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The rising demand on freshwater resources emphasizes the benefit of biogeochemical 

processes that maintain clean water by removing pollutants such as excess nitrogen. The most 

sensitive step in the removal of nitrogen from waterways is the oxidation of ammonia, a part of 

nitrification, which is carried out by ammonia oxidizing bacteria. To measure nitrification 

inhibition, a simple High-throughput bioassay has been developed using the model ammonia 

oxidizing bacteria Nitrosomonas europaea. This High-throughput bioassay provides a rapid and 

sensitive means of screening for nitrification inhibition and builds upon a previously established 

Large Bottle bioassay. The High-throughput bioassay introduces the use of a low volume 96-

well plate format to perform a 180 minute nitrification activity assay via the amount of nitrite 

(NO2
-) produced. The High-throughput bioassay was shown to have good agreement with 

results from a previously developed assay utilizing silver ions (Ag+) and silver nanoparticles 

(AgNPs) as nitrification inhibitors. Applications of this method included the exploration of the 

potential of trace nutrients, growth conditions, ammonium concentration, and the presence of 



Suwannee River natural organic matter (SRNOM) to confer protection against inhibition of N. 

europaea nitrification activity when exposed to Ag+ or 20 nm citrate-capped AgNPs. The 

addition of trace nutrients to cells exposed to Ag+ or AgNPs demonstrated that the presence of 

divalent cations, magnesium (Mg+2) or calcium (Ca+2), showed the greatest effect in reducing 

nitrification inhibition. The presence of the ligand chloride (Cl-) was also observed to reduce 

inhibition, albeit to a lesser degree. While SRNOM conferred protection against inhibition to 

AgNPs, little or no protection was seen when cells were exposed to Ag+ which indicated 

protection was achieved by preventing the dissolution of Ag+. Results of varying growth 

conditions, achieved by changing the hydraulic retention time (HRT) of fill-and-draw reactors, 

demonstrated that cells with slower growth rates had increased resistance to inhibition from 

Ag+ and AgNPs. Other activity assays can also be adapted to the High-throughput method 

including fluorescent oxygen consumption, live/dead staining, long-term chronic inhibition, and 

gene expression. In addition, it may be possible to further develop this method to utilize freeze-

dried cells to overcome the limitations of using an aqueous culture.  
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Chapter 1: Introduction & Background 

Introduction  

 Clean water is vital for human health and healthy ecosystems. Providing clean water and 

managing the nitrogen cycle is one of the current National Academy of Engineering Grand 

Challenges (NAE 2012). Bioavailable nitrogen, once limited by the rate of nitrogen-fixing 

microorganisms, has experienced a dramatic increase wherein over half of the fixed nitrogen 

that annually enters the terrestrial ecosystem is due to the anthropogenic Haber-Bosch 

process, the cultivation of nitrogen-fixing crops, and the combustion of fossil fuels (Klotz and 

Stein 2008). Ultimately, the majority of the bioavailable nitrogen ends up in natural aquatic 

systems via agricultural runoff or engineered aquatic systems like wastewater treatment plants.  

The biogeochemical process of nitrogen cycling assists to maintain clean water by 

removing excess nutrients from both natural and engineered water systems. Disruption of the 

biotic processes of nitrogen cycling can result in wastewater treatment plants not meeting 

water quality regulations, leading to costly downtime. In the natural environment, a high 

concentration of aqueous nitrogen can lead to deleterious effects of eutrophication and 

harmful algal blooms in natural waterways (Heisler, Glibert et al. 2008). Eutrophication, 

wherein excessive nutrients in water results in dense phototroph growth and subsequent 

reduction in dissolved oxygen, has been estimated to cost the U.S. $2.2 billion annually from 

the loss of recreational water usage, waterfront real estate, extra costs in the protection of 

endangered species, and extra costs to treat drinking water (Dodds, Bouska et al. 2009). High 

levels of nitrogen in aquatic systems have also been shown to acidify waters without much 
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buffer capacity and reach pH levels that impair the ability of aquatic biota to survive, grow, and 

reproduce (Camargo and Alonso 2006).  

Biological treatment processes at wastewater treatment plants are dependent on 

nitrifying and denitrifying bacteria to remove nitrogen. Nitrosomonas europaea, a nitrifying 

bacterium, has been shown to be inhibited by a wide range of toxicants, including silver 

nanoparticles (AgNPs) (Radniecki and Lauchnor 2011). Preventing disruption of nitrification by 

inhibitors, such as AgNPs, is important in maintaining healthy ecosystems since effective 

nitrification is required to remove nitrogen from both natural and engineered waterbodies. 

Background 

Nitrogen Cycling 

 Nitrogen cycling in waterbodies depends on beneficial bacteria to transform aqueous 

ammonia (NH3) into nitrogen gas (N2) where it is released back into the atmosphere via the 

linked processes of nitrification and denitrification (Arp 2009). As a nutrient, nitrogen is a vital 

building block for molecules essential to life including proteins and DNA. Nitrogen-containing 

compounds found in water include the inorganic compounds N2, NH3, ammonium (NH4
+) nitrate 

(NO3
-), and nitrite (NO2

-), and organic nitrogen such as amino acids and urea (Tchobanoglous, 

Burton et al. 2003). High NH3 levels in water can result from the decomposition of organic 

compounds containing nitrogen, where NH3 is biologically converted to NO3
-. 

The U.S. EPA regulates nitrogen under section 303(d) of the Clean Water Act (EPA 1993). 

Jurisdictions with waters that exceed set levels for nitrogen are deemed impaired waters and a 

total maximum daily load (TMDL) is required to determine the maximum amount of nitrogen 
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the waterbody can receive and still safely meet water quality standards (EPA 2012). As of 2001 

the maximum contaminant level goal (MCL) of nitrate-N in receiving waters is 45 mg/L with the 

drinking water MCL of nitrate-N at 10 mg/L (Tchobanoglous, Burton et al. 2003). TMDL of NH3 

in receiving waters ranges from 25-45 mg/L based on a flowrate of 450 L/capita·day for treated 

municipal wastewater as of 2001 (Tchobanoglous, Burton et al. 2003). Sources of nitrogen 

pollution include agricultural run-off of nitrogenous fertilizer, stormwater, leakage from septic 

systems, industrial wastewater, domestic wastewater, and animal waste (EPA 1993).  

Nitrogen Removal  

Nitrogen is removed from wastewater by a variety of methods including air stripping 

and breakpoint chlorination. The processes most commonly used are the biological processes 

of nitrification and denitrification (EPA 1993). These processes are performed by specialized 

groups of bacteria and many wastewater treatment plants maintain conditions favorable for 

these bacteria.  

Nitrification and Denitrification   

Nitrification is a two-step process where NH3 is first converted to NO2
- by species in the 

Nitrosomonas genera. In the second step the species in the Nitrobacter genera transform NO2
- 

to NO3
-. Bacteria that perform nitrification are called nitrifiers. In the denitrification process, 

nitrate is anaerobically reduced to harmless nitrogen gas (N2). Disruption of these processes can 

result in significant downtime for wastewater treatment plants and subsequent decline in 

water quality of receiving waters.  
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The first step of nitrification is considered more sensitive to disruption due to the slow 

growth rate of nitrifiers, and the sensitivity of nitrifiers to: temperature, pH, dissolved oxygen 

(DO) concentration, and toxic chemicals (Choi, Deng et al. 2008). Decreases in water quality 

from nitrification disruption can lead to a high dissolved oxygen demand due to high NH3 levels 

and eutrophication of receiving waters can occur (Tchobanoglous, Burton et al. 2003).  

