including nanoparticles used as fungicides) at different stages of the septic tank 

operation to project what might happen to a fish embryo at the aquatic disposal sites 
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for the effluent. Our results show a significant decrease in Cu toxicity in the effluent 

compared to the as-received materials, suggesting that the ingredients in the septic 

tank is effective for mitigating the hazardous impact of Cu particles in a fish embryo 

model that is frequently used for nanotoxicology studies.290-291 The decrease in 

embryo toxicity was observed at all stages of the wastewater treatment process 

(Figure 4.2B), irrespective of the amount of Cu introduced (Figure 4.3A). The 

presence of organic matter in the septic tank effluent acts as an effective buffer of the 

hatching interference effect exerted by the ionic and particulate Cu (Figure 4.5).  

Cu is considered as an environmental toxicant of concern to aquatic 

invertebrates and vertebrates. Although the total Cu content (of all Cu species) is 

commonly used to establish national and regional guidelines for water quality, Cu 

toxicity is generally known to reside in Cu2+ being released rather than the total Cu 

content.286, 319-322 In our study, all Cu particles, irrespective of composition and size, 

underwent particle transformation in the septic tank, resulting in Cu speciation to 

Cu2+, insoluble Cu2(PO2)2, as well as organic Cu species (Figure 4.3B, 4.3C, and 

Figure S4.3). Thus, although the total Cu content in the effluent was clearly higher 

than the concentrations at which Cu2+, nano Cu, or CuPRO interfere in embryo 

hatching, the chemical complexation in the effluents, results  in < 18 wt% of total Cu 

being available as Cu2+ (Figure 4.4). These quantities are insufficient for hatching 

interference. We suggest, therefore, that a more appropriate standard for Cu toxicity 
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should include chemical speciation and a test for bioavailability rather than just 

relying on total Cu content. Natural organic matter such as HA provides effective 

organic complexation of Cu2+ to act as a buffer of Cu toxicity (Figure 4.5). These 

results corroborate our previous demonstration that interference in embryo hatching 

and inhibition of ZHE1 activity by Cu2+, Zn2+, Ni2+, or Cr3+ can be reversed by the 

metal chelator, diethylene triamine pentaacetic acid (DTPA).310-311 It is also 

worthwhile mentioning that the presence of humic acid in the septic tank system 

might influence the dissolution characteristics of the Cu particles introduced. 

According to Keller et al., the presence of organic matter (i.e. extracellular polymeric 

substance, EPS) resulted in a higher dissolution of Cu particles. However, since the 

amount of humic acid in the septic tank system (30 - 100 ppm) was orders of 

magnitude higher than the total Cu (Figure 4.3A), most of the dissolved Cu2+ ions 

from the particles would remain organically chelated. 

The combined use of a septic tank model and a zebrafish assay to assess Cu 

toxicity introduces a practical approach to assess the hazard of nanoparticles and 

nano-enabled products in complex environmental settings. We took advantage of a 

small-scale domestic septic tank model that provides easy access to effluent that could 

be sampled and tested at various intervals and stages of the WWT process. We 

demonstrate that the effluent could be used for hazard assessment and Cu speciation 

even though it is difficult to monitor the physical presence and physicochemical 
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characteristics of the particles under these exposure conditions. The use of the 

zebrafish embryo as a bioassay screening tool to exam embryo toxic effect could be 

expanded and refined to include other environmentally relevant organisms that could 

be in harm’s way if nanoparticles are introduced into the environment. While for 

proof-of-principle testing, a fixed amount of particles (10 ppm) were used, which 

could be orders of magnitude higher than actual environmental exposures, our 

approach can be easily adapted for a range of metal and metal oxide nanoparticles at 

different concentrations. These adaptations can be based on LCA, which identifies the 

hot spots of exposure that can be subsequently modeled to provide information about 

the amount of exposure and speciation that can be addressed by environmental 

modeling software being developed by the UC Center for the Environmental 

Implications of Nanotechnology (UC CEIN). 

 

Conclusion 

In summary, we have successfully combined the use of a model septic tank system 

and zebrafish HCS to study the hazard potential of Cu-based particles and fungicides 

before and after introduction into a WWT system. We demonstrate that the Cu 

containing effluent has significantly reduced impact on zebrafish embryo hatching. 

This toxicity decrease is due to particle transformation and Cu speciation to less 
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bioavailable species, among which humic acid was used to show how organic 

speciation can reduce Cu toxicity to zebrafish. 
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Supplemental Information for Chapter 4: Understanding the Transformation, 

Speciation, and Hazard Potential of Copper Particles in a Model Septic Tank 

System Using Zebrafish to Monitor the Effluent 

 

Additional Information on Materials and Methods 

Septic Tank Setup 

 

The septic system is a scaled-down version of a two-chamber septic tank, with a 

volume of 2:1 for the primary and secondary chambers.115 The simulated household 

waste includes colon waste, DI water, and synthetic greywater.115 The effluent 

samples used in this study were collected from the secondary chamber on a weekly 

basis (Figure 4.2A).  

 

Zebrafish Embryo HCS 

 

Healthy embryos at 2 hour post fertilization (2 hpf) were collected after adult 

spawning and washed three times in Holtfreter's medium. The embryos were 

robotically picked and plated into 96-well plates, placing one embryo in each well. 

One hundred microliters of each as-received Cu particle suspension at nominal 

particle concentrations of 0.625, 1.25, 2.5, 5, and 10 ppm were added to the wells at 4 

hpf. The exposure dose was designed to cover a broad range of concentrations of 
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which nanoparticles might be found in the wastewater effluent. To achieve robust 

statistical calculation, six replicate trials were carried out, using 12 embryos each. The 

observations on hatching interference, morphological abnormalities and mortality 

were carried out every 24 h for five consecutive days through the use of bright-field 

high content microscopic imaging (ImageXpress Micro, Molecular Devices). The 

HCS results were also confirmed by examining the embryos under conventional 

dissecting microscope. Due to the differences in purities among Cu particles, the 

nominal particle concentration was further converted to total Cu concentration, based 

on ICP-OES measurements. The hatching percentage of each replicate was calculated 

in relation to the Cu concentration for each particle. Using the same protocol, one 

hundred microliter aliquots of the effluent from the septic tank were used for directly 

exposure of the embryos, starting at 4 hpf. In order to compare CuCl2 and Cu particles 

directly spiked into the “background” effluent, known concentrations (0.5 and 1 ppm) 

of CuCl2, nano Cu, CuPRO and micro Cu were spiked into this effluent and mixed by 

vortexing, prior to the embryo exposure. 

 

Sludge and Effluent Sample Digestion for ICP-MS Measurements 

 

Both the primary chamber sludge samples and the effluent samples were digested 

before ICP-MS measurements. The digestion of sludge samples (collected at week 6) 
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were undertaken on lyophilized material. All samples were digested in triplicate using 

a protocol adopted from the EPA method, 3050B.323 Samples were placed in glass 

digestion vessels with 10 mL 1:1 HNO3:H2O solution and heated to 95°C for 10 

minutes. Subsequently, 5 mL aliquots of concentrated HNO3 were added, heated for 

30 minutes, and repeated until no fumes were coming off. The samples were allowed 

to cool and 2 mL of water and 3 mL of 30% hydrogen peroxide (H2O2) were added to 

each sample. Samples were heated to 95°C (without boiling) and successive 1 mL 

aliquots of H2O2 were added until effervescence ceased. Samples were cooled and 

diluted to 100 mL using DI H2O. The solutions were analyzed using an Agilent 7700 

series ICP-MS (Santa Clara, CA, USA). A mass balance was also performed based on 

the ICP-MS measurements on both sludge and effluent, with the aim to determine the 

distribution of Cu content within the septic tank system. Based on the ICP-MS 

measurements, the Cu masses per dry sludge weight (mg Cu/g sludge) were as 

follows: 77.1 ± 28.8 mg nano Cu/g sludge, 51.4 ± 5.9 mg micro Cu/g sludge, and 7.7 

± 1.4 mg CuPRO/g sludge. The total Cu in the effluent accounted for less than 1% of 

the total Cu added to the septic tank system per each experiment. 
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Water Quality Characterization 

 

Water quality was assessed during (1) baseline conditioning, (2) the addition of Cu 

particles over a 3 week period, and (3) a 3-week period without further particle 

addition. Changes in conductivity were monitored, using a conductivity probe (YSI 

3200 Conductivity Instrument Model # 3200 115V). Alkalinity was measured twice a 

week from the effluent using a titration method.215 The effluent from the septic tank 

typically has alkalinity values equivalent to 260-300 mg/L CaCO3.
212 Hardness was 

measured twice a week from the effluent using test strips (Hach Company SofCheck 

water quality test strips for total hardness). All analyses were performed in triplicate 

twice a week. 
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Figure S4.1A.  

Physicochemical analysis of Cu particles. Representative scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction 

(XRD) spectra of copper particles, including CuPRO, Kocide and micro Cu. For SEM 

and XRD, samples were prepared by placing the particle powder directly on the SEM 

and XRD sample holders prior to data acquisition. For TEM, particles were dispersed 

in DI H2O at 50 μg/mL and dried on a TEM grid prior to imaging. The primary 

particle size, shape, and crystal structure of all copper particles are summarized in 

Table 1 of the manuscript. 
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Figure S4.1B.  

Physicochemical analysis of Cu particles. Representative scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction 

(XRD) spectra of copper particles, including nano Cu, nano CuO and micro CuO. 

Similar procedures, as described in Figure S4.1A, were used to characterize these Cu 

particles  
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Figure S4.2A.  

Percent hatching of zebrafish embryos exposed to as-received Cu particles and CuCl2 

at 0 – 2.5 ppm in Holtfreter’s medium for 72 hours. Exposure commenced at 4 hours 

post-fertilization. These are data for the same experiment as in Figure 4.1B but 

expressed as % hatching vs. Cu concentration (ppm) instead of Log [Cu] (ppb). The 

error bars indicate standard deviation of three separate experiments. 
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Figure S4.2B.  

Percent survival of zebrafish embryos exposed to the effluents collected weekly from 

the nano Cu, CuPRO, and micro Cu groups for 6 weeks. The introduction of 0.5 ppm 

nano Cu in Holtfreter’s medium significantly reduced the percent hatching of 

zebrafish embryos (Figure 4.2B) but did not affect the percent survival of zebrafish 

embryos at 3 days post fertilization. 
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Figure S4.3.  

XRD spectra of the as-received nano Cu, “background” effluent, and effluents 

collected from the septic system after weeks 1, 3, 4 and 6 following the addition of 

nano Cu particles. XRD spectrum of as-received nano Cu (black) displayed signature 

peaks for cubic Cu2O and cubic Cu crystal structures. The “background” effluent 

(cyan), prior to nano Cu exposure showed the signature peaks for NaCl, a major 

ingredient of the septic tank effluent. No signature peaks for nano Cu crystal 

structures were present in the XRD analysis of the effluent samples. Besides NaCl 

crystals, an insoluble copper compound, Cu(H2PO2)2 was identified in the nano Cu 

treated effluent samples based on the peak at 12.39º. This represents an inorganic 

speciation of nano Cu in the septic tank. 
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Figure S4.4A.  

Water quality characteristics in the septic tank system, including conductivity, 

alkalinity and hardness. These characteristics were monitored during baseline 

conditioning, the 3-week period during which Cu particles were added, as well as the 

3-week period beyond. Micro Cu, CuPRO and nano Cu are labeled in yellow, green, 

and red, respectively. (A) The conductivity data shows fluctuations without an overall 

trend. The conductivity for micro Cu effluents (between 863.12 ± 15.17 to 1045.78 ± 

8.08 µS/cm) is either equal to or greater than the “background” effluent value (858.03 

± 6.13 µS/cm), while the conductivity of CuPRO effluents range from 810.53 ± 11.02 

to 1015.60 ± 13.67µS/cm. The nano Cu conductivity values ranged between 729.45 ± 

8.07 to 990.62 ± 7.44 µS/cm. 
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Figure S4.4B. 

 (B) The alkalinity data show a trend towards increased values for all Cu particle 

effluents. The average hardness for “background” effluent was equivalent to 47.86 ± 

4.68 mg/L CaCO3. The average alkalinity values for micro Cu effluents ranged from 

47.44 ± 3.59 to 72.08 ± 4.83 mg/L, while related values for CuPRO were 51.61 ± 4.79 

to 69.21 ± 3.30 mg/L. The average alkalinity values for nano Cu were equivalent to 

48.24 ± 1.18 to 72.05 ± 5.84 mg/L CaCO3. Since alkalinity is a good indication of 

metal speciation and metal bioavailability in the aqueous environments,324-325 the 

increase in alkalinity supports the formation of Cu complexes in the septic tank 

system.289 
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Figure S4.4C. 