Nitrosomonas europaea 

Nitrifiers that convert NH3 to NO2
- are termed ammonia-oxidizing bacteria (AOB). The 

model AOB is Nitrosomonas europaea (N. europaea) due to its well-defined metabolism and 

physiology. Additionally, a wide range of physiological and transcriptional tools have been 

developed in order to characterize the inhibition response of N. europaea. N. europaea is a 

gram-negative obligate chemolithoautotroph, wherein it only uses NH3, CO2, and mineral salts 

for growth (Arp, Sayavedra-Soto et al. 2002). N. europaea is a key AOB in water containing high 

ammonium, such as influent to wastewater treatment plants (Kowalchuk and Stephen 2001) .  

NH4
+ is in acid-base equilibrium with NH3. N. europaea is unable to metabolize NH4

+ and 

NH3 is considered the sole source of energy for N. europaea (Suzuki, Dular et al. 1974). With a 

pKa of 9.3 for the NH3- NH4
+ equilibrium and a typical pH of wastewater in the range of 6-9 NH4

+ 

is favored over NH3 in wastewater treatment plants(Suzuki, Dular et al. 1974). 

The relative activity, as determined by the decrease of the production of NH3, of N. 

europaea as pH increases is shown to have an optimal activity at a pH of 8.1 (Figure 1). The 

increase in activity with increasing pH from 6.5-8.1 of N. europaea is representative of an 

organism that favors an environment with a higher NH3 concentration. Activity of N. europaea 
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was observed to decrease at pH values higher than 8.1, likely due to a decrease in other cellular 

functions relative to the increase in available NH3 (Suzuki, Dular et al. 1974). At pH values lower 

than 8.1, N. europaea is progressively limited by the amount of available NH3 as it is acidified to 

NH4
+, due to the hydrogen ions produced during the oxidation of ammonia (Arp 2009). This is 

unlikely to be a problem in a wastewater treatment plant with constant influent but could be 

an issue in a closed system, such as batch bioreactors. In order to overcome this HEPES buffer 

was used to buffer pH in the experimental systems used in this thesis. 

  

 

Figure 1: pH vs. activity of N. europaea. Source: (Grunditz, Gumaelius et al. 1998) 

Ammonia Oxidation 

 N. europaea converts NH3 to NO2
- via a two-step process. First, NH3 is oxidized to 

hydroxylamine (NH2OH) via the enzyme ammonia monooxygenase (AMO) (Arp 2009). The 

second step involves the use of hydroxylamine oxidoreductase (HAO) to convert NH2OH to NO2
-

. This process yields four electrons (e-), but two are used in the formation of NH2OH, leaving a 
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net gain of only 2e- for energy, growth and cell maintenance (Arp, Sayavedra-Soto et al. 2002) 

(Figure 2). 

 

Figure 2: NH3 oxidation process of N. europaea. Source: (Arp 2009) 

 In addition to the loss of energy to propagate NH3 oxidation, a significant amount of the 

energy is used for reverse electron transport to generate NADH and CO2 fixation (Guven and 

Schmidt 2009). As a consequence, N. europaea has a relatively slow specific growth rate of 0.94 

day-1 for continuous cultures and  0.41 day-1 for discontinuous cultures (Keen and Prosser 

1987). Cell density of N. europaea also seems to be limited and previous experiments have 

indicated that the accumulation of NO2
- is the limiting factor (Keen and Prosser 1987).  

Ammonia Oxidation Disruption 

AOB are widely considered to be the most sensitive microorganism in wastewater 

treatment plants due to the low net energy gain from NH3 oxidation, the nonspecificity of the 

AMO enzyme, and the obligate use of CO2 for biosynthesis (Radniecki and Lauchnor 2011). The 

most common ways of NH3 oxidation disruption are: 1) energy drain through the cometabolism 

of non-electron generating substrates, 2) direct interference with the AMO or HAO enzymes, 3) 
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interference with cytochromes in the electron transport chain, 4) disruption of outer 

membrane stability, or 5) general oxidative stress damage (Radniecki and Lauchnor 2011). 

Sensitivity of N. europaea 

 N. europaea have been shown to be sensitive to a wide variety of toxicants including 

organic solvents (Radniecki, Dolan et al. 2008), pH shifts (Stein, Arp et al. 1997), chlorinated 

hydrocarbons (Gvakharia, Permina et al. 2007), salts (Moussa, Fuentes et al. 2006), the copper 

chelator, cyanide (Park and Ely 2009), and the metals cadmium and zinc (Radniecki, Semprini et 

al. 2009; Radniecki, Semprini et al. 2009). In comparison to other bacteria, N. europaea have 

also displayed a 10-fold increase in toxicity from organic contaminants compared to aerobic 

heterotrophs (Blum and Speece 1992, Radniecki, Stankus et al. 2011).  

Emerging contaminants in water are defined as chemicals that “previously [have] not 

been detected or [are] being detected at levels that may be significantly different than 

expected”(EPA 2013). As such, the risk to humans and the environment is often poorly 

understood. Nitrification inhibition by an emerging contaminant of concern, AgNPs, was 

explored to further characterize the inhibition effect on nitrification and ways in which 

nitrification may be preserved in the presence of AgNPs. This work with AgNPs builds upon 

previous research by Radniecki et al. (Radniecki, Stankus et al. 2011). The inhibition of 

nitrification by AgNPs was studied in concert with the known aquatic toxicant, silver ions (Ag+), 

in order to assist in determining if AgNP inhibition resulted from the dissolution of Ag+ and to 

determine how inhibition responses differed from exposure to Ag+ and AgNPs. 
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 In light of the rapid expansion of emerging contaminants and the importance of 

nitrification it would be very valuable to have a way to quickly assess potential nitrification 

inhibitors. The preservation of nitrification prevents costly downtime at wastewater treatment 

plants and protects the water quality of receiving waters. The development and application of a 

high throughput bioassay provides measures to rapidly determine potential nitrification 

inhibitors.  

Objectives 

 The objectives of this thesis were to: 1) develop a High-throughput assay to rapidly 

assess for chemical toxicity using N. europaea as an indicator organism, 2) validate the High-

throughput bioassay by comparing exposure to Ag+ and AgNPs using the High-throughput 

bioassay to results using the previously developed Large Bottle bioassay, 3) evaluate the 

influence of Suwannee River natural organic matter (SRNOM) and/or varying levels of trace 

nutrients on N. europaea exposed to silver ions (Ag+) or 20 nm citrate-capped AgNPs, 4) 

examine the effect of increasing growth conditions had on N. europaea exposed to Ag+ or 

AgNPs, and 5) determine the effect of increasing NH4
+ had on N. europaea exposed to Ag+ or 

AgNPs.  
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Chapter 2: Literature Review 
 

High-throughput Toxicity bioassays 

 High throughput cell assays have been long used by the pharmaceutical industry in drug 

development. They have recently begun to be modified for use in toxicological studies. The 

benefits of High-throughput bioassays are significant and include the ability to: reduce reagent 

use; rapidly assess a wide range of conditions and toxicants; and substantially reduce the time 

required to perform toxicological assays. The use of High-throughput bioassays is especially 

pertinent for toxicological screening of nanoparticles, since commercial use of nanoparticles 

has outpaced toxicological studies (Service 2008). High-throughput bioassays that have been 

previously used employ bioluminescence, gene expression, or enzyme activity to determine 

toxicity. The commercial bioassays MARA, MetPlate, and Microtox have also been employed in 

a High-throughput format to determine chemical toxicity (Brohon and Gourdon 2000; 

Gutierrez, Etxebarria et al. 2002; Fai and Grant 2010). 

 The uses of bioluminescence, i.e., light produced and emitted from living organisms, 

include a genetically modified E.coli that has had the operon LuxCDABE inserted via plasmids. 

The modified E. coli will increase luminosity in the presence of 

oxidative/membrane/DNA/protein damage (Kim and Gu 2003) and the Flash Assay, which uses 

the naturally luminescent gram-negative marine bacteria Vibrio fischeri (V. fischeri) where the 

decrease in luminescence is correlated to toxicity (Mortimer, Kasemets et al. 2008). Arias-

Barreiro et al. used a transformed E.coli to measure oxidative stress when exposed to a wide 

range of toxicants (Arias-Barreiro, Okazaki et al. 2010). Bioluminescent strains of N. 
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europaea were developed to determine bioavailable NH3 concentrations in soil and to indicate 

the co-oxidation of chloroform and as an indicator for AMO inhibitors (Iizumi, Mizumoto et 

al. 1998; Gvakharia, Bottomley et al. 2009; Dong, Risgaard-Petersen et al. 2011). A 

bioluminescent strain, developed at Oregon State, for indicating the presence of chloroform 

used GFP-luminescence transformed N. europaea with pPRO/clpb7 fused to the promoter 

region of genes. The luminescence of the aforementioned strain was shown to have a linear 

relationship with increasing chloroform and hydrogen peroxide concentrations (Gvakharia, 

Bottomley et al. 2009).  

 The commercial bioassay MARA has also been used to assess toxicity. The MARA assay 

utilizes 10 lyophilized bacteria and one lyophilized yeast. To each 10 mL sample, 0.4 g of 

phytone peptone is added. After dissolution of the solid material containing the bacteria/yeast 

0.2 mL of tetrazolium red is added and samples are analyzed immediately after a 18 hr 

incubation (Wadhia and Dando 2009). Toxicity is determined by comparing the pellet size, 

correlating to bacterial density, of the control to the pellet size of treatments containing a 

range of inhibitor concentrations. Specialized software is then used to determine the final 

toxicity value.  

 Optical oxygen respirometry has been used to assess toxic responses using a wide range 

of organisms in a High-throughput format. In this method E.coli and V. fischeri were utilized as 

representatives of prokaryotes and toxicity was measured via the phosphorescent oxygen 

sensitive probe A65N-1 (Zitova, O'Mahony et al. 2009). Oxygen consumption rates were 
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reflected by the slope of the probe fluorescent signal and were normalized with the initial signal 

(Zitova, O'Mahony et al. 2009). 

 MetPlate is a bioassay that determines the toxicity of soluble metals by the inhibition of 

the bacterial enzyme β-galactosidase. It was used by Gao et al. to show increasing dissolved 

organic carbon decreased toxicity from exposure to AgNPs (Gao, Youn et al. 2009).   

 While there are benefits to using the aforementioned assays, they have been shown to 

be less sensitive to inhibitors than a nitrification assay (Wadhia and Dando 2009). E. coli is 

gram-negative bacteria, so it has a similar cell wall as N. europaea, but has a different 

metabolism so comparisons between the two species may be difficult. E. coli has a much higher 

observed specific growth rate, reported at 1.73 h-1, versus the observed growth rate of N. 

europaea of 0.94 day-1 (Cox 2004, Guven and Schmidt 2009). V. fisheri, as a marine organism, 

may have limited application as an indicator for toxicity in freshwater. A high salinity 

concentration (2% NaCl) is recommended for this assay (Kurvet, Ivask et al. 2011). 

 Considering the rapid expansion of emerging contaminants like AgNPs and the 

limitations of current High-throughput assays in predicting nitrification inhibition, it was 

deemed important to develop a High-throughput bioassay using N. europaea as the indicator 

organism. Previously, nitrification inhibition assays were performed in 155 mL Wheaton bottles 

(Radniecki, Stankus et al. 2011). By using N. europaea in the High-throughput bioassay, 

inhibition from exposure to toxicants was evaluated using a very relevant nitrifying bacterium. 

The bioassay is conducted over a short time frame by measuring the rate of NO2
- produced over 

a discrete time interval. A 96-well plate format was used to allow for a greater number of 
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conditions to be tested while reducing the amounts of reagents and AgNPs needed. The High-

throughput bioassay was developed and modified to yield good agreement when compared to 

results achieved in the large bottle format. To determine agreement between the method 

comparisons between cells exposed to the inhibitors Ag+ and AgNPs in both bioassays were 

performed. 

 The High-throughput bioassay was used to explore how varying conditions affect the 

observed inhibition of cells exposed to AgNPs and Ag+. Adding natural organic matter (NOM), 

varying the levels of trace nutrients, and changing the amount of NH4
+ was explored to see if 

any of these amendments reduced observed nitrification inhibition. Previous research had 

observed that cells grown in biofilms, which have a higher hydraulic retention time, showed 

decreased inhibition when exposed to phenol or toluene (Lauchnor, Radniecki et al. 2011). The 

High-throughput bioassay was used to determine if batch grown cells with a higher hydraulic 

residence time, and thus slower growth rate, also demonstrated decreased nitrification upon 

exposure to a known inhibitor. 

Silver Ions 
 

History & mechanism 

The use of silver for water treatment has been known since antiquity, in that water was 

stored in silver lined containers or silver coins were placed in water vessels as a way to keep 

water fresh. Recordings of this practice exist for, among others, the ancient Phoenicians, 

Greeks, and Persians (Alexander 2009). Silver also has a long history in the medical field, in such 

forms as silver nitrate as a blood purifier and silver fillings in dental work (Alexander 2009). 
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Modern uses of silver as an antibacterial include the sterilization of water in hospital and hotel 

distribution systems, inorganic composites in cosmetics, burn treatment creams, and in 

coatings of catheters (Gupta and Silver 1998).  

The antimicrobial nature of silver is from silver ions (Ag+) (Li, Lenhart et al. 2010). The 

antimicrobial action of Ag+ is believed to be due to the ion binding to the cell wall of gram-

negative bacteria causing the formation of free radicals. Radical formation induces membrane 

damage which ultimately leads to cell lysis and death (Wijnhoven, Peijnenburg et al. 2009). 

Other studies have indicated that Ag+ inactivates thiol groups of vital bacterial enzymes 

(Morones, Elechiguerra et al. 2005). Silver is generally considered safe for humans, though the 

ingestion of too much colloidal silver has been known to cause argyria (Rosenman, Moss et al. 

1979). 

Aquatic toxicity 

 Ag+ is a known aquatic toxin. It has been shown to be persistent in the environment and 

highly toxic to prokaryotes, many freshwater invertebrates, and fish (Erickson, Brooke et al. 

1998; Bianchini, Bowles et al. 2002). In vivo lethal concentrations for 10% of the population 

(LC10)  as low as 0.8 µg/L have been observed for the water flea species Ceriodaphnia dubia and 

the flathead minnow, Pimephales promelas (Fabrega, Luoma et al. 2011). For the aquatic 

invertebrate Daphnia spp a no observable effect concentration (NOEC) for Ag+ as low as 0.001 

µg/L has been observed (Bielmyer, Bell et al. 2002). 