 (C) The hardness data shows a slight increase for the micro Cu effluents, with 

CuPRO and nano Cu effluents remaining stable over time. The average hardness for 

“background” effluent was 45.85 ± 6.53 mg/L CaCO3. The hardness for the micro Cu 

effluents ranges from 52.00 ± 8.30 to 75.00 ± 9.25 mg/L as CaCO3. The hardness for 

CuPRO was 34.72 ± 3.40 to 49.17 ± 2.04 mg/L and for micro Cu the value was 31.28 

± 6.87 to 44.44 ± 8.62 mg/L as CaCO3. It is important to note that while there were 

some deviations in the conductivity, alkalinity, and hardness of the Cu particle 

effluents compared to the “background” effluent, these changes did not impact the 

overall function and operation of the septic tank system. 
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Chapter 5: Summary and General Conclusions 

 

The overall goal of this doctoral work was to determine the effects of various 

nanomaterials on microbial communities in engineered systems. A reproducible 

microbial community was used within the model colon bioreactor and within the 

model septic system. Both systems were dosed with relevant concentrations of 

nanomaterials that could either (1) be ingested through food and water, or (2) could 

enter a septic system through the disposal of consumer products that contain 

nanomaterials. Both systems were characterized with and without the nanomaterials 

present. Additionally, the microbial community of the septic system was also 

characterized to determine population changes caused by the nanomaterials. The 

general properties that were measured included cell concentration, sugar and protein 

content of the extracellular polymeric substance (EPS), electrophoretic mobility 

(EPM, surface charge), hydrophobicity, cell size, short chain fatty acid (SCFA) 

production, pH, and conductivity (Chapter 2). These tests plus additional analyses 

(alkalinity, hardness, biological oxygen demand, total suspended solids, total organic 

carbon, and microbial community structure) were performed in Chapter 3. 

 Chapter 2 highlighted  the effects of three metal oxide nanomaterials at 

relevant concentrations (0.01 µgL-1 ZnO, 0.01 µgL-1 CeO2, and 3 mgL-1 TiO2) on the 

gut microbial community in a model colon bioreactor. Results indicate nanomaterials 

cause the microbial community’s phenotype to partition into three distinct phases: 
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initial conditions, a transition period, and a homeostatic phase, with the NP-exposed 

community displaying significant differences (P<0.05) from the unexposed 

community in multiple phenotypic traits. Notably, phenotypes including short chain 

fatty acid (SCFA) production, hydrophobicity, sugar content of the extracellular 

polymeric substance, and electrophoretic mobility, which indicates changes in the 

community’s stability, were affected by the nanomaterials. The TiO2 nanomaterial led 

to extended phenotypic transformations for hydrophobicity when compared to the 

other nanomaterials, likely due to its lack of dissociation and greater stability. This 

work demonstrated that these commonly used nanomaterials do cause significant 

changes to the microbial community’s phenotype within a model human gut, 

suggesting that more realistic systems such as our model are needed for future toxicity 

screenings as they better simulate the actual exposure scenario. Diverse analyses, 

including techniques traditionally used for environmental microbial analysis, are also 

needed to further characterize changes in the microbial community phenotype, and 

can provide a depth of information that could complement microbial community 

sequencing data and medical-based enzyme assays. The techniques used in this 

dissertation may offer unique insights not associated with current colonic health 

indicators.  

In Chapter 3, effects of three copper particles (micron- and nano-scale Cu 

particles, and nano-scale Cu(OH)2-based fungicide) on the function and operation of a 
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model septic tank were investigated. Copper nanoparticles are found in many 

common consumer goods; therefore, the disposal and subsequent interactions between 

Cu-based nanoparticles and microbial communities may have detrimental impacts on 

wastewater treatment processes. Septic system analyses included water quality 

evaluation and microbial community characterization to detect changes in and 

relationships between the septic tank function and microbial community 

phenotype/genotype. During exposure to nano-scale Cu, biological oxygen demand 

(BOD) was reduced by at least 63%. Micron-scale Cu caused a reduction in the pH 

outside the optimum anaerobic fermentation range, indicating that the organic waste 

may have undergone incomplete degradation. The copper fungicide, Cu(OH)2, caused 

an increase in total organic carbon, which corresponded to increased BOD during the 

majority of the Cu(OH)2 exposure. Overall, results imply exposure to Cu particles 

caused disruption in septic tank function. However, it was observed that the system 

was able to recover to typical operating conditions after three weeks post-exposure. 

These results suggest that during periods of Cu introduction, there are likely pulses of 

improper waste treatment and incomplete organic breakdown. Here, a variety of 

bacteria characterization and standard wastewater quality tests were used together 

with a system simulating a realistic wastewater environment determined were used to 

determine the effects of nanomaterials on a microbial community.   
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The study described in Chapter 4 was motivated by the work found in Chapter 

3. Here, a high through-put screening method was used to study the effects of the 

septic tank effluent on zebrafish embryo development. This work demonstrates the  

potential for environmental hazard of commercial copper-based particles used for 

fungicidal or bactericidal applications.  In order to study the exposure potential of six 

Cu-based particles, namely nano-sized Cu and CuO, micron-sized Cu and CuO, and 

nano Cu(OH)2-based CuPRO and Kocide, a zebrafish high throughput platform was 

used to compare the effects of the as-purchased materials as well as the “processed” 

materials through a model septic system. While the nanoscale materials were clearly 

more potent than the micron-scale particulates in interfering embryo hatching, the 

“processed” nano Cu, CuPRO and micro Cu by the model septic system demonstrated 

a steep decline in embryo toxicity, regardless of particle composition and size. The 

decreased toxicity was accompanied by Cu transformation into inorganic [e.g., 

Cu(H2PO2)2] and organic Cu species that did not interfere with embryo hatching. 

Moreover, we demonstrated that the addition of natural organic matters could lead to 

a dose-dependent decrease in Cu toxicity in the embryos. Thus, the use of zebrafish 

screening, in combination with materials obtained from a real-life exposure scenario, 

provides a novel way to study the change in the hazard potential of commercial Cu-

based particulates during partitioning, transformation, and speciation. This novel 

investigation demonstrated the need to combine toxicity tests such as high through-
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put screening with characterization methods to monitor changes with engineered 

systems and microbial communities. Here, characterization methods such as 

wastewater quality tests (alkalinity, hardness, biological oxygen demand, total 

suspended solids, pH, conductivity, and total organic carbon) plus phenotypic 

characterization of the microbial community (cell concentration, sugar and protein 

content of the extracellular polymeric substance, electrophoretic mobility, 

hydrophobicity, cell size, short chain fatty acid production) were found to provide a 

useful approximation of toxicity potential for future studies. Particularly, combining 

these analyses with tools such as pyrosequencing, ICP-MS, and high throughput 

screening was found to produce great depth of information useful for assessing 

toxicity in complex matrices, such as a septic system.  

The findings from this dissertation provide critical insights into the importance 

of studying microbial communities more holistically in realistic environments. These 

studies have demonstrated the need to update toxicity tests such that they more 

accurately reflect real exposure scenarios simulating environmental conditions. 

Results have the potential to inform scientists and influence new regulations not only 

for nanomaterials present in food and personal care products, but also how septic 

tanks are monitored and managed.  
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Recent regulations, such as the European Union’s REACH which was 

implemented on June 1, 2007 (regulation on registration, evaluation, authorization, 

and restriction of chemicals: 

 http://ec.europa.eu/enterprise/sectors/chemicals/reach/index_en.htm), have begun to 

address the need for alternative toxicity tests rather than relying on animal models. 

New regulations will require the design of alternative testing methods, but also that 

these new approaches are thoroughly validated. This is especially important as 

numerous types of tests will be needed for assessing many different categories of 

compounds of interest: pesticides, pharmaceuticals, nanomaterials, by-products of 

manufacturing processes, heavy metals, and other contaminants of emerging concern. 

Various tests may also be needed to reflect the different sources of exposure and 

hazard potentials for all these diverse types of compounds. Future directions for 

toxicological studies will need new combinations of useful tools that could provide 

additional information for studies using complex matrices and microbial communities. 

This could include using techniques from the growing field of epigenetics and 

proteomics; these types of tests could give information on genetic expression and 

cellular activity of representative microbial communities. Improving and designing 

testing strategies for microbial communities that include diverse methods can be 

enhanced from the data presented in this dissertation. Future research will benefit 

from expanding upon the combinations of testing methods used in these projects.  
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Appendix A: Deposition and Disinfection of Escherichia coli O157:H7 on 

Naturally Occurring Photoactive Materials in a Parallel Plate Chamber 

 

Abstract 

Dissolved organic matter in combination with iron oxides has been shown to facilitate 

photochemical disinfection through the production of reactive oxygen species (ROS) 

under UV and visible light.  However, due to the extremely short lifetime of these 

radicals, the disinfection efficiency is limited by the successful transport of ROS to 

bacterial surfaces.  This study was designed to quantitatively investigate the role of 

collector surfaces [bare quartz, hematite (α -Fe2O3) coated quartz, and Suwannee 

River humic acid (SRHA)], extracellular polymeric substance (EPS) level (full and 

partially coated), and solution chemistry (ionic strength, IS) on bacterial interaction 

with ROS-producing substrates. With few exceptions, bacterial deposition studies in a 

parallel plate (PP) flow chamber studies revealed increasing cell adhesion with IS.  

Furthermore, interaction between collector surfaces and cells can be explained by 

electrostatic forces, with negatively charged SRHA reducing and positively charged 

α-Fe2O3 enhancing bacterial deposition significantly.  Increased deposition was also 

observed with full EPS content, indicating the ability of EPS to facilitate interaction 

between cells and particles in the aquatic environment.  In complementary 

disinfection studies conducted with simulated light, viability loss was observed for 

cells fully coated with EPS when attached to α -Fe2O3 under all IS conditions. Based 
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upon our prior study in which EPS was found to not inhibit hydroxyl radical activity 

toward bacteria, we proposed that in heterogeneous systems EPS might promote 

disinfection by facilitating cell interactions with higher concentrations of ROS 

expected closer to reactive substrates (e.g., SRHA and α-Fe2O3). Our findings on the 

mechanism and controlling factors of cell interactions with photoactive substrates 

provide insight as to the role of ionic strength in photochemical disinfection 

processes.      
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Introduction 

Escherichia coli O157:H7 is a notorious strain that has been involved in numerous 

outbreak events causing foodborne and waterborne diseases, resulting in hemolytic-

uremic syndrome.326  In the United States alone, O157:H7 causes an average of 

75,000 infections and 61 deaths each year.327  E. coli O157:H7 can be associated with 

various farm animals as sources for contamination of water and food,328-329 as well as 

causing impairment to surface water associated with agricultural run-off.  

Energy from the sun can be exploited to drive photochemical disinfection, a 

natural attenuation process critical to pathogen persistence in surface waters.  

Previous work has looked at indirect photochemical disinfection processes (i.e., those 

involving reactive oxygen species, or ROS, generated from sensitizers like dissolved 

organic matter) and quantified disinfection rates as a function of various bacterial and 

solution parameters (cell type, cell polymer presence, sensitizer type, solution 

chemistry, etc.).  For example, our prior work revealed the insensitivity of disinfection 

rate to cellular extracellular polymeric substances (EPS) levels in a homogeneous 

(i.e., constituents fully dissolved) aquatic system with nitrate photolysis as a source of 

hydroxyl radical.330   

In heterogeneous systems, however, such as those with insoluble natural 

organic matter present, studies have suggested the existence of microenvironments 

near the sensitizer interface where ROS concentrations can be more than two orders 
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of magnitude greater than the bulk, resulting in much faster disinfection331 and 

inactivation332 rates.  Due to the short life span of the ROS, successful disinfection 

requires prompt transport of ROS from point of production to cell surfaces.333-334  It 

has been shown that bacterial EPS have the ability to initiate adhesion processes to 

form aggregates or biofilms.335-336  Accordingly, EPS should contribute to cell 

interaction with photoactive surfaces and possibly influence ROS access to the cell 

surface.  There is a need, therefore, for a study to explore the contribution of cell 

adhesion to photoactive surfaces to the ultimate disinfection of the cells, and the 

contribution of EPS levels to this process. 

 The interactions between cells and surfaces depend on many factors.  

Common controlling factors influencing cell-surface interactions or biofilm formation 

in water include classical Derjaguin–Landau–Verwey–Overbeek (DLVO) type forces 

(van der Waals and electrostatic interaction),337-338 gravity,339-340 steric repulsion,341 

electrosteric force,342-343 hydrophobic properties,344 and hydration conditions of cells 

and solid surfaces345.  The interactions between cells and surfaces in water also 

depend on solution chemistry including pH, ionic strength (IS), and valence.346-347  

Other than these physicochemical factors, the interactions also depend on biological 

factors like quorum sensing,348 and the presence of bacterial surface macromolecules 

including flagella, pili, fimbriae, proteins, lipopolysaccharides (LPS), and EPS.326, 349  

Previous studies on E. coli O157:H7 transport and adhesion in porous media revealed 
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deviation from DLVO predictions due to electrosteric repulsion,350 pH associated 

electrosteric stabilization,351 and the presence of EPS.350-352  However, the 

mechanisms involved in interactions between O157:H7 cells and photoactive 

substrates responsible for ROS production (such as ●OH, 1O2, and H2O2) have not 

been clearly determined. 