  Ag+ is also known to bioconcentrate due to chemical properties that makes it compatible 

for cellular uptake via cell membrane ion transporters that are similar to those that regulate 
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sodium (Na+) and copper (Cu+) uptake (Luoma 2008). Due to these characteristics, silver is listed 

in the 1977 US EPA priority pollutant list and in the EEC 1976 Dangerous Substance Directive 

List II (76/464/EEC) and this has led to the regulation of silver discharges (Fabrega, Luoma et al. 

2011). Ag+ in wastewater sludge has also been shown to impact the bacterial communities 

within the sludge, leading to a decrease in denitrification activity (Throback, Johansson et al. 

2007). However, the concentration of Ag+ in wastewater treatment plant effluent or natural 

environments is low due to strong complexation of Ag+ to the ligands chloride (Cl- ,Ksp = 10-9.75), 

sulfide (S-2 , Ksp= 10-4.9), thiosulfate, and dissolved organic carbon (DOC) so Ag+ toxicity to 

microorganisms is not generally observed (Choi, Deng et al. 2008). 

Silver Nanoparticles  

Commercial applications of AgNPs 

 The advent of nanotechnology has been a boon to the antimicrobial applications of 

silver. Silver nanoparticles (AgNPs) are defined as particles that range in size from 1- 100 nm in 

diameter and consist of about 20-15,000 silver atoms (Chen and Schluesener 2008). The use of 

AgNPs accounts for the vast majority of commercial products that employ nanotechnology 

(Trusts 2009). There has been explosive growth in the commercial products that use AgNPs, 

with a dramatic increase of 1152% from 2006 to 2011 (Figure 3). As of 2011, 55% of the 

products in the database used AgNPs, while the second biggest use of nanoparticles was 

carbon, which only accounted for 16% of the total products. Besides medical applications, like 

infusion systems and catheters, nanoparticles are used in a wide variety of products: textiles, 
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surfactants, food containers, cosmetics, and appliances such as dishwashers (Tolaymat, El 

Badawy et al. 2010).  

Properties of AgNPs 

 AgNPs differ from bulk silver by having distinctive physiochemical properties normally 

associated with the noble elements: high electrical conductivity, catalytic activity, and chemical 

stability. Non-linear optical behavior and other novel properties not seen in bulk silver have 

also been observed in AgNPs (Capek 2004). These properties are believed to be conferred by 

the high surface area to volume ratio of NPs and have been termed the ‘nanoeffect.’ 

(Wijnhoven, Peijnenburg et al. 2009). Due to these unique properties, AgNPs may be more toxic 

than bulk silver (Nel, Xia et al. 2006).  

 

Figure3: Products utilizing AgNPs from 2006-2011 (http://www.nanotechproject.org) 

Capping Agents 

 Nanoparticles have a propensity to aggregate, reducing the antimicrobial activity of 

AgNPs, and the use of capping agents has been employed to keep the AgNPs stabilized. Capping 

agents can be polymers or non-ionic surfactants that interact with the surface of nanoparticles. 
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There are two main ways to increase stability: steric repulsion or charge repulsion (Kvitek, 

Panacek et al. 2008).  

Citrate Capping Agent 

 Citrate is one commonly used AgNP capping agent that stabilizes by charge repulsion. 

Citrate stabilized AgNPs were used for experiments conducted in this thesis. Citrate is used 

because of its high chemical stability, low toxicity, and ability to remain dispersed in aqueous  

solution (Thio, Montes et al. 2012). In aqueous media, citrate capped AgNPs will gain a charge 

due to oxidation of the metal surface and subsequent absorption of ions (Alvarez-Puebla, Arceo 

et al. 2005). It is the negative charge on the citrate that provides stability and prevents 

aggregation of the AgNPs (Thio, Montes et al. 2012). Because of the dependence on the 

negative charge to impart chemical stability, the citrate capped AgNPs are affected by 

environmental changes such as pH fluxes, and the citrate is only considered weakly bound to 

the nanoparticles. Weakly bound capping agents have also been shown to dynamically sorb and 

desorb proteins stochastically as the biological matrix that they encounter changes (Lundqvist, 

Stigler et al. 2008).  

Environmental Fate of AgNPs 

 The environmental fate of AgNPs has only recently begun to be studied (Fabrega, 

Renshaw et al. 2009; Gottschalk, Sonderer et al. 2009; Wijnhoven, Peijnenburg et al. 2009; 

Marambio-Jones and Hoek 2010). AgNPs can enter the environment either directly, through the 

use or washing of products containing AgNPs or indirectly, through the leaching of products 

containing AgNPs (Radniecki, Stankus et al. 2011). Both Ag+ and AgNPs can be released from 
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nanoparticles-impregnated textiles during washing (Benn and Westerhoff 2008). Ultimately, 

most of these released AgNPs will end up in wastewater. For example, biocidal plastics and 

textiles were predicted to account for up to 15% of the total silver released into European 

Union waterways (Blaser, Scheringer et al. 2008).  

The modeled aqueous environmental concentrations of AgNPs predicted most of the 

AgNPs would partition into wastewater treatment plant sludge, but the concentrations in 

wastewater treatment plant (WWTP) effluent and surface waters provide potential risks to 

aquatic organisms (Gottschalk, Sonderer et al. 2009). The major implication of AgNPs in the 

environment may be the potential to upset the biogeochemical system of nitrogen cycling, 

which relies on bacteria (Fabrega, Luoma et al. 2011). 

Mechanisms of AgNP inhibition 

 Possible mechanisms of antibacterial activity from AgNPs include: 1) the production of 

radical oxygen species (ROS) that accumulate in the cell (Kim, Kuk et al. 2007; Choi and Hu 

2008); 2) the attachment to the cell membrane and disruption of the permeability and redox 

cycle in the cytosol (Sondi and Salopek-Sondi 2004; Nel, Xia et al. 2006); and 3) the dissipation 

of the proton motive force for ATP synthesis (Lok, Ho et al. 2006). It is also important to note 

that the release of Ag+ from AgNPs is likely to occur (Kittler, Greulich et al. 2010; Liu and Hurt 

2010). This posits the question of whether the observed toxicity from AgNPs is from the Ag+ 

released, a specific nanoparticle mechanism or mechansims, or a combination of factors.  

The first proposed mechanism is intracellular ROS accumulation. It is hypothesized that 

the AgNPs may be reacting with intracellular hydrogen peroxide. The following reaction 
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mechanism has been proposed for AgNPs oxidative dissolution that could occur in the bacterial 

cell membrane (AshaRani, Mun et al. 2009): 

2Ag + H2O2 + 2H+ ↔ 2Ag+ + 2H2O 

Choi et al. however proposed a second mechanism for oxidative dissolution where silver 

is oxidized in the presence of oxygen (Choi and Hu 2008): 

4Ag + O2 + 4H+ ↔ 4Ag+ + 2H2O  

Kim et al. evaluated whether the second mechanism was valid by testing to see if the addition 

of the antioxidant N-acetylcystein (NAC) prevented inhibition by Ag+ and AgNPs (Kim, Kuk et al. 

2007) (Figure 4). They found that the addition of NAC did prevent inhibition of growth of 

Escherichia coli (E. coli), as determined by cellular density, by both AgNPs and Ag+ (as AgNO3) 

indicating that ROS does play a role in the antibacterial mechanism of AgNPs. To determine this 

they measured the density difference between cells exposed to the AgNPs (A) and cells not 

exposed to AgNPs (B) (Figure 4). Thus, a large difference between the densities of the cells 

indicated inhibition. The use of NAC in the presence of AgNPs (Ag on the graph) and Ag+ (silver 

nitrate on the graph) had results similar to the controls or to E. coli grown in the presence of 

NAC without any inhibitor, as they have a low cell density difference, while cells exposed to 

AgNPs or silver nitrate had a high density difference, indicating that the NAC was preventing 

inhibition. 

Properties that influence AgNP toxicity 

 Many properties influence the toxicity and stability of AgNPs. These include: particle 

size, shape, crystallinity, surface chemistry, capping agents, pH, ionic strength, the presence of 
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ligands, divalent cations, and macromolecules (Marambio-Jones and Hoek 2010; Xiu, Zhang et 

al. 2012). Pal et al. found that triangular shaped AgNPs showed more biocidal activity than Ag+ 

or AgNPs that had a spherical or rod shape (Pal, Tak et al. 2007). 

 

Figure 4: AgNPs (Ag in this figure) and Ag+ from silver nitrate (AgNO3) with and without NAC. Source: 
(Kim, Kuk et al. 2007) 

Toxicity of AgNPs has also been shown to be mediated by the rate of dissolution of Ag+. 

Kittler et al. found that toxicity of AgNPs increased as the rate of dissolution of Ag+ from AgNPs 

increased (Kittler, Greulich et al. 2010). Conversely, the rate of dissolution has been shown to 

be negatively correlated with the rate of aggregation. Radniecki et al. demonstrated that the 

rate of aggregation affected the rate of Ag+ dissolution due to changes of available surface area 

(Radniecki, Stankus et al. 2011).  

Aggregation and dissolution of Ag+ are influenced by electrolyte composition, pH, and 

ionic strength (Jin, Li et al. 2010; Fabrega, Luoma et al. 2011). The Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory has been successfully applied to explain the aggregation behavior of 

AgNPs in the presence of simple electrolytes, where the electrolyte induces aggregation by 
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screening of the surface charge (Li, Lenhart et al. 2010). High ionic strength aqueous solutions 

have been observed to precipitate charge-stabilized AgNPs within a few hours (Bradford, Handy 

et al. 2009), likely due to the screening of their surface charge (Dorjnamjin, Ariunaa et al. 2008). 

Overall, in biological studies, increased toxicity has been observed when the AgNPs are 

stabilized (i.e., not aggregated). Toxicity has been related to the amount of total surface area of 

the AgNPs and the subsequent rate of Ag+ dissolution (Shrivastava, Bera et al. 2007; Radniecki, 

Stankus et al. 2011). Wijnhoven et al. even propose a ‘O-hypothesis’ that toxic effects of AgNPs 

are proportional to the activity of free Ag+ released by the nanoparticles (Wijnhoven, 

Peijnenburg et al. 2009). 

Overall, the knowledge of the behavior of AgNPs in varying water chemistries could 

allow for the safe neutralization of these particles in sensitive ecosystems while maintaining 

antimicrobial effects in environments where it would be of value to human health, such as 

hospital equipment.  

Previous toxicity studies of AgNPs utilizing N. europaea 
 

A study by Arnaout and Gunsch using N. europaea proposed a combined inhibition 

mechanism of AgNPs due to the capping agent and subsequent colloidal stability of the AgNPs 

that regulate the rate of Ag+ dissolution and ROS production.  The Ag+ or ROS will in turn impair 

post-transcription of AMO or HAO, the key enzymes that perform nitrification, and nitrification 

is then disrupted (Figure 5) (Arnaout and Gunsch 2012).  
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Figure 5: Proposed mechanism of AgNPs toxicity. Source: (Arnaout and Gunsch 2012) 

 Arnaout and Gunsch proposed that at 20 ppb, nitrification is inhibited by dissolved Ag+ 

from the interruption of the membrane-bound enzyme responsible for nitrification, likely AMO. 

Furthermore, it was proposed that the reactive oxygen species were produced from exposure 

to Ag+. As the concentration of AgNPs increased the up-regulation of merA, a gene expressed 

from heavy metal exposure, followed by the decrease of internal cellular density eventually 

leading to membrane rupture (Arnaout and Gunsch 2012). The various capping agents used, 

gum arabic (GA), citrate, and polyvinylpyrrolidone (PVP), were found to assist in determining 

the dissolution rate of Ag+. Citrate and GA AgNPs were found to have the greatest inhibition 

effect, with 67.9 ± 3.6% and 91.4 ± 0.2% inhibition, respectively, at a concentration of 2 ppm 

(Arnaout and Gunsch 2012). Membrane disruption also varied depending on the capping agent, 

with citrate AgNPs, having a high colloidal stability, showing an observed rate of compromised 

membranes of 64 ± 11% at 2 ppm (Arnaout and Gunsch 2012). 

 Radniecki et al. observed that AgNPs displayed a ‘nanoeffect’ wherein decreasing 

diameter of the AgNP increased toxicity due to the increased rate of Ag+ dissolution (Radniecki, 

Stankus et al. 2011) (Figure 6). N. europaea was exposed to AgNPs with a diameter of 20 nm or 

80 nm. Nitrification activity was more suppressed with exposure to the 20 nm AgNPs with a 
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concentration of 0.8 ppm resulting in almost complete inhibition. In order to get complete 

inhibition of nitrification with 80 nm AgNPs a concentration of more than 3 ppm was needed 

(Radniecki, Stankus et al. 2011). The decreasing diameter of the nanoparticle increased total 

surface area, and thus the dissolution rate of Ag+ increased (Choi and Hu 2008; Radniecki, 

Stankus et al. 2011). Further experiments in this study showed that AMO was more sensitive to 

AgNP exposure than the other nitrification enzyme (HAO) which corroborated with previous 

studies showing that AMO was more sensitive (Radniecki, Semprini et al. 2009; Radniecki, 

Semprini et al. 2009). 

 

Figure 6: Nitrification activity of N. europaea when exposed to Ag+ (  ), 20 nm phosphate stabilized 
AgNPs (  ), or 80 nm phosphate stabilized AgNPs (   ). Source: (Radniecki, Stankus et al. 2011) 

 The experiments by Radniecki et al. also demonstrated a correlation between the N. 

europaea growth media constituents and the toxicity of AgNPs. Preparing a N. europaea 

minimal test media consisting of 2.5 mM ammonium sulfate ((NH4)2SO4) and 30 mM HEPES 

buffer (pH 7.8) and adding phosphate stabilized AgNPs to the solution resulted in the 

nitrification inhibition to be highly variable. Results of adding the phosphate stabilized AgNPs to 

the prepared minimal media had an R2 value of 0.09 (Figure 7A). Using dynamic light scattering 

(DLS) to measure the z-average hydrodynamic diameter of the AgNPs in the minimal media 

indicated that aggregation increased as a function of time (Radniecki, Stankus et al. 2011). To 
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overcome this, the authors developed a new method of adding constituents (Method 2) in 

which the AgNPs were first dispersed in deionized water before adding a concentrated solution 

of (NH4)2SO4 and HEPES buffer (Radniecki, Stankus et al. 2011). Using this method they showed 

a very good dose-dependent inhibition response from exposure to AgNPs, with an R2 = 0.92 

(Figure 7B). The authors posited that this was explained by DVLO theory. Development of this 

method was useful for the development of subsequent methods in this thesis for use with the 

High-throughput bioassay. The method developed by Radniecki et al. stressed the importance 

of preventing aggregation of AgNPs in order to obtain reproducible results (2011). 