Many studies have focused on the role of surface macromolecules in regards 

to cell interaction and adhesion behavior in  systems such as batch adhesion tests,353 

packed-bed columns,275, 354-357 radial stagnation point flow (RSPF) systems,275, 342-343, 

358 parallel plate (PP) flow chamber,359 and direct observation through atomic force 

microscopy (AFM)360-362.  A number of these studies demonstrated surface 

macromolecules play a significant role in well controlled adhesion experimental 

systems.  However, results deviate on the contribution of macromolecules where 

some suggest an increase in adhesion,353, 355, 358 and others observed hindrance.342-343, 

353-354  Due to the discrepancy in the literature, a straightforward experimental system 

with well-defined conditions focusing on a specific macromolecule is needed to 

investigate the disinfection scenario where cells interact with photoactive surfaces.   

This study was designed to investigate the role of the adhesion between cells 

and naturally occurring photoactive materials on the disinfection of bacteria.  

Specifically, we examined the adhesion behavior of E. coli O157:H7 on 

representative photoactive substrates in a PP flow chamber while also conducting 
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complementary disinfection experiments with these photoactive materials using a 

solar simulator.39-41, 5  The PP flow chamber system simulates the condition where the 

flow stream is parallel to collector surfaces in porous media, and the fundamental 

mechanisms influencing bacteria adhesion to solid surfaces can be revealed in a well-

defined hydrodynamic flow field.  This technique can provide fundamental insight 

through direct observation of the bacterial interactions with model sensitizing agents 

SRHA and iron oxide (hematite, α-Fe2O3)) under a microscope with cells of varying 

EPS levels.  The working hypothesis for this study was that greater levels of 

interaction between the cell and solid collector surfaces (made of the desired ROS-

generating material) will lead to a higher potential for successful disinfection under 

UV and visible light.     

 

Methods and Methods 

Cell Selection, Preparation, and Characterization  

 

A pathogenic strain E. coli O157:H7/pGFP strain 72 with ampicillin resistance was 

chosen as a model organism in this study.363-364  This strain was selected because it is 

a rod-shaped, Gram-negative bacteria with very good fluorescence expression.364  

Details on cell preparation and culture are mentioned in Supporting Information.  The 

concentrations of bacteria were determined by direct visualization under a light 
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microscope (Fisher Scientific Micromaster) with a cell counting chamber 

(Buerker−Türk chamber, Marienfeld Laboratory Glassware, Lauda-Königshofen, 

Germany).  The cell concentrations used in the deposition and disinfection portions of 

this study were 108 cells/mL and 5 × 108 cells/mL, respectively.  The final cell 

suspensions were made in the background solution of the subsequent disinfection or 

deposition experiment (1, 10, or 100 mM KCl). All solutions used were made from 

reagent grade chemicals (Fisher Scientific) and deionized (DI) water (Millipore, 

Billerica, MA).  A wide range of characterization was conducted to determine the 

surface properties of bacterial cells mentioned in detail in the Supporting Information.  

In brief, zeta potentials of E. coli were determined through electrokinetic properties, 

while cell size was measured from microscopic image analysis.  Hydrophobicity of 

bacteria was determined by a partitioning test referred to as Microbial Adhesion to 

Hydrocarbons (MATH).  Potentiometric titration was utilized to determine the acidity 

and surface charge densities of E. coli.  Fourier transform infrared spectroscopy (FT-

IR) was used to determine functional groups on full and partial EPS coated bacteria. 

 

Surface Preparation and Characterization  

 

Quartz slides (9 mm x 20 mm) (Electron Microscopy Sciences, Ft. Washington, PA) 

were used for the deposition and disinfection studies.  Prior to coating or direct use in 
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experiments they were cleaned following the protocol described in the Supporting 

Information and elsewhere.365  For select experiments with organic matter, the quartz 

surfaces were cleaned with the procedure mentioned above, and subsequently were 

coated with Suwannee River humic acid (SRHA) according to a previously 

established flow through method.5   

For iron oxide (α-Fe2O3) disinfection experiments, the clean glass slides (9 mm x 

20 mm) (Fisherbrand®) were hand coated with 25 µL of the α-Fe2O3 solution for an 

even distribution. The slides were allowed to dry and were kept in the dark until 

experiments.  Subsequent analysis via XRD confirmed the deposited phase as 

hematite (data not shown).  The detailed coating procedure is mentioned in the 

Supporting Information.  

 

Parallel Plate Experiments  

 

Deposition behavior of E. coli O157:H7 was observed in real time with a custom-

made PP flow cell system, inserted on the stage of an upright fluorescence microscope 

BX-51 (Olympus, Tokyo, Japan).366  Images were taken by a 40× objective lens 

passing through a fluorescent filter set (Chroma Technology Corp., Brattleboro, VT).  

The flow cell is rectangular shaped with an inner chamber 6 cm × 1 cm × 0.0762 cm 

in size, formed by attaching the deck, rubber gasket, and a microscope glass slide with 
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a thin layer of vacuum grease.  The flow deck was made with a pocket in the center, 9 

mm in width, 20 mm in length (parallel to flow direction), and 1.5 mm in depth.  This 

pocket allows for different collector surface samples (PP coupons) of this size to be 

inserted into the pocket and be fixed with vacuum grease.  The inlet of the flow cell 

was attached to a 60 mL syringe pump where the flow rate of the bacterial solution 

was kept at 0.1 mL/min for all conditions.  The concentration of bacterial solution was 

optimized to be 108 cells/mL in the flow cell for all conditions tested.  Images of 

bacterial deposition on desired surfaces were taken by QImaging Retiga EXi digital 

camera (QImaging, Surrey, BC, Canada) every 30 sec over the course of 30 min and 

then analyzed with the supplied software (SimplePCI, Precision Instruments, Inc., 

Minneapolis, MN).  The number of cells attached to the surface for five or more 

consecutive images were counted and the particle flux was determined from the linear 

slope of the number of cells deposited versus time and normalized by the microscope 

viewing area (230 µm × 170 µm).  Resulting bacterial transfer rate coefficients k 

(m/sec) were calculated from the deposition flux J (cells/sec×m2), and injection 

concentration C0 (cells/m3).   

 

𝑘 =
𝐽

𝐶0
                                                       (1) 
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Bacterial Disinfection Experiments  

 

Cell preparation and characterization for the disinfection study followed protocols 

mentioned in sections 2.1 and 2.2.  Disinfection experiments were conducted with a 

solar simulator, following protocols utilized in previous work5. Briefly, a collimated 

beam of light from a 450 W O3-free Xe arc lamp (Newport Corporation, Irvine, CA) 

was passed through a 320 nm filter to generate light in the UV and visible range. A 50 

mL (37 mm ID) jacketed beaker kept at 25ºC via a circulating water bath (Thermo 

Scientific, Waltham, MA) was employed for all experiments. Experiments used 

quartz and α-Fe2O3-coated quartz in the presence and absence of light (i.e., dark) 

across a range of IS. Experiments were conducted with the jacketed beaker containing 

three quartz or α-Fe2O3-coated slides in the jacketed beaker. Experiments at 1 and 10 

mM KCl were conducted over 80 minutes and sampled in 20 minute intervals (i.e., 0, 

20, 60, and 80 min) while experiments at 100 mM KCl were conducted up to 140 min 

with 20 min sampling intervals because more time was needed to observe an effect. 

Dark control experiments were conducted under the same parameters; however, the 

beakers were covered in foil to eliminate light exposure and allowed to sit in a dark 

room for 20 min intervals at 25ºC.   

To quantify the percentage of viable E. coli that adhered to the slides, the 

Live/Dead BacLight kit (L-13152; Molecular Probes, Eugene, OR) and a fluorescent 



220 

 

microscope (BX 51, Olympus, Japan) with a red/green fluorescence filter set (Chroma 

Technology Corp., Brattleboro, VT) was utilized. Additionally, a planktonic sample 

was removed from the jacketed beaker and viewed with the Live/Dead kit to quantify 

effects of the light and/or α-Fe2O3 on the free floating cells. 

 

Results and Discussion 

Characterization of E. coli O157:H7 and Collector Surfaces 

 

Both E. coli O157:H7 and coated surfaces were characterized over a wide range of 

solution chemistry and the results are reported in Table A.1.  The streaming potential 

of all three types of collector surfaces (bare quartz, SRHA-coated, and α-Fe2O3-

coated) became less negative (or transitioned to positive) with greater IS.  The zeta 

potentials of bare quartz appeared to be the most negative at 1 mM KCl and increased 

with IS towards neutral.  For SRHA coated surfaces, the coating seemed to result in 

slightly more negative zeta potential (-23.4±1.0 mV) in 10 mM KCl than bare quartz 

(-19.8 mV).  However, in 100 mM KCl, the charge of SRHA coated surface was 

reversed to a positive value (19.7 ± 24.4 mV) due to charge screening at high IS.  The 

α-Fe2O3 coating on the glass surface resulted in positive zeta potentials in both 10 and 

100 mM KCl (pH 5.6) and a more positive value was observed in 100 mM (44.8±25.4 

mV) than in 10 mM (0.1±1.89 mV) KCl.   
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Bacterial surfaces appear to be near neutral according to electrokinetic 

characterization; whereas, most nonpathogenic E. coli are more negatively charged at 

similar pH and IS conditions.5, 48  The zeta potential of O157:H7 also showed less 

sensitivity to the changing IS350-352 as compared to other nonpathogenic E. coli 

strains.367-368  Similar values of O157:H7 zeta potentials were found with full and 

partial EPS coated cells in 1 and 10 mM KCl where no significant difference was 

detected between full EPS bacteria and their partial EPS counterpart (p>0.1).  In 100 

mM KCl, zeta potential of full  

EPS cells was observed to be significantly higher than in the partial EPS 

counterpart (p<0.1).  Additional characterization of bacterial cell surfaces was 

conducted to determine the difference in surface characteristics between full and 

partial EPS-coated O157:H7. Potentiometric titration results are summarized in Table 

A.1 and Figure A.1.  Figure A.1 shows that acidity as well as surface charge density 

of partial EPS-coated O157:H7 were notably lower than full EPS-coated O157:H7.  

This indicates that sonication successfully removed the surface polymers of bacteria.  

However, the shape of potentiometric titration curve remained identical for both 

partial and full EPS-coated O157:H7, indicating that the sonication protocol used in 

this study did not create an artifact biasing collection of only certain surface polymers 

of the bacteria.  FT-IR was conducted to determine the functional groups removed 

during sonication.  FT-IR results (Figure A.5, located in SI at end of Appendix A) 
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indicate that the major functional group removed due to sonication was C=O 

stretching from proteins (1650 cm-1).   
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Adhesion Behavior of O157:H7 in the Parallel Plate Flow Chamber 

 

Experimental results from O157:H7 transport experiments with the three test collector 

surfaces as a function of ionic strength and with full or partial EPS bacteria are 

reported in Figure A.2.   

 

 

 

Figure A.1. 

Potentiometric titration of E. coli 0157:H7 with full and partial EPS. Solution 

chemistry used was 10 mM KCl. Titration was conducted from pH 3 to 11 using 0.1 

M NaOH as a titrant. Procedure of EPS removal was mentioned in the Supporting 

Information. 
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Figure A.2. 

O157:H7 bacterial mass transfer rate coefficient (k) as a function of IS observed in the 

PP flow chamber with quartz, SRHA, and α-Fe2O3 as solid collectors.  Full or partial 

refers to EPS levels.  Error bars indicate one standard deviation. 

 

 

Effect of Collector Surface on Adhesion Behavior of O157:H7 

 

Surface coating was found to impact deposition trends across the range of IS 

conditions tested.  For example, the bacterial transfer rate coefficient (k) on the bare 

quartz in 10 mM KCl was 1.3210-8±4.9310-9 m/s and 2.9810-9±1.4210-10 m/s for 

full and partial EPS, respectively. Full EPS-coated cells attached to both bare and 

SRHA-coated quartz similarly at 10 mM (1.3210-8±4.9310-9 m/s and 1.3110-

8±2.8710-9 m/s respectively). This indicates that the SRHA-coated surface did not 

provide additional steric hindrance towards the full EPS-coated bacteria.  Partially-
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coated EPS bacteria, on the other hand, attached less on SRHA (k=1.1910-

9±6.4610-10 m/s) than on quartz, whereas k on quartz was 2.5 times greater than that 

on the SRHA-coating.  Hence, removal of EPS from the bacterial cell surface 

influenced the cellular interactions with SRHA-coated surfaces.  

 Solid surfaces with α-Fe2O3 coating appeared to be more favorable for 

bacterial deposition than bare quartz surfaces in 10mM KCl for both full and partial 

EPS-coated bacteria.  Specifically, deposition on α-Fe2O3 resulted in 2.3 and 8.7 times 

greater mass transfer (k=3.0410-8±9.3610-10 m/s for full EPS; k=2.6010-

8±2.0510-9 m/s for partial EPS) than on quartz, respectively.         

The bacterial transfer rate coefficients (k) on the bare quartz in 100 mM KCl 

were 2.7910-8±3.2510-9 m/s and 1.8310-8±2.7710-9 m/s for full and partial EPS, 

respectively.  The SRHA coating made the surface less favorable than bare quartz in 

100 mM KCl for both full and partially EPS-coated bacteria (k=1.3610-8±5.4210-10 

m/s for full EPS and k=8.5310-9±1.3610-9 m/s for partial EPS).  Comparing the 

bacterial transfer rate coefficients for full and partial EPS in 100 mM KCl, the transfer 

rate coefficients in quartz were about 2 times greater than on SRHA.  Similar to what 

was observed in 10 mM KCl, the α-Fe2O3 coating caused an increased transfer rate to 

the surface (1.5 times for full EPS and 1.1 times for partial EPS) as compared to the 

bare quartz. 
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Addition of a surface coating, either natural organic matter or α-Fe2O3, 

generally resulted in significant differences in transfer rate coefficients, as determined 

with a Student’s t test.  Insignificant differences were only found between 1) quartz 

and SRHA-coated quartz in 10 mM KCl with full EPS; 2) quartz and α-Fe2O3-coated 

glass in 100 mM KCl with partial EPS.  The reason the surface coatings impacted the 

extent of attachment is due to a combination of mechanisms.  Notably, electrostatic 

interactions were crucial.  For example, the addition of SRHA coating on the quartz 

increased the negativity of quartz surface, thus reducing the attractive forces between 

bacterial surfaces and the solid.  The greater deposition on α-Fe2O3-coated surfaces 

than on bare quartz is likely due to the positively charged coating (as confirmed by 

zeta potential measurements) leading to greater electrostatic attraction with the 

negatively charged bacteria (as compared to cellular interaction with the negatively 

charged bare quartz). A number of previously reported studies corroborate these 

trends.  For example, negatively charged latex colloids were found to deposit less in 

porous media when both the silica 0.2-mm spherical soda-lime glass beads and 

colloids were coated with humic acid.369  Similarly, transport studies in porous media 

which reported substantial bacterial attachment on α-Fe2O3, which was subsequently 

reduced by the addition of both SRHA and soil humic acid at a concentration of 2.5 

mg/L dissolved organic content.370-371  Another study found increased bacterial 
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deposition rates occurred with Fe-coated sand and enhanced bacterial surface 

coverage of sediment surfaces.372   

 

EPS Effect on Adhesion Behavior of E. coli O157:H7 

 

Generally, lower bacterial transfer rate coefficients (k) were observed for cells with 

partial EPS than with full EPS across all conditions tested.  For example at 100 mM 

KCl, the k values were 2.5410-8±2.9510-9 m/s and 1.6610-8±2.5210-9 m/s for full 

and partial EPS on quartz surfaces, respectively, where the rate coefficient k for cells 

with full EPS is 1.5 times greater than for cells with partial EPS in the same condition.  

At 10 mM KCl, significantly lower deposition was observed with partial EPS than full 

EPS, with k=2.7110-9±1.2910-10 m/s (partial EPS) and 1.2010-8±4.4810-9 m/s 

(full EPS), where the rate coefficient k for cells with full EPS is 4.3 times that for 

cells with partial EPS in the same solution.  With SRHA coated surfaces, k values for 

cells with full EPS in 10 and 100 mM accounts for 11 and 1.6 times greater than 

partial EPS.  With the α-Fe2O3 coating, k values for cells with the full EPS in 10 and 

100 mM resulted in 1.2 and 2.1 times more than with partial EPS.  This indicates that 

EPS association with cell surfaces may facilitate the interaction between cells and 

collector surfaces.  Previous studies reported adhesion of bacteria increase with more 

EPS produced and present around the cells,335, 373-374 which is in agreement with these 
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reported trends (Figure A.2).  Overall, the data suggest that EPS facilitates the 

association between bacteria and solid surfaces through a combination of 

mechanisms.  These include polymer bridging375-377 in lower IS and an increase of 

heterogeneity378-379 on bacterial surfaces.     

 

 Adhesion Behavior of E. coli O157:H7 as a Function of Ionic Strength   

 

Increasing IS generally was found to enhance the amount of deposition.  This was the 

case for cells with partial EPS on quartz and SRHA, as well as cells with full EPS on 

α-Fe2O3.  Specifically, the k values for cells with partial EPS onto quartz and SRHA 

increased by ~6 and ~7 times when the IS was increased from 10 to 100 mM.  The 

value of k for cells with the full EPS onto the α-Fe2O3 increased just above 30% over 

that same change in solution chemistry.   

The difference between bacterial cells deposited on quartz surfaces with full 

EPS at 1 and 10 mM KCl was insignificant (p> 0.1).  Bacterial cells with full EPS 

attached similarly on SRHA coated quartz in 10 and 100 mM KCl with no significant 

difference (p > 0.1). The only deviation from this trend of increasing IS leading to 

greater deposition was for cells with partial EPS depositing on α-Fe2O3 surfaces.  

Bacterial cells with partial EPS attached less on α-Fe2O3 in 100 mM KCl (k=1.7510-

8±3.1810-9 m/s) than in 10 mM KCl (k=2.3610-8±1.8610-9 m/s).  Possible 



230 

 

mechanisms include the stabilization of the surface polymers by the increased IS,365, 

380 or the extraction of EPS from cells may have altered the local charge 

heterogeneity,189, 378, 381 such that the electrostatic attractive force of the surface may 

be reduced in 100 mM KCl.  

 

Bacterial Disinfection 

 

To relate deposition to disinfection, a viability analysis was performed in an attempt 

to relate cell death with sensitizer exposure under varying IS   (Figure A.3). As might 

be expected, generally irradiated samples (open symbols) tended to show more 

viability loss than dark controls (solid symbols), consistent with photodisinfection. 

Interestingly, data also suggest that association with a surface can also promote 

viability loss. This behavior is most obvious at the highest ionic strength condition 

considered (100 mM), where cells adhered to quartz and hematite exhibited (i) greater 

viability loss compared to planktonic cells under identical conditions (compare Figure 

A.3E and A.3F), and (ii) the largest loss of viability observed under any IS condition.  

At lower IS (i.e., 1 and 10 mM), little if any difference in viability loss was observed 

between attached and planktonic cells.  This is consistent with greater attachment 

achieved at higher IS assisting in light-facilitated disinfection mechanisms.  Finally, 

trends in disinfection with respect to light versus dark and attached versus planktonic 
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cells were essentially identical between quartz and hematite systems, suggesting that 

the nature of the surface may be of limited importance – as compared to the degree of 

attachment and proximity to the sensitizer - when considering such heterogeneous 

photochemical disinfection processes.  
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Figure A.3. 

Survival of E. coli 0157:H7 with coated and uncoated α-Fe2O3 quartz slides as a 

function for attached and planktonic bacteria at 1 (A and B), 10 (C and D), and 100 (E 

and F) mM KCl. Experiments were conducted under both light (open symbols) and 

dark (solid symbols) conditions where A, C, and E report data for attached bacteria 

and B, D, and F show results for the planktonic cells. Error bars indicated one 

standard deviation. 
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Mechanistic Interpretations 

Predicted Interactions Between E. coli O157:H7 Cells and Collector Surfaces  

 

To understand the interactions between E. coli O157:H7 and the collector surfaces, 

zeta potential measurements were performed at the same solution chemistries used in 

transport experiments.  These values were used to predict the interaction forces 

between cells and surfaces according to DLVO theory337-338 (Table A.3, located in SI 

at end of Appendix A).  The DLVO calculations based on resulting zeta potential 

values (Table A.3) indicated there were no energy barriers to cell interactions with all 

three surfaces, for cells with either full and partial EPS at 10 and 100 mM KCl.  The 

energy barrier in 1 mM KCl for both full and partial EPS coated cells was very low, 

below 10 kT in value, which may be overcome by other attractive forces like 

Brownian motion382 and diffusion369.  These predictions suggest chemically favorable 

conditions for O157:H7 interaction with the surfaces under all conditions tested in the 

PP system. This indicates that the differences observed in cellular attachment are 

mainly due to changes in surface macromolecules in bacterial cells (full EPS vs 

partial EPS) and deposition surfaces (bare quartz vs SRHA-coated).   
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Disinfection of Attached and Planktonic Cells 

 

Previous results46 suggest that planktonic lag phases in photochemical disinfection 

may take up to two hours under 10 mM KCl conditions; for 100 mM in this study, a 

delayed lag phase of 130 min was established for both attached and planktonic 

experiments. The greater lag time is correlated with an increase in IS (Figure A.3E 

and A.3F), which seems to suggest the bacteria have a greater tolerance to the light 

and α-Fe2O3 presumably due to enhanced bacterial aggregation at high IS.   

 At high IS, cells can also attach to appropriate surfaces to a greater extent.  

While our data certainly appears to indicate that surface attachment promotes viability 

loss upon irradiation, the mechanism of disinfection remains unclear and merits 

further investigation. It is tempting to attribute the viability loss observed in hematite 

systems to reactive oxygen species (ROS) that can be generated in the near surface 

region from Fe(II) generated via the photoreduction of structural Fe(III) in the 

hematite lattice. However, hematite photoreduction to yield Fe(II) is usually quite 

slow at neutral pH and is likely not sufficient to produce appreciable concentrations of 

ROS necessary to drive disinfection, although we cannot rule out the possibility that 

EPS could promote Fe(II) formation if able to form a complex with lattice Fe(III) that 

is a chromophore.   
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Evidence against an ROS-mediated disinfection route is also obtained from 

results with irradiated quartz slides, which tended to produce comparable, and 

occasionally greater, extents of viability loss than in hematite-containing systems. As 

ROS will not be generated in non-photoactive SiO2 systems, other mechanisms 

responsible for viability should be considered, including the role that surfaces may 

play in concentrating or reflecting light and heat, both of which would be expected to 

promote cell die off.     

 

Implications for Photodisinfection 

 

The decrease of the bacterial EPS level lowered the deposition of cells as expected.  

This indicates the bacterial macromolecules enhance interactions with other surfaces 

in aquatic systems.  The SRHA surface coating lowered the rate of deposition in both 

10 and 100 mM KCl as compared to bare quartz.  In contrast, the α-Fe2O3 surface 

coating resulted in greater attachment on the surface than on quartz.  These 

observations clearly demonstrate that electrostatic forces play a significant role on 

O157:H7 deposition as demonstrated in the PP system.   

Deposition of bacteria with full and partial EPS increased with greater IS.  The 

general trend of increased attachment with IS agreed with DLVO calculations.  The 

few exceptions suggest that some behaviors are not captured by classic DLVO theory, 
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specifically caused by the presence of EPS383, which causes surface heterogeneity384-

385 and facilitates steric interactions353, 360.   

While more work is warranted, we conclude that increased association 

between bacteria and surfaces promote photochemical disinfection by generating a 

microenvironment less hospitable for cell survival.  For photoactive substrates, the 

near surface region could be rich in ROS, thereby increasing the likelihood of reaction 

with cell surfaces.  In addition, surfaces may also concentrate light and via absorption 

produce localized regions of higher temperature that may facilitate greater rates of 

photodisinfection. Through enhancing the production of EPS, the effect of EPS may 

be exploited to maximize interactions with surrounding agents. Approaches to alter 

EPS production, and hence cell-sensitizer interactions, include modifying carbon 

sources, the carbon to nitrate ratio, phosphate, and nutrient levels.386-387  The 

formation of bacterial surface macromolecules and their composition can also be 

optimized for greater photochemical disinfection by means of modifying related 

solution chemistry conditions, e.g., IS360, pH388, and temperature389-390. Additionally, 

the more favorable interactions between bacteria and α-Fe2O3 surfaces suggest the 

presence of colloidal iron may also facilitate photochemical disinfection in natural 

waters.   
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Supporting Information for Appendix A: Deposition and Disinfection of 

Escherichia coli O157:H7 on Naturally Occurring Photoactive Materials in a 

Parallel Plate Chamber 

 

Introduction 

In this Supporting Information section, additional materials and methods are 

described including cell selection, preparation, characterization, extraction of EPS, 

cell surface characterization, and surface preparation for deposition and disinfection 

experiments.  