 

 

Figure 7. A) Method 1 (left) and B) Method 2 (right) showing responses of nitrification to varying 
concentrations of AgNPs. Source: (Radniecki, Stankus et al. 2011) 

 Yuan et al. further investigated the effect of AgNPs on N. europaea (Yuan, Li et al. 2013). 

Nitrification inhibition was studied using AgNPs with the capping agents polyvinyl alcohol (PVA) 

and adenosine triphosphate (ATP) with AgNPs of two sizes (7 ± 3mm and 40 ± 14 nm). The 

concentration of dissolved silver released over 3 hrs was observed to be higher in ATP-coated 

AgNPs and smaller diameter AgNPs were observed to have greater rates of Ag+ dissolution 

(Yuan, Li et al. 2013). The rates of Ag+ dissolution were determined to be 0.4 mg hr-1 and 0.06 

mg hr-1 for the ATP (7 ± 3mm) and PVA (7 ± 3mm), respectively. However, the rate of 

dissolution of Ag+ did not correlate with nitrification inhibition, with a 50% observed reduction 
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in nitrification values with the addition of 0.91 mg/L, 0.36 mg/L, and 2.9 mg/L for ATP-AgNPs (7 

± 3mm), PVA-AgNPs (7 ± 3mm) and ATP-AgNPs (40 ± 14 nm), respectively. TEM analysis found 

that ATP-AgNPs (7 ± 3mm) had a higher rate of aggregation in cellular media than PVA-AgNPs (7 

± 3mm) indicating that the coating greatly influences AgNPs toxicity by reducing the rate of 

dissolution of Ag+ (Yuan, Li et al. 2013).  

Natural Organic Matter- effects on inhibition of AgNPs  

 Natural organic matter (NOM) is found in natural waters from the decomposition of 

organic matter. NOM is characterized by large and complex molecules with molar masses of 

20,000-100,000 g mol-1. The two main components of NOM are humic and fulvic acids. NOM 

can contain aromatic rings and can have a negative charge due to the presence of carboxylic (R-

COOH) and/or hydroxyl (R-OH) groups. Humic acids are separated from fulvic acids solely on the 

fact that they are not soluble under acidic conditions, but are soluble with increased pH, while 

fulvic acids are soluble under all conditions (Faithfull 2002). Fulvic acids are generally 

characterized as having a lower molecular weight, higher nitrogen content, and can be more 

aromatic than humic acids (Faithfull 2002). 

 Studies have observed that the presence of NOM tends to prevent inhibition from 

exposure to AgNPs. A batch reactor study by Fabrega et al. with the bacteria Pseudomonas 

fluorescens observed a 50% decrease in growth in the presence of 2000 ppb AgNPs. Growth 

was not reduced with the addition of 10 ppm Suwannee River humic acid (SRHA), as growth of 

the cells was 120% (Figure 8) (Fabrega, Fawcett et al. 2009). This protection effect of the SRHA 

was not observed with P. fluorescens exposed to Ag+ (AgNO3 used as the Ag+ source) as growth 
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in the presence of SRHA was 50% compared to 38% in the absence of SRHA (Fabrega, Fawcett 

et al. 2009 

 

 

Figure 8: Percentage decrease on growth from control treatments of P. fluorescens cultures 3 hr after 
exposure to 2-2000 ppb of (L-R): AgNPs, Ag+, and latex nanoparticles. The graph on the right is with 10 
ppm SRHA. Source: Fabrega et al. 

 TEM images showed that the particles were aggregated in the presence of SRHA (Figure 

9). The images showed something was coating the AgNPs which was posited by the authors to 

be humic acid due to the morphology of humic acid and because this film was not present in 

the absence of SRHA. Another indication of humic acid coating observed in this study was an 

observed increased negative electrophoretic mobility that indicated more AgNP-humic acid 

sorption. Changing electrophoretic mobility has been shown to increase the sorption of humic 

acids to metals in other studies (Diegoli, Manciulea et al. 2008). AgNPs were also observed to 

be formed from AgNO3 in the presence of humic acid, further supporting the theory that humic 

acids do not reduce toxic effects of AgNPs by causing aggregation of the NPs (Akaighe, 

MacCuspie et al. 2011).  

Fabrega et al. proposed three possible mechanisms for humic acid (HA)-mediated 

inhibition protection: 1) HA acts as a physical barrier, either by preventing Ag+ from interacting 
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with the cell membrane or by preventing Ag+ dissolution 2) HA acts as an antioxidant or 3) that 

toxicity by AgNPs is due to the NP attaching to the cell wall and releasing dissolved silver 

(Fabrega, Fawcett et al. 2009). These proposed protection mechanisms are dependent on the 

mechanism in which AgNPs induce toxicity. 

 

 Figure 9: TEM images of AgNPs without SRHA (Left) and with SRHA (Right). Source: Fabrega et al. 2009 

 In considering the first mechanism proposed by Fabrega et al., Gao et al. found that 

exposing the freshwater zooplankton Ceriodaphnia dubia to AgNPs in the presence of SRHA rich 

waters lowered toxicity. They attributed this to a reduced rate of Ag+ dissolution (Gao, Youn et 

al. 2009). Another study observed a decreased release of Ag+ when citrate-capped AgNPs were 

coated with humic or fulvic acids (Liu and Hurt 2010). They observed that Ag+ dissolution to be 

a cooperative oxidation process utilizing both dissolved oxygen and pH. The rate of dissolved 

silver release from AgNPs was highest at pH = 4 and subsequently decreased as pH was 
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increased to 9 (Liu and Hurt 2010). The experiments showed that the presence of oxygen 

significantly increased the rate of dissolved silver (Liu and Hurt 2010).  
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Chapter 3: Materials & Methods 
 

 Development of the High-throughput bioassay built upon the previously established 

methods for silver nanoparticles (AgNPs) and silver ion (Ag+) exposure studies (Radniecki and 

Lauchnor 2011). The methods included: 1) cell culturing so that the cells were grown in a very 

reproducible way; 2) exposure protocols; and 3) analytical protocols to determine nitrification 

activity via nitrite (NO2
-) production. Previous development of the Large Bottle bioassay for 

assessing nitrification inhibition provided a means to verify the accuracy and reproducibility of 

the High-throughput bioassay, as well as developing the minimal test media and various media 

preparations. 

 The High-throughput bioassay was developed by miniaturization of the Large Bottle 

bioassay by changing the reactor volume from a 155 mL Wheaton bottle to a 2 mL well in a 96-

well plate. The decrease in volume caused mixing issues, precipitating the need for 

development of mixing methods. The media preparation methods used for experiments are 

shown in Figure 10. Details of the media preparation methods and mixing methods will be 

described in the following sections. 
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Figure 10: Media preparation methods used for the Large Bottle bioassay and the High-throughput bioassay. 
Currently used media preparations methods are in green. 

Cell Culturing  

 N. europaea ATCC 19718 cells were cultured in an ammonia oxidizing bacteria (AOB) 

media containing 25 mM (NH4)2SO4 (s), 43.2 mM KHPO4 (s), 730 µM MgSO4 (aq), 200 µM CaCl2 (aq), 

9.9 µM FeSO4 (aq), 0.65 µM CuSO4 (aq), 3.5 mM Na2CO3 (aq), and 4 µM NaH2PO4 (aq), using methods 

developed previously (Radniecki and Lauchnor 2011). Cells were continuously shaken on an 

orbital shaker at 250 rpm at 30˚C in the dark. Cells were harvested for batch tests while in mid-

exponential growth (OD600 ~ 0.07). The cells were then centrifuged for 30 min at 8500 rpm, 

resuspended in 30 mM HEPES (4-(2-hydroxy-ethyl)-1-piperazineethanesuflonic acid) buffer (pH 

7.8), centrifuged again at 9000 rpm for 20 min and resuspended in 30 mM HEPES buffer (pH 

7.8). HEPES buffer, a nonchelating buffer for examining heavy metal toxicity, was used to keep 
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the pH stable. Cells were added to bioreactors at an approximate concentration of 5 mg protein 

L-1 as determined by the biuret method (Gornall, Bardawill et al. 1949) and estimated by 

measuring the OD600 of a small aliquot of cells (10-20 µL) in 1 mL of the media. Actual protein 

concentrations were determined after the experiment by OD600 analysis as determined from an 

equation derived from a standard curve of known protein concentrations correlated to 

observed OD600 values. However, AgNPs were shown to interfere with absorbance so in this 

case the average cell density of the controls was used as an approximate cell density and this 

value was used for all reactors with AgNPs (Radniecki, Stankus et al. 2011). 

Nitrite Production Rate Measurement 
 
  Nitrite production was used as a proxy to measure the rate of NH3 oxidation. Nitrite 

was measured from a reaction between the sulfanilamide, N-(1-Naphthyl) ethylenediamine 

dihydrochloride (NED), and NO2
- in the sample that forms an azo dye (Hageman and Hucklesby 

1971). Samples are prepared by adding 1% (w/v) sulfanilamide in 1 M HCl, 0.2% (w/v) NED, and 

an aliquot of the reactor liquid in a ratio of 89:10:1. Large Bottle bioassay using Ag+ and initial 

High-throughput bioassay development experiments (Figures 12, 13, 22) were measured on a 

Beckman Coulter DU 530 spectrophotometer with a total volume of 1 mL at 540 nm. Nitrite 

samples from the High-throughput bioassay and Large Bottle bioassay using AgNPs were 

measured with a plate reader (Victor3 V multilabel plate reader, Perkin Elmer) at 490 nm, as 

well as experiments using Ag+ in Part 2. Data from Figure 25 was measured at 540 nm on the 

aforementioned plate reader. Both the 540 nm and 490 nm bioassays were linear from 0 - 3 

mM NO2
- and a prepared standard curve was used to translate the observed color intensity to 
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the amount of NO2
- in the sample (Appendix). This value was then normalized to µmol NO2

- per 

mg protein based on a standard curve developed from the biuret assay, with typical N. 

europaea protein concentrations of 5 to 8 mg protein L-1 (Radniecki and Lauchnor 2011). Typical 

concentrations of NO2
- were between 0.1 and 2 mM for 180 minute assays. Each µmol NO2

- ·mg 

protein-1 min-1 was then calculated and triplicate values were averaged for each measurement.  

Inhibition Measurements 
 
 Inhibition results in the large bottle format have been previously reported in % activity 

(Radniecki, Stankus et al. 2011). Treatments and controls were performed in triplicate. Percent 

activity is determined by taking the average NO2
- production (mmol NO2

-/mg protein per 

minute) of each set of treatments, over the course of the experiment, and normalizing this 

value to the average NO2
- production of the controls, over the course of the experiment, as 

follows:  

% Activity = Average µmol NO2
- mg protein-1 min-1 treatment    (1) 

       Average µmol NO2
-·mg protein-1 min-1 control 

 This normalizes for the observed fluctuations in the nitrification rate of the cultured N. 

europaea from effects such as harvesting the cells for nitrification studies at slightly varying 

times, affecting where the cells are in the exponential growth phase. 

Silver Nanoparticle Characterization & Dose Determination 

 BioPure™ citrate capped silver nanoparticles (mean size of 20 nm (± 3 nm) in a 2 

mM sodium citrate buffer) were purchased from NanoComposix, Inc. (San Diego, CA). Prior to 

delivery, the AgNPs were characterized for size (Coefficient of Variation < 15%), hydrodynamic 
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diameter (32 nm), and zeta potential (-21.4 mV). For use in batch experiments, aliquots of 

AgNPs were placed in DDI to obtain a final desired concentration (20-200 ppm) and used 

immediately or stored in the dark at 5˚C for future use.  

Previous work had determined that a concentration of 1 ppm AgNPs led to 80% 

inhibition of the nitrification activity (Radniecki, Stankus et al. 2011). This AgNP concentration 

also agreed with results from Choi et al., who also found 1 ppm polyvinyl alcohol (PVA)-capped 

AgNPs with an average diameter of 14 ± 6 nm induced 80% reduction in microbial growth (Choi, 

Deng et al. 2008). 

Previously Developed Media Preparation Methods  

Method 1  

 Desired concentrations of AgNO3, as the source of Ag+, were directly added to prepared 

test media containing 2.5 mM (NH4)2SO4 and 30 mM HEPES buffer (pH 7.8). Bioreactors were 

then shaken at 350 rpm for 3 hr at 28-30˚C. This method has been used previously with 

aromatic hydrocarbons (Lauchnor, Radniecki et al. 2011; Radniecki, Gilroy et al. 2011). Method 

1 was used in the Large Bottle bioassay and initial High-throughput bioassay experiments that 

involved Ag+ (Figure 15). Subsequent High-throughput bioassay experiments in which Ag+ and 

AgNPs were used in the same experiment employed the H2 Method so that all treatments were 

mixed in the same manner.  

Method 2 

 Method 2 was developed to prevent aggregation of AgNPs (Radniecki, Stankus et al. 

2011). In Method 2, the AgNPs were first added via pipette to deionized and distilled water 
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(DDI) and dispersed via shaking at 350 rpm for 15 min (Figure 21). A 15X concentrated minimal 

media solution consisting of 450 mM HEPES buffer (pH = 8.0) and 37.5 mM (NH4)2SO4 was 

prepared and then added to each bioreactor to obtain a final concentration of 30 mM and 2.5 

mM, respectively. Bioreactors were then shaken at 250 rpm for 30 min. After mixing was 

complete N. europaea cells were added to achieve a final concentration of 5 mg protein L-1. 

Bioreactors were then shaken at 350 rpm for 180 minutes at 28-30˚C.  

Media Preparation Methods Developed for the High-throughput Bioassay  

Hybrid Method 

 In the hybrid method the AgNPs were first mixed with DDI in each bioreactor and 

dispersed via shaking at 350 rpm for at least 15 min. A 15X concentrated minimal media 

solution was then added as previously described. The contents of each bioreactor were then 

mixed via hand-pipetting, where 200 mL was pipetted and returned to the bioreactor at least 

five times in order to induce mixing. Mixing, cell addition, and 180 minute exposures were 

conducted as previously described. 

H2 Method 

 The H2 method was developed to overcome the 96 well-plate small volume effects by 

increasing the amount of hand-pipetting. After each step in the aliquot addition the reactors 

were mixed via hand-pipetting. In the H2 method the AgNPs were first mixed with DDI in each 

bioreactor via hand-pipetting, using the pipetting method described in the Hybrid method 

section. The AgNPs were dispersed via shaking the 96-well plate at 350 rpm for at least 15 min. 