 

Additional Materials and Methods 

Cell Selection, Preparation, and Characterization 

 

A pathogenic strain E. coli O157:H7/pGFP strain 72 with ampicillin resistance was 

chosen as a model organism in this study.363-364  This strain was selected because it is 

a rod-shaped, Gram-negative bacteria with very good fluorescence expression.364, 391  

Bacterial cells were pre-cultured by inoculating bacterial colonies streaked from a 

Luria-Bertani (LB) agar plate into 5 mL LB media (Fisher Scientific, Fair Lawn, NJ).  

Cells were grown in the presence of 0.1 g/L ampicillin the day before the experiment 

and incubated at 37˚C in an incubator overnight (16 hours).  The pre-culture step was 

followed by a culturing process in which 2 mL of the pre-culture was added to 200 

mL of LB media (1:100 v/v) and incubated at 37˚C for 3.5 hours to reach mid-
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exponential growth phase.  After reaching this growth stage, the culture was harvested 

by centrifugation (5804R; Eppendorf, Hamburg, Germany) with a fixed-angle rotor 

(F-34-6-38; Eppendorf) at 4˚C 3700 g for 15 min to separate the cells from the growth 

media.  The centrifugation step was at 4˚C 3700 g for 15 min, followed by decanting 

the supernatant, and resuspending in 10 mL of electrolyte (10 mM KCl, Fisher 

Scientific).  This was repeated twice to remove all traces of growth media.  Next, a 

stock suspension was prepared by resuspending the pellet in 5 mL of electrolyte, at 

the same ionic strength required for subsequent transport or cell characterization 

steps. 

The concentrations of bacteria were determined by direct visualization under a 

light microscope (Fisher Scientific Micromaster) with a cell counting chamber 

(Buerker−Türk chamber, Marienfeld Laboratory Glassware, Lauda-Königshofen, 

Germany).  The resulting cell concentrations in this particular study were in between 

4 × 1010 and 6 × 1010 bacteria/mL.  All solutions used were made from reagent grade 

chemicals (Fisher Scientific) and deionized (DI) water (Millipore, Billerica, MA).  

 

Extraction of EPS by Sonication Technique.  

 

Bacterial EPS was extracted through a previously established protocol applying probe 

sonication (Omni-Ruptor 250, Omni International, Kennesaw, GA) and centrifugation 
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(Eppendorf).392  Bacteria in stock solution were re-suspended in 10 mL of 1, 10 or 

100 mM KCl.  A 5/32" Micro-Tip sonicating probe (Omni International) was 

immersed 10 cm into the solution in a 15 mL centrifuge tube.  The temperature was 

maintained below 4˚C by immersing the tube in an ice bath throughout the sonication 

process.  Sonication was repeatedly applied to the bacterial cells by way of five sec 

duration pulses with five sec rest periods in between at a fixed intensity (30% of the 

150 Watt = 45 Watt) for a total of 300 sec.  After sonication, the bacterial solution 

was centrifuged at 4°C and 4000g for 20 min (Eppendorf), and the supernatant was 

collected and passed through a 0.22 μm filter (Millipore, Fisher Scientific) for further 

EPS composition analysis.  Finally, the pellet was resuspended in electrolyte for 

subsequent characterization and transport experiments.  

The sugar and protein content of the EPS were evaluated through the Phenol-

Sulfuric Acid (PSA) method393  and the Lowry method394 with Xanthan gum (Sigma-

Aldrich corporation, St. Louis, MO) and bovine serum albumin (BSA, 1mg/mL) 

(Fisher BioReagents, Fisher Scientific) as the standards, respectively.  Both are 

colorimetric methods where the chemical reaction induced color change can be 

measured by spectroscopy (BioSpec-mini, Shimadzu Corp. Kyoto, Japan) and 

compared with a standard curve for sugar or protein concentration.  The sugar level 

was determined by adding 50 µL of 80% (v/v) phenol and then 5 mL of highly 

concentrate sulfuric acid (95.5% Fisher Scientific) into 2 mL of an extracted EPS 
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sample.  The mixing of these chemicals produces heat and a color change.  Therefore, 

the solution required 10 min at room temperature to cool down, followed by 

immersion in a water bath (Lab-Line Instruments, Inc., Melrose Park, IL) at 25-30°C 

for 20 min, and finally, room temperature incubation for 4 hr to stabilize the color 

before measuring the absorbance at 480 nm (Biospec-mini, Shimadzu Corp.).  The 

protein level was evaluated by adding 1.5 mL of alkaline copper reagent (made by 

mixing 1 mL of 2% Na2C4H4O6, 1 mL of 1% CuSO4, and 98 mL of 2% NaCO3 in 0.1 

M NaOH) to 0.3 mL of EPS sample.  After adding the alkaline copper reagent, the 

sample required incubation at room temperature for 10 min.  Next, 75 µL of Folin 

reagent (Folin and Ciocalteu’s Phenol Reagent, MP Biomedicals, LLC, Germany) 

was added into the mixture, the solution was vortexed (AutoTouch Mixer Model 231, 

Fisher Scientific), and incubated at room temperature for 30 min before measuring 

absorbance at 500 nm (Biospec-mini, Shimadzu Corp.).  All chemicals used were 

ACS grade (Fisher Scientific). 

 

Cell Surface Characterization. 

 

Bacterial cell sizes, surface charge densities, hydrophobicity, and zeta potentials were 

determined according to previous established protocols.367  The size and shape of 

bacteria were evaluated by taking images of 1010 bacteria/mL with a light microscope 
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(Fisher Scientific Micromaster).  Images with more than 50 cells were processed 

through MATLAB software (Matlab, the MathWorks, Inc., Natick, MA), and 

individual bacteria widths and lengths were determined to calculate the effective 

diameters. 

Surface charge densities were evaluated by potentiometric titrations in an auto 

titrator (798 MPT Titrino, Metrohm, Switzerland).  Briefly the amounts of base added 

into bacterial solution for the pH value to increase from 4 to 10 were measured.  The 

bacterial concentration in the titrator was 1 × 108 bacteria/mL, and the base used to 

titrate the bacterial solution was 0.1 N NaOH.  

The hydrophobicity of the bacterial cells was measured by the microbial 

adhesion to hydrocarbon test (MATH test).395  The relative hydrophobicity was 

determined by the percentage of 4 mL bacterial cells partitioned into 1 mL of n-

dodecane (laboratory grade, Fisher Scientific) after vortexing for 2 min (AutoTouch 

Mixer Model 231, Fisher Scientific) and a 15-min room temperature incubation.  The 

optical density of the water phase was determined by spectroscopy (Shimadzu Corp.), 

and the percentage of bacteria which passed to the oil phase was calculated. 

The bacterial electrophoretic mobility (EPM) was measured by a ZetaPALS 

analyzer (Brookhaven Instruments Corporation, Holtsville, NY) in 1, 10, and 100 mM 

KCl with unadjusted pH (5.6-5.8).  Bacterial solution was diluted to an optical density 

of OD600 = 0.2 to 0.225 before running through ZetaPALS.  The zeta potential of the 
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cells was then calculated by electrophoretic mobility values using the Smoluchowski 

equation.396 

 

Surface Preparation and Characterization 

 

Glass and quartz slides (9mm x 20mm) were used for the deposition and disinfection 

studies, respectively.  Prior to coating or direct use in experiments they were cleaned 

by the subsequent method: slides were placed in a 2% (v/v) extran solution and 

sonicated for 15 min. The slides were then rinsed with deionized water and 

immediately placed in a 2% (v/v) RBS35 solution and sonicated for 15 min at 50ºC. 

Slides were again rinsed with deionized water and sat in Nochromix overnight. Slides 

were rinsed six times with deionized water and then stored in sterile Petri plates until 

usage.  

For select experiments with organic matter, the quartz surfaces were cleaned 

with the procedure mentioned above, and subsequently were coated with Suwannee 

River humic acids (SRHA) according to a previously established flow through 

method.397  In between flowing DI water and KCl solutions, 2 mL of poly-L-lysine 

(PLL)-free solution, 2 mL PLL, 2 mL PLL-free, and 2 mL SRHA solution were 

flowed through the system.  PLL-free solution was comprised of 10 mM N-(2-

Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES) (Sigma-Aldrich, St. 
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Louis, MO) and 100 mM KCl.  PLL solution was made by adding 0.1 g/L PLL into 

PLL free solution.  SRHA solution was made by adding 28.3 mg of dry SRHA 

powder (International Humic Substance Society) into 52 mL DI water and shaken for 

2 hrs.  All solutions made were passed through 0.22 µm cellulose acetate membrane 

filters.  When flowing through the PP flow cell, the PLL binds to the quartz.  

Subsequently, the SRHA solution was passed through the flow cell and bound to the 

PLL layer.  Hence a layer of SRHA was formed on the quartz surface.     

For iron oxide (α-Fe2O3) disinfection experiments, the clean glass slides were 

hand coated with 25 µL of the α-Fe2O3 solution for an even distribution. The slides 

were allowed to dry and were kept in the dark until experiments. In order to coat the 

surfaces with α-Fe2O3 for the PP experiments, an additional pretreatment of the glass 

was required.  Following the cleaning procedure described above, the glass slides 

were treated with Piranha solution (the mixture of 30% H2O2 and 95.6% H2SO4 in 1:3 

v/v ratio) to hydroxylate the glass surface, making the glass surface hydrophilic.  The 

hydrophilic glass then was coated with α-Fe2O3 nanoparticles with a spin coating 

method at room temperature and 1500 rpm for 25 sec using a Laurell spin coater 

(WS-400A-6NPP/LITE) (Laurell Technologies Corp.; Johnstown, PA).  The α-Fe2O3 

solution used in the spin coating was made by the following method.  α-Fe2O3 

nanoparticles were made by adding 24 mL of 1 M ferric nitrate solution into 200 mL 

of boiling DI water at a steady speed of about 1 mL every 30 sec (finish adding 24 mL 
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in 12 min).398  The solution turned from light brown to dark brown to very dark 

brown, and then the reaction took place to turn the solution to dark red under boiling 

conditions.  The solution was boiled on a hot plate to reduce the volume from 200 mL 

to 100 mL in about 30 min.  After forming 100 mL of a dense solution, followed by a 

cooling step, dark red precipitate formed with very small particle sizes (5-10 nm).  

Next, a 10-min 9000 rpm centrifugation was applied to the solution.  After 

centrifugation the supernatant was decanted and 100 mL DI water added and vortexed 

to re-dissolve the α-Fe2O3 in DI water at a dilution of 1:10 v/v.  Afterward, the coated 

glass samples were dried at room temperature.   

Before each PP experiment, the α-Fe2O3-coated glass slide was first cleaned with 

DI and ethanol, and then installed in the flow cell.  The cleaning process with DI 

water and ethanol did not substantially remove the α-Fe2O3 coating.  To ensure the 

glass substrate was successfully coated with α-Fe2O3, the glass before and after the 

coating process was analyzed via a Cary® 50UV-Vis spectrophotometer (Agilent 

Technologies, Santa Clara, CA) where the difference in absorbance was attributed to 

the presence of the α-Fe2O3 nanoparticle coating (Figure A.4).  
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Table A.2. O157:H7 Bacterial Transfer Rate Coefficients (k) for O157:H7 with Full 

or Partial EPS on Quartz, SRHA-, and α-Fe2O3-coated Surfaces. 

Collector Surface 
Ionic Strength 

(mM KCl) 
EPS k (m/s) 

Quartz 100 Full 2.5410-8±2.9510-9 

Quartz 100 Partial 1.6610-8±2.5210-9 

Quartz 10 Full 1.2010-8±4.4810-9 

Quartz 10 Partial 2.7110-9±1.2910-10 

Quartz 1 Full 1.5810-8±3.9510-9 

Quartz 1 Partial ND1 

Quartz SRHA 100 Full 1.2410-8±4.9310-10 

Quartz SRHA 100 Partial 7.7510-9±1.2410-9 

Quartz SRHA 10 Full 1.1910-8±2.6110-9 

Quartz SRHA 10 Partial 1.0810-9±5.8710-10 

Glass iron oxide 100 Full 3.7110-8±1.8510-9 

Glass iron oxide 100 Partial 1.7510-8±3.1810-9 

Glass iron oxide 10 Full 2.7610-8±8.5110-10 

Glass iron oxide 10 Partial 2.3610-8±1.8610-9 

1ND: No deposition detected. 
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Table A.3. DLVO interaction energies between E. coli O157:H7 and collector 

surfaces 

 

Energy Barrier Height1 (kT) 

 

 O157:H7 with full EPS  O157:H7 with partial EPS 

IS (mM) quartz SRHA α-Fe2O3 
 

quartz SRHA α-Fe2O3 

1 5.6 ND ND 
 

9.77 ND ND 

10  NB2 NB NB 
 

NB NB NB 

100 NB NB NB 
 

NB NB NB 

1  Energy barrier heights calculated using DLVO theory.337-338   Hamaker constant 

used was 6.5 × 10-21 J.399 
2 NB: no energy barrier. 
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Figure A.4.  

Absorbance values of substrates from UV-visible spectroscopy with and without α-

Fe2O3 coating on glass surface.  The trend of increasing absorbance at lower 

wavelengths is indicative of the α-Fe2O3 nanoparticles coating the glass substrate. 
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Figure A.5.  

Fourier transform infrared spectroscopy (FT-IR) of supernatant from partial and full 

EPS in E. coli 0157: H7.  Major functional group removed due to sonication was C=O 

stretching from proteins (1650 cm-1).   
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Appendix B: D-Amino Acids Inhibit Initial Bacterial Adhesion: Thermodynamic 

Evidence 

 

Abstract 

Bacterial biofilms are structured communities of cells enclosed in a self-produced 

hydrated polymeric matrix that can adhere to inert or living surfaces. D-amino acids 

were previously identified as self-produced compounds that mediate biofilm 

disassembly by causing the release of the protein component of the polymeric matrix. 

However, whether exogenous D-amino acids could inhibit initial bacterial adhesion is 

still unknown. Here, the effect of the exogenous amino acid D-tyrosine on initial 

bacterial adhesion was determined by combined use of chemical analysis, force 

spectroscopic measurement, and theoretical predictions. The surface thermodynamic 

theory demonstrated that the total interaction energy increased with more D-tyrosine, 

and the contribution of Lewis acid-base interactions relative to the change in the total 

interaction energy was much greater than the overall nonspecific interactions. Finally, 

atomic force microscopy (AFM) analysis implied that the hydrogen bond numbers 

and adhesion forces decreased with the increase in D-tyrosine concentrations. D-

tyrosine contributed to the repulsive nature of the cell and ultimately led to the 

inhibition of bacterial adhesion. This study provides a new way to regulate biofilm 

formation by manipulating the contents of D-amino acids in natural or engineered 

systems. 
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Introduction 

Bacterial adhesion to solid surfaces is an important issue in a number of disciplines, 

ranging from biomedical engineering to wastewater treatment technologies.400-402 

Many microbes naturally grow as biofilms and may have beneficial traits for cleanup 

of wastewater, off-gas, soils, etc. 400, 403 They are also known for their ability to 

convert agriculturally derived materials to products of commercial value such as 

alcohols and organic acids.404 Although certain biofilms can be beneficial, other 

biofilms pose severe problems, such as the corrosion and obstruction of water pipes or 

fouling of membranes in filtration systems.405-406 Thus, understanding the mechanism 

of biofilm formation and effectively regulating its formation and disassembly for 

human purposes is important for many biotechnology fields.  

Biofilms are aggregates of microbes embedded in a matrix of extracellular 

polymeric substances (EPS), which consist of different types of biopolymers 

including polysaccharides, proteins, lipids, and extracellular DNA.407-408 Found on 

almost all types of submerged surfaces, biofilms are a majority of the biomass in 

natural and engineered systems.409-410 During biofilm formation, bacterial adhesion 

onto abiotic and biotic surfaces is the key determinant in initial cell attachment.411 The 

physicochemical factors of bacterial cells and the surfaces govern this critical initial 

step in biofilm formation processes.412-414  
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Biofilm formation requires several physiological and physicochemical 

steps.415 Bacterial adhesion has been shown to be a function of the physicochemical 

and thermodynamic properties of both bacterial surfaces and substrates based on 

analysis of surface charge and hydrophilicity measurements (i.e., the cell surface free 

energy); both parameters are significantly influenced by EPS content on bacterial 

surfaces.416-420 Recently, it has been reported that some molecular signals govern 

quorum-sensing, which serves as a switching mechanism between successive phases 

of biofilm development.421-422 As one of the quorum sensing molecules, self-produced 

D-amino acids (D-AAs), can promote biofilm disassembly and reduce microbial 

attachment.400, 406, 423 In natural environments and engineered systems, various species 

of bacteria interact with each other, with the majority of excreted amino acids in the 

L-isomer form, with only some bacteria excreting D-AAs. These excreted D-AAs 

may affect other bacterial species in the microbial community and cause biofilm 

disruption. The precise role of exogenous D-AAs in the initial bacterial adhesion to 

substratum surface is not clear yet, and how D-AAs trigger variations in surface 

interactions of bacteria still needs to be revealed. 

Initial bacterial adhesion is generally determined by the Derjaguin-Landau- 

Verwey-Overbeek (DLVO) theory, which is expressed as the sum of Lifshitz-van der 

Waals interactions and electrostatic interactions.424 The classical DLVO theory was 

projected to describe the stability of colloidal suspensions. It involves the estimation 
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of the energy from the electrostatic double-layer force and an attractive Lifshitz-van 

der Waals force (in the case of two identical surfaces). The Lewis acid-base 

interaction has been added to the DLVO theory (extended DLVO theory, XDLVO) to 

reconcile the discrepancy between the theoretical prediction and experimental 

results.425-426 In addition to theoretical predictions, experimental studies regarding 

interactions between bacteria and substrates have been conducted. For instance, 

atomic force microscopy (AFM) has been utilized for surface adhesion force 

measurement for bacteria attached to solid substrates.427-428 However, the information 

on bacteria interfacial interactions and the assessment of adhesion forces in the 

presence of D-AAs is scarce.  

This study aims to clarify whether exogenous D-AAs could inhibit the initial 

bacterial adhesion and to elucidate the interaction forces and energy mechanisms of 

bacterial adhesion by combining the use of XDLVO predictions and AFM. This work 

here has characterized the discrepancies of bacterial surface characteristics and the 

thermodynamic parameters over a range of D-tyrosine concentrations. Here, 

Escherichia coli (E. coli) and D-tyrosine were used as the model microbe and D-AAs, 

respectively. As a typical bacterium of microbial adhesion experiments, E. coli cannot 

produce and release D-AAs429-430 and D-tyrosine has potent activity towards biofilm 

disassembly.423 The results obtained from this study provide a better understanding of 

the role of D-tyrosine on bacterial adhesion from a thermodynamic perspective, which 
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may provide a new way to regulate biofilm formation by manipulating the content of 

D-AAs in natural or engineered systems. 

 

 

Materials and Methods 

Bacterial Growth and Surface Characteristics 

 

Escherichia coli JM109 was provided by China General Microbiological Culture 

Collection Center and was used in this study as the test bacterium. Cells were cultured 

in a standard Luria-Bertani (LB) medium with different concentrations of D-tyrosine 

(Aladdin; 99%) (0, 10, 25, 50 μM) at 37°C, 200 rpm, and for 18 h until stationary 

phase was reached, and then were collected by centrifugation at 5000 g for 15 min. L-

tyrosine (Aladdin; 99%) (0, 10, 25, 50 μM) was used as an additional control. The 

cells were washed twice using 10 mM KCl (the pH was unadjusted, ranging from 5.4 

to 5.8) to remove any residual medium from the bacterial surface. Finally, the cells 

were resuspended in select solutions for cell surface characterization and adhesion 

experiments. To confirm the effect of exogenous D-tyrosine on bacterial cell adhesion 

behaviors, control experiments were conducted using the cells harvested from mineral 

medium (glucose, 5 g/L; (NH4)2SO4, 2g/L; MgSO4·7H2O, 0.2 g/L; K2HPO4, 4g/L; 

KH2PO, 4.6 g/L; sodium citrate, 1 g/L; pH = 7.2) with different concentrations of L-
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tyrosine or D-tyrosine (0, 10, 25, 50 μM) respectively. Each data point is composed of 

three independent samples. 

Bacteria mass was described as the dry weight, and the optical density (OD600) 

of the washed bacterial suspension was measured as absorbance by the 

spectrophotometer (UV-2000, Unic, Shanghai, China) at 600 nm in all the 

experiments. All chemical reagents in this study were of analytical grade. 

Electrophoretic mobility (EPM) was measured by the ZetaSizer 3000HSA 

(Malvern, England) and repeated at least five times at 25°C. Zeta potential (ζ 

potential) was calculated in a 10 mM KCl solution via EPM using the Helmholtz-

Smoluchowski equation.431 EPS was extracted by the cation exchange resin technique 

(CER).432 After filtrating through 0.22-μm cellulose acetate membranes, the 

supernatant was used as the EPS fraction for chemical analyses. Polysaccharides and 

proteins were determined by the anthrone-sulfuric393 and Lowery methods433, 

respectively. Glucose and bovine serum albumin were used as the standards. These 

processes were performed in duplicate and each data point is composed of three 

independent samples. 

The hydrophilicity of bacteria was measured as the microbial adhesion to 

hydrocarbon (MATH) test (the percent of total cells partitioned into n-dodecane).350, 

434 In brief, 1 mL of n-dodecane (analysis grade) was added to 4 mL of a cell 

suspension, which was then mixed for 2 min with a vortex. The suspension was then 
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allowed to separate for 15 min at room temperature. The percentage of bacteria 

partitioning into the hydrocarbon phase was calculated after the optical density of the 

suspension in the water phase was measured at 600 nm. All experiments were 

conducted in triplicate. 

The contact angle was calculated by a contact angle meter (JC2000C, 

Shanghai, China), which was used to evaluate interfacial tension and surface energy. 

Prior to the measurement, the prepared acetate cellulose membrane membranes were 

air-dried for 45 min. To measure contact angles of E. coli, the bacterial layer was 

prepared on a 0.22-μm acetate cellulose membrane by adding 10 mL of cell 

suspension (OD600 = 1.0), and then placed on a 1% agar plate for cell preservation 

before measurement. The contact angles were measured using the sessile drop 

technique with a drop of purified water (γLW = 21.8 and γ+ = γ- = 25.5 mJ/m2), 

formamide (γLW = 39.0, γ+= 2.3 and γ- = 39.6 mJ/m2), and diiodomethane (γLW = 50.8 

and γ+ = γ- = 0 mJ/m2) 435. Each measurement was made on at least ten droplets at 

different locations on the bacterial layer for each of the three liquids, which was used 

to calculate standard deviations. The other measurements are described in detail in the 

supplemental material. 
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Quartz Sand Treatment 

 

Ultrapure quartz sand with a 1 mm diameter (Aladdin, ≥99%) was used as the 

collector surface for bacterial adherence. The sand was thoroughly immersed in 12 N 

HCl for at least 24 h, cleaned by deionized water, and then baked at 800°C for 

approximately 6 h to remove the organic substances on the surface. To increase the 

bacterial cells adhesion onto the quartz sands, the cleaned quartz sand was chemically 

modified with 4% (v/v) γ-aminopropyltriethoxyasilane (APTES) (Aladdin; ≥99%) in 

acetone at 45°C for 24 h, then cleaned by soaking first in acetone, followed by a 

thorough rinsing with deionized water, and finally air-dried. Zeta potential of quartz 

sand was determined by an electrokinetic analyzer (Anton Paar SurPASS, Austria).  

 

Cell adhesion and desorption experiments  

 

The influence of D-tyrosine or L-tyrosine on cell adhesion to quartz sands was 

evaluated by batch adhesion experiments with E. coli harvested from growth media 

(LB and mineral medium) with different L-isomer or D-isomer tyrosine 

concentrations (0, 10, 25, 50 μM). The experiments were conducted by adding 10 g of 

sand into 50 mL glass bottles with 10 mL of cell solution, and then gently vibrating 
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with a shaker (8 rpm) for 3 h to reach equilibrium, based on the result of preliminary 

experiments. 

The bacteria adhered on the collector surface irreversibly, and was washed by 

a 0.1 mM KCl solution after rinsing with the background solutions (10 mM KCl). The 

experiments were conducted with the washed quartz sands after the cell adhesion 

tests, and the sands were gently vibrated with shaker for 3 h to determine the 

desorption efficiency. The cell adhesion and desorption tests were conducted 

according to the methods provided in the SI.  

 

AFM Measurements 

 

Silicon wafers were used as the substrates for AFM measurements, and were treated 

with ultrapure water: hydrogen peroxide: ammonia water (1:3:1) for at least 15 min 

after cleaning with sonication in ultrapure water and ethanol, and were then immersed 

in a 25% sodium hydroxide solution for at least 24 h. After cleaning with ethanol and 

ultrapure water, the wafers were soaked in 1% APTES for 2 h to be silanized. The 

amino-functionalized wafers were cleaned by ultrapure water to remove the excess 

saline, and finally the silanized substrates were kept in 120°C for 15 min. Before and 

after making the AFM measurements on the bacteria, force measurements were made 

on a bacteria-free area of silicon wafers, to ensure that the tip had not been 
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contaminated by contacting the bacteria layer on the silica wafers. The spring constant 

(k) for the tips was 0.15 ± 0.02 nN/nm; tips were calibrated before each experiment by 

the equipment. 