A 15X concentrated minimal media solution was then added as described previously. The 
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reactor contents were then mixed via hand-pipetting for the second time. The 96-well plate was 

then shaken again at 250 rpm for 30 min. N. europaea cells were then added and mixed via 

hand-pipetting for a third time. The 96-well plate was then shaken at 350 rpm for 180 minutes 

at 28-30˚C.  

Batch Bioreactors 

 Due to their relative ease of use, batch bioreactors were used to evaluate nitrification 

inhibition by Ag+ or AgNPs. Experimental conditions include: a short experimental time (180 

min), low to moderate volumes (35 mL for the large bottle  bioassay and 1 mL for the High-

throughput bioassay), and the ability to test for a wide range of conditions simultaneously 

(Radniecki and Lauchnor 2011). Due to the slow growth of N. europaea the measurement of 

oxidation rates can be performed without significant cell growth during the 180 min incubation.  

Large Bottle bioassay 
 
 For the Large Bottle bioassay a test media of 2.5 mM (NH4)2SO4, 30 mM HEPES buffer 

(pH 7.8) and either AgNO3 or AgNPs were aliquoted into a 155 mL Wheaton bottle to give a final 

experimental volume of 35 mL. The number of reactors is limited to 16, unless a staggered start 

was used. A staggered start increased the time of the assay and allowed for more accurate 

sampling on pre-defined time intervals. Each treatment was performed in triplicate. A 

concentration of 0.09 - 0.1 ppm for AgNO3 or 0.9 - 1.0 ppm citrate capped AgNPs, respectively, 

was chosen for the Ag+ inhibition and AgNP assays based on previous results of Radniecki et al. 

(Radniecki, Stankus et al. 2011). Media was prepared for Ag+ experiments using Method 1 or by 

Method 2 for experiments using AgNPs. After the media was prepared the inhibitor is added 
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and the reactors were shaken at 250 rpm for at least 10 minutes in the dark at 30˚C. Cells were 

then added to the bioreactors and the start of the 180 min assay began. Nitrite was measured 

every 45 min as described previously. 

High throughput Assay: Initial Development 
 
 In developing the High-throughput method, it was necessary to compare the Large 

Bottle bioassay method to the High-throughput (1 mL) bioassay. A 250 mL Erlenmeyer flask was 

chosen as a proxy for the Large Bottle bioassay, with 125 mL of minimal media prepared using 

Method 1 and N. europaea added at an OD600 of 0.074 nm, equal to 6.51 mg protein·L-1. An 

Eppendorf tube with a total volume of 2 mL was also used, with 1 mL of minimal media and the 

same concentration (OD600 = 0.074) of N. europaea cells added. The Eppendorf tube was fixed 

in a vertical position on the shaker. The growth of the cells was assayed over 180 min for the 

concentration of NO2
- as described previously.  

High-throughput Bioassay  
 
 The High-throughput method utilizes a 96-well deep well plate with each well having a 

volume of 2.2 mL (96 deep well plate 2.2 mL volume, VWR). Each well can be utilized as a batch 

reactor with an aqueous reactor volume of 1 mL. Treatments and controls were performed in 

replicates of three or four. The initial mixing of the wells were conducted using a multi-channel 

pipettor (Pipetman Neo Multichannel, Gilson) as described previously in the media preparation 

methods developed for the High-throughput bioassay. Mixing of the 96-well plate during the 

180 minute experiment was performed using a climate controlled orbital shaker (Max Q-4000 

Environmental, Barnstead Lab-Line) set at 350 rpm. The orbital shaker was set higher than the 
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shaker used with the Large Bottle bioassay (250 rpm) to overcome poor mixing induced by 

volume effects. An air-permeable cover (Breathable Rayon Sealing Film, VWR) was attached to 

the top of the well-plate to prevent microbial contamination. Measurements of NO2
- 

concentration were performed by removing 2 µL of the test media via the multi-channel 

pipettor and adding it to 178 µL of sulfanilamide and 20 µL of NED in a microplate (Nunc 

Microwell 96-well microplate, Thermo Scientific).  

Fill and draw reactors 
 
 Fill and draw reactors (FDRs) were used to vary the hydraulic retention times (HRT) of N. 

europaea cultures to test if the HRT affected observed inhibition rates. Longer HRT will result in 

cells having slower growth rates. Thus FDRs were used to determine if the degree of inhibition 

was a function of the growth rate of cells. FDRs maintain concentrations of NH4
+, cells, and NO2

- 

as well as pH in a pseudo-steady state (Radniecki and Lauchnor 2011). Steady state growth 

conditions in the FDR can be described by equation at steady-state: 

D bµ = +  (2) 

where µ is the specific growth rate, D is the dilution ratio, and b is the specific decay coefficient 

(Radniecki and Lauchnor 2011). The growth conditions of the FDRs are modified by changes in 

the dilution ratio, which is the inverse of the hydraulic residence time. Hydraulic retention 

times chosen for experimentation ranged from 3 d (wherein cells are in their exponential 

growth phase) to 112 d. The pH of the bioreactors were monitored daily and adjusted if needed 

to 7.8. Each growth condition was cultured in triplicate. 10 mL of cells from each triplicate set of 

FDRs with the desired HRT were harvested. Combined cells were then washed three times with 
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HEPES buffer to remove the growth media. Cells were then resuspended in fresh HEPES buffer 

and aliquoted to the High-throughput assay in a concentration of approximately 0.07 abs from 

an OD600, which is the cell density of experiments using batch grown cells.  

Natural Organic Matter Preparation 

  Natural organic matter (NOM) from the Suwannee River (SRNOM), Catalog Number 

2R101N, was obtained from the International Humic Substances Society (IHSS). Experimental 

stock concentrations were prepared by adding SRNOM to DDI, mixing for at least 24 hrs in the 

dark, filtering using a 2 µm Whatman syringe filter, and then stored in the dark. All glassware 

used to prepare SRNOM solutions were acid-bath cleaned to minimize ambient carbon 

contamination. SRNOM concentrations were then determined by a Total Organic Carbon (TOC) 

analyzer (Shimadzu TOC-VSCH) using the combustion catalytic oxidation method. Results of the 

TOC analysis gave the concentration of 42 ppm for the stock SRNOM. Aliquots of SRNOM were 

added to the wells when the 15X minimal media was added and mixed via pipetting.  
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Chapter 4: Results 
 

Part 1 of the results details the development of the High-throughput bioassay. This 

process is detailed in five steps. The first step was determining if the bioassay could be 

miniaturized. The activity N. europaea in various reactors, which varied in size from an 

Eppendorf tube to a 250 mL vessel, was compared. Activity of reactors with a horizontal and 

vertical orientation was also compared (step 2). Of particular concern for the first step was 

oxygen transfer and mixing in a small volume reactor. Once results indicated similar rates of 

activity could be achieved in a small volume, the use of an air permeable cover was explored 

(step 3) to test if the use of this cover impacted nitrification rates. Steps 4 and 5 detail the 

comparison of the nitrification rates of N. europaea when exposed to silver ions (Ag+) and 20 

nm citrate-capped silver nanoparticles (AgNPs), respectively, in both the Large Bottle bioassay 

and the High-throughput bioassay. Figure 11 provides a flowchart of the development of the 

High-throughput bioassay. 

When both bioassay formats were shown to have good agreement