The cells used for AFM measurements were stirred in 2.5% v/v glutaraldehyde 

for 2 h at 4°C. The gluaraldehyde does not affect the physiochemical properties of the 

E. coli cells, but provides a method for ensuring no movement of the cells during 

measurements.411 Prior to the AFM experiments, a drop of the bacteria suspension (20 

μL) was deposited onto the silanized silicon slides and left to settle at room 

temperature for 20 min. The bacteria-coated slide was rinsed with sterile water to 

remove any weakly bounded bacteria and air dried before measuring the same day.  

 All AFM measurements were performed at room temperature using a scanning 

probe microscope (Veeco Instruments Inc., USA) with Si3N4 cantilevers (SDL-A, 

Bruker AXS Inc.). This microscope had a dimension icon controller and extender 

module. The tip elements are showed in the supplemental material. In this study, five 

cells were examined from each medium. And on each cell, 15 points were located to 

perform AFM measurements. AFM images were acquired by using the Scan Asyst 

Mode, while the force-distance curves were evaluated by tipping mode. The adhesion 

forces were calculated from the retraction curves which represented the sum of all 

interaction forces (specific and nonspecific) between the bacterial surface and the 
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silicon nitride tips. The specific and nonspecific forces were measured by the Poisson 

analysis of adhesion forces (MATLAB, Natick, MA, USA).427 

 

Extended DLVO (XDLVO) Profiles 

 

According to the XDLVO approach, the total energy of interaction (WTOT) between 

spherical particles (bacteria) and an infinite planar surface can be calculated by the 

sum of electrostatic interactions (WEL), Lifshitz-van der Waals interactions (WLW), and 

Lewis acid-base interactions (WAB). 

      (3) 

       (4) 

   (5) 

       (6) 

where, ζB and ζG are the zeta potential of bacteria surfaces (B) and quartz sands (G), 

respectively. Due to Born repulsion, y0, the minimum equilibrium cut-off distance 

between bacterial cells and the collector, equals 0.157 nm in previous work.424 R is 

the cell radius, and h is the separation distance between the cell and the solid surface. 

κ is defined as the Debye length or the "thickness" of the double layers and can be 

estimated by ionic strength and the concentration of background solution. λ is 

typically between 0.2~1 nm, and is used as 0.6 nm in this work, which is a 

 LWABEL

TOT WWWW 

 

h

RG
W

LW
LW 


2

 
))1ln()()

1

1
(l2( 222 h

BGh

h

GB

EL e
e

e
nRW 





 











 )( 0

2 
hy

ABAB eGRW







270 

 

characteristic decay length of Lewis acid-base interactions in solution. The other 

parameters in these formulas have been described in supplemental material in details. 

 

Statistical Analysis 

 

In the figures and tables, data are presented along with error bars associated with one 

standard deviation. Statistical differences between mean values were analyzed using a 

student t test.  

 

Results 

Cell Adhesion and Desorption Tests 

 

To evaluate the effect of D-tyrosine on the growth of E. coli, the bacteria cells 

cultivated from LB media with different concentrations of D-tyrosine (0, 10, 25, 50 

μM) for at least 24 hours, and the biomass at different time point were determined by 

optical density. The growth curves indicated that D-tyrosine did not inhibit bacterial 

growth (Figure B.6, note: Figures B.6-B.9 are located in the SI at the end of Appendix 

B), which is consistent with previous report (Kolodkin-Gal et al. 2010).  

The adhesion tests revealed changes in E. coli adhesion behavior over the 

range of D-tyrosine concentrations (Figure B.1). It is evident that the adhesion rates 

decreased sharply from 26.3% to 10.0% with an increase in the D-tyrosine 
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concentration from 0 to 25 μM. Above 25 μM D-tyrosine, there was no measurable 

cell adhesion (8.8%) (Figure B.1a). Therefore, the existence of D-tyrosine has an 

obvious effect on microbial adhesion (p<0.05). Moreover, the desorption rate 

increased from 43% to 100% based on the adhered bacteria over the range of D-

tyrosine concentrations (Figure B.1a); the amount of irreversibly adhered cells 

decreased from 14.7% to 0%. Nevertheless, there was no significant difference for 

adhesion and desorption efficiency among the cells grown in the presence of L-

tyrosine with different concentrations (Figure B.1b). This result shows that D-tyrosine 

has a significant effect on bacterial adhesion (p<0.05).  

In order to identify whether there was any effect of exogenous D-AAS on cells 

in the LB broth, further experiments with E. coli cells harvested from mineral medium 

with D-tyrosine or L-tyrosine (0, 10, 25,50 μM) were conducted (Figure B.7). The 

results indicated that D-tyrosine could affect microbial adhesion even in a chemically 

defined medium.  
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Figure B.1  

Adhesion efficiency and desorption rate of E. coli onto a quartz collector surface, 

determined as a function of D-Tyrosine (a), and L-Tyrosine (b). Experiments were 

conducted at unadjusted pH (5.4-5.8), room temperature (25°C), and with bacteria 

cultivated from LB media with different concentrations of D-tyrosine. Error bars 

represent standard errors of the means. 

 

 

 

 

 

 

 

(a)

(b)
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The above results demonstrate that bacteria exposed to D-tyrosine exhibited 

poor adhesion ability. The bacterial adhesion is attributed to the concurrent existence 

of deposition, as well as irreversible and reversible adhesion. In this study, the 

deposition could be neglected since the desorption rate of bacteria with 50 μM D-

tyrosine was nearly 100%. As to the bacteria without D-tyrosine, almost 40% of the 

adhered bacteria were detached under lower ionic strength solution, indicating that the 

bulk of the adhered microbes are reversibly bound. When cultivated at the high D-

tyrosine concentration, the fraction of the reversibly adhered bacteria increased as the 

D-tyrosine concentration increased (p<0.05), showing a higher reversibility for the 

cells (Figure B.1a).   

 

Influence of D-tyrosine on Surface Properties of E. coli Cells 

 

To better understand the effect of D-tyrosine on bacterial adhesion behavior, the 

extracellular polysaccharide and protein contents of bacteria were determined (Figure 

B.2). Compared with the cells that were not exposed to D-tyrosine, a decrease 

(p<0.05) in protein was observed for the bacteria cultured with D-tyrosine. However 

there was only slight difference in protein of cells grown with different D-tyrosine 

concentrations. For polysaccharide it was less sensitive to changes (p>0.05) with D-
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tyrosine concentrations. This result indicated that D-tyrosine most likely inhibited 

protein secretion.  
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Figure B.2  

The content of total EPS, polysaccharides, and proteins of the E. coli cells from LB 

media with different D-Tyrosine concentrations (0, 10, 25, 50 μM). Error bars 

represent standard errors of the means. 

 

As indicated by the measured zeta potential (Figure B.3), all the E. coli cells 

used in this study were negatively charged, while the quartz sand modified with 

amino-silane was positively charged under the experimental conditions. The 

electrostatic interaction between bacteria and sand was attractive, which contributed 

to bacteria adhesion. Over the range of D-tyrosine concentrations, the absolute 
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magnitude of the cell zeta potential increased (from 30.0 mV to 43.6 mV) with the 

increase in D-tyrosine concentration. 

The hydrophobicity of E. coli cells from experiments with different 

concentrations of D-tyrosine (Figure B.3) showed that the surface hydrophobicity 

decreased from 23.7% to approximately 12.0%, as the D-tyrosine concentration 

increased, which is consistent with zeta potential results. The result of relative 

hydrophibicity is also in consistence with that of water contact angles test (Figure 

B.8). The more negative surface potential denotes that the increased fractions of polar 

functional groups led to a more hydrophilic bacteria surface.436 In addition, the 

relative low EPS content was responsible for high hydrophilicity at high D-tyrosine 

concentrations.420, 437  

 

XDLVO Interaction Energy Profiles between E. coli cells and Sand 

 

The XDLVO theory prediction was applied to evaluate the interaction energy between 

cells and the quartz sand (Figure B.4), which were consistent with the bacterial 

adhesion experimental data for E. coli cells. With an increase in D-tyrosine 

concentration, the height of the repulsive energy barrier between cells and the quartz 

sand exhibited a significant change (p<0.05) (from 24.5 kT to 3328.4 kT). No energy 

barrier for microbial adhesion (i.e., completely favorable condition) in the absence of 
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D-tyrosine was observed. A higher energy barrier means a more stable suspension. 

Hence, it was difficult for the bacteria exposed to D-tyrosine to attach to surfaces 

In addition, secondary energy minima in the interaction energy predictions 

illustrate the desorption ability of microbial cells from collector surfaces.438 The 

values of the secondary energy minima and positions are summarized in Table B.2 

(located in SI at the end of Appendix B). The percentage of bacteria (cultivated in 10 

μM D-tyrosine) reversibly adhering on the collector was 11.5% when the depth of 

secondary energy minimum was -114.5 kT at the separation distance of 1.6 nm (Table 

B.2). However, when a secondary energy minimum of -54.7 kT existed at 2.9 nm, 

9.4% of adhered cells were reversibly attached in 25 μM D-tyrosine. These results 

indicate that the shallower secondary energy minimum caused a decrease in the 

reversible attachment onto the surface and promoted the detachment from the surface. 

As part of the total interaction energy, WAB, WLW and WEL values for E. coli as 

a function of distance between bacteria and sands were determined (Figure B.5). The 

Lifshitz-van der Waals interactions (WLW) were attractive and nearly identical, while 

the absolute values of attractive electrostatic interactions (WEL) were variable with an 

increase in D-tyrosine concentration. However, Lewis acid-base interactions were 

attractive without D-tyrosine (favorable conditions for adhesion). With increasing D-

tyrosine concentrations, Lewis acid-base interactions turned repulsive and the 
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absolute values increased. Therefore, the contribution of WAB to the total energy was 

very significant. 

 

 

Figure B.3  

The relative hydrophobicity and zeta potential values of E. coli cells as a function of 

D-Tyrosine concentration (0, 10, 25, 50 μM) in LB media. All experiments were 

conducted at unadjusted pH and room temperature. Error bars represent standard 

errors of the means. 
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Figure B.4  

Total interaction energy profiles as a function of separation distance for E. coli cells 

grown under a range of D-Tyrosine concentrations, suspended in 10 mM KCl. 
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Figure B.5  

Contribution of WAB (a), WLW (b) and WEL (c) on the total interaction energy between 

E. coli cells and quartz sand exposed to different D-Tyrosine concentrations, which 

adhered on quartz sands in 10 mM KCl at uncontrolled pH values. 
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Probing the Adhesion Force with AFM 

 

Since the Lewis acid-base interaction energy plays the most important role on 

inhibiting bacterial adhesion in the presence of D-tyrosine, it is indicated that the acid-

base interaction including hydrophobic interaction and hydration effects, which are 

mainly electron-donor/electron-accepter interaction.405 The chemical bonds on the 

AFM tips are mainly O-H and Si-N, while the bonds on modified quartz surface O-H, 

Si-N, N-H, etc. The tips and modified quartz would form the similar bonds with the 

bacteria surface. Therefore, here we used AFM to quantitatively probe the adhesion 

force between bacteria and quartz sands. The shape and size of bacteria were assessed 

by AFM scans (see Figure B.9) and implied that D-tyrosine did not affect their 

morphology. In addition to topographic imaging, AFM force-distances were used to 

determine interactions between the silicon nitride probe and bacteria surface in the air. 

The retraction curves were variable, since the adhesion force or “liftoff” (the point 

where the tips break free of tip-sample interaction) was observed (Table B.1). The 

magnitude of the interaction forces was highly dependent on D-tyrosine 

concentration, which decreased from 61.8 nN to 28.1 nN. As shown in Table B.1, the 

adhesion force decreased sharply (p<0.05) compared with that without D-tyrosine, 

while this adhesion force varied slightly (p>0.1) in the presence of D-tyrosine. 
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The total separation energy is estimated as the total area of the attraction-force 

region in the retraction force by eq. 7 and these parameters obtained from the 

retraction curves are presented in Table B.1: 

      (7) 

in which, I is the distance (nm) moved by the cantilever in every interval, Fs,i is the 

separation force, kc is the spring constant (nN/nm) and the distance is dd,i (nm). 

 

Table B.1 Results from the AFM force-distance curve over the range of D-Tyrosine 

concentrations 

Parameters 0 μM 10 μM 25 μM 50 μM 

Adhesion Force 

(nN) 

61.8 40.2 33.5 28.1 

Nonspecific Forces 

(nN) 

-45.8 -40.5 -28.6 -17.5 

Specific Forces  

    (nN) 

0.9 1.0 2.1 3.3 

Separation Energy 

(×10-18 J) 

8479.2 3189.8 1452.8 1689.3 

Hydrogen Bands 

Numbers 

847919 318985 145275 168928 

 

By using Poisson statistical analyses, nonspecific (i.e., Lifshitz-van der Waals 

force and electrostatic forces) and specific forces (i.e., Lewis acids-base interaction 

force) of the adhesion forces were quantified through linear regression (Table B.1). 

The results illustrated that the nonspecific and specific forces decreased over the 
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range of D-tyrosine concentrations. The nonspecific forces were attractive for all 

conditions investigated, while the specific forces were repulsive for the cells cultured 

with D-tyrosine acids. On average, the nonspecific forces were stronger than the 

specific forces; meanwhile, 61.8% of nonspecific forces decreased and the specific 

forces increased from 0.9 to 3.3 nN.  

 The maximum energy of the original microbial cells was about 

8500×10-18 J and the adhesion energy decreased sharply (p<0.05) for the bacteria 

cultured in the presence of D-tyrosine (Table B.1). Consequently, the hydrogen bond 

numbers which equaled the adhesion energy divided by the value of Gabbis energy 

(10-20) were reduced.439 

 

Discussion 

The experimental and theoretical results show that the interaction energies of bacterial 

cells changed significantly (p<0.05) in the presence of D-tyrosine. These results also 

demonstrate the crucial role of D-tyrosine in inhibition of the initial bacterial 

adhesion.  
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Influence of Total Interaction Energy on Bacterial Adhesion Behavior 

 

It has been recognized that a two-step mechanism of bacterial attachment to surfaces 

is involved in biofilm formation.427 The first step involves long-range nonspecific 

interactions such as Lifshitz-van der Waals and electrostatic interactions, as described 

by XDLVO theory. The second step is described as irreversible bacterial adhesion, 

due to much stronger specific short-range interactions (hydrogen bonds between cell 

and surface and/or EPS and surfaces, capillary forces, etc.) which could be interpreted 

as Lewis acid-base interactions (calculated in XDLVO theory) and polymer 

interactions.440 

The total interaction energy for E. coli cells (Figure B.4) indicates that D-

tyrosine had a negative contribution to bacterial adhesion and inhibited irreversible 

adhesion. This was confirmed by the adhesion and desorption tests (Figure B.1). 

Additionally, the depth of the secondary energy minima above the separation 

distances may determine the adhesion and desorption rates for cells. Reversible 

adhesion was reduced with the decrease of the depth of secondary energy minimum 

because of D-tyrosine concentration variations (see Table B.2).  

The AFM measurement also indicated a decreased adhesion rate in the 

presence of D-tyrosine, which was consistent with above results. The quantification of 

specific and nonspecific forces revealed decreasing attractive nonspecific forces 
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performed the reversible adhesion, and the increasing specific forces inhabited the 

irreversible adhesion. This quantitative analysis enabled us to further understand the 

micro-scale mechanisms behind D-tyrosine-inhibited bacterial adhesion. 

 

Contribution of WAB, WLW and WEL to Bacterial Adhesion 

 

The Hamaker constant, proportional to the Lifshitz-van der Waals interactions, is a 

parameter that describes the strength of the interaction between bacteria and surface. 

The discrepancy of effective Hamaker constants is nearly non-existent (p>0.1) (see 

Table B.2), causing a slight decrease of the Lifshitz-van der Waals interaction energy 

with an increase of D-tyrosine. For the surface covered by layers that contain larger 

quantities water, the effective Hamaker constant was reduced,441 which was consistent 

with the trend of cell surface hydrophobicity. Moreover, the intensity of the attractive 

Lifshitz-van der Waals interactions decayed slowly with the interaction distance and 

became zero for distances of about 10 nm (Figure B.5b). Furthermore, the zeta 

potential of bacterial cells increased (p<0.05) (i.e., more negative) as D-tyrosine 

concentration increased, which should enhance the attractive electrostatic interaction 

force. However, with increasing D-tyrosine concentrations, the electrostatic 

interactions decay more slowly with the separation distance, due to the more negative 

zeta potentials (Figure B.5c). The resulting profile showed that the Lifshitz-van der 
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Waals interactions play a more important role than the electrostatic interactions in 

bacterial reversible adhesion, because the former are longer range.  

Although WLW and WEL were identical and not sensitive to D-tyrosine 

concentration variations, the contribution of WAB to the total interaction energy is 

flexible (Figure B.5). As the dominant interaction energy (Figure B.5a), WAB 

interaction energy increased substantially (p<0.05) with the increasing D-tyrosine 

concentration (over 0 μM), indicating that D-tyrosine reduced bacterial adhesion by 

preventing bacteria from approaching the surface at sufficiently close distances. The 

higher intensity of the Lewis acid-base interactions decays with longer interacting 

distances with the increasing D-tyrosine concentrations. After comprehensive analysis 

for those interaction energies, the cell surface hydrophilicity appears to be responsible 

for the change of energy barriers as well as primary and secondary energy minima 

observed for all the E. coli cells. 

 

Influence of EPS on Adhesion Behavior 

 

EPS are the bridge between the cell and collector surfaces to overcome the energy 

barrier, causing the bacteria to adhere to the surface irreversibly.405, 442 In our study, 

the EPS production decreased in the presence of D-tyrosine. Consequently, the 

reduction of EPS may directly cause decreased bacterial adhesion. A previous report 
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illustrated that high exopolymer production of Sphingomonas paucimobilis was quite 

beneficial to bacterial adhesion by overcoming the energy barrier of ~300 kT.405 The 

percentage of irreversibly adhered bacteria was 14.7% in 10 μM D-tyrosine, whereas, 

for the bacteria in 25 and 50 μM D-tyrosine, the energy barriers were much higher, 

and the irreversibly adhered bacteria were nonexistent (0.5% and 0%). This observed 

behavior is consistent with those reported previously on EPS.379 

 

Role of Hydrogen Bonds in Adhesion Behavior 

 

The hydrogen bonds are also important for the bacterial adhesion behaviors, and are 

mainly responsible for the Lewis base-acids interactions .441 The results of cell surface 

hydrophobicity showed a strong electron donating potential with high γ- and small 

electron acceptor ability (the value of γ+ is almost 0) (data not shown), which was the 

same as quartz sand. The increased hydrophobic interactions (divided into Lifshitz-

van der Waals and Lewis acid-base components), would be attributed to the stronger 

hydrogen bonding between bacterial surfaces and the experimental solutions with 

increasing D-tyrosine concentrations. This prevented bacterial adhesion. Additionally, 

the sand surface contains hydroxyl and amine groups that have the ability to donate 

and accept protons, respectively.443 Thus, a competition between the water and 

bacterial cells for hydrogen bond sites on the collector surface would occur. The 
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amide carbonyl oxygen found on the surface of the EPS acted as stronger electron 

donors for the hydroxyl groups on quartz sand, while the hydroxyl groups of the EPS 

offered sites for forming hydrogen bonds with amine groups on the quartz sand.437 

This led to the preferential adhesion of bacteria onto the quartz sand.  

With the decreasing amount of EPS, the reduction in hydrogen bonds (Table 

B.1) may be responsible for the poor bacterial adhesion. This result was consistent 

with the AFM analysis suggesting hydrogen bonds between the bacteria and quartz 

sand. Nearly 80% of the hydrogen bonds decreased with the increase in D-tyrosine 

concentrations from 0 to 50 μM. This provided evidence that hydrogen bonds were 

the key factors affecting bacterial adhesion. 

Furthermore, a decrease in bacterial adhesion was also influenced by the 

detaching behavior demonstrated by AFM measurements. The forces measured by 

AFM were comprised of DLVO forces (Lifshitz-van der Waals and electrostatic 

interaction) and non-DLVO forces (Lewis acid-base interaction, steric interaction, 

etc.). The decrease in EPS excretion and Lifshitz-van-der Waals interactions will 

reduce the adhesion force (Table B.1). Consequently, bacteria on the surface tended to 

detach from quartz sand (Figure B.1). The experimental and theoretical results 

indicated that significant increases in hydrophilicity and decreases in hydrogen bond 

numbers (i.e., decreased EPS excretions) resulted in a significant decrease in the 

bacterial attachment efficiency.  
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Conclusions 

In this study the effect of the exogenous amino acid D-tyrosine on initial bacterial 

adhesion was systematically investigated from a thermodynamic point of view. The 

total interaction energy increased with more D-tyrosine, and the contribution of Lewis 

acid-base interactions relative to the change in the total interaction energy was much 

greater than the overall nonspecific interactions. The hydrogen bond numbers and 

adhesion forces decreased with the increase in D-tyrosine concentrations. It was 

revealed that D-tyrosine contributed to the repulsive nature of the cell and ultimately 

led to the inhibition of bacterial adhesion 
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Supplemental Information for Appendix B: D-Amino Acids Inhibit Initial 

Bacterial Adhesion: Thermodynamic Evidence 

 

 

Methods and Materials  

Bacterial size 

 

The size of bacteria was calculated using a scanning electron microscope (SEM, 

HITACHI S-570, Japan). The cells were fixed with 3.0% glutaraldehyde in 0.1 M 

phosphate buffer (pH 7.2), dehydrated with ethanol, silver-coated by a sputter, and 

observed in the SEM. 

 

Bacterial preparation of Zeta potential 

 

Zeta potential (ζ potential) of the bacteria (ZetaSizer 3000HSA (Malvern, England)) 

was determined using freshly harvested cells from the LB media with different 

concentrations of D-tyrosine (0, 10, 25, 50 μM) and resuspended in 10 mM KCl (the 

pH of the solution was unadjusted (5.6-5.8) at an optical density of 0.2-0.25 measured 

at 600 nm with a spectrophotometer.  
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Cells Adhesion and Desorption Tests 

 

Cells adhesion tests were conducted as previously reported 350. The attachment 

efficiency (A, %) was calculated as: 

A(%)=
C0-Ce

C0
         (S1) 

where Co, Ce are the initial and final optical density, respectively. 

Next the desorption rate (R, %) (OD600 of reversibly adhered bacteria divided 

by the value of OD600 for all the adhered bacteria) was calculated for each test by 

experimentally determined Co
’ (OD600 before desorption tests in 0.1 mM KCl 

solution) and Ce
’ (OD600 after desorption tests in 0.1 mM KCl solution) as follows1: 

R=
Ce

'
-C0

'

C0-Ce
×100%       

 (S2) 

If adhesion of the cells was completely irreversible then R = 0%, whereas if R = 100% 

adhesion was completely reversible. All the experiments were conducted for at least 

three times.  

 

Equations and parameters of surface thermodynamics 

The surface tension component and parameters of bacterial surface were calculated 

with eq. S3: 

    (S3) 
 1/2 1/2 1/2(1+cos ) 2(( ) ( ) ( ) )LW LW

L B L B L B L            



296 

 

where θ is the contact angle between the bacteria surface and the drop liquid and L 

represents the liquid used in the experiment. γ+ and γ- are the electron-acceptor and 

electron-donor parameters, respectively. The γ+, γ- and γLW of bacteria could be 

determined by eq. S3. 

The parameters for eq. 4 - 6 (shown in the manuscript) are listed here: 

     (S4) 

(S5) 

 

 

Results 

 

Table B.2 Total interaction energy profiles as a function of separation distance 

between E. coli JM109 cells and quartz sand 

 

Parameters 0 μM 10 μM 25 μM 50 μM 

Secondary 

Energy Minima 

Depth (kT) 

(-)a -114.5 -54.7 -54.1 

Secondary 

Energy Minima 

Distance (nm) 

(-)a 1.7 2.9 3.1 

Closest Approach 

Distance (nm) 
(-)a 0.6 2.0 2.2 

Hamaker 

Constant (J) 
3.3×10-21 3.2×10-21 3.1×10-21 2.9×10-21 

 (-)a indicate the values that do not exist. 

 =2 )( )LW LW LW LW LW

L G B LG      （

 2 ( ) 2 ( ) 2( )AB

L G B L L G B L G B G BG                               
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Figure B.6.  

Growth curves of E. coli cells from LB media with different D-Tyrosine 

concentrations (0, 10, 25, 50 μM). 
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Figure B.7.  

Adhesion and desorption efficiencies of E. coli onto and off of a quartz collector 

surface, determined as a function of D-Tyrosine (a), and L-Tyrosine (b). Experiments 

were conducted at unadjusted pH (5.6-5.8), and at room temperature (25°C); bacteria 

were cultivated from the bacterial minimal media. Error bars indicate one standard 

deviation. 

(a)

(b)
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Figure B.8.  

The relative hydrophobicity and contact angles of E. coli cells as a function of D-

Tyrosine concentration.  
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Figure B.9.  

AFM topographical (left) and deflective (right) images are shown for (a) E. coli 

JM109 cells and (b) SEM images of E. coli JM109 cells. 
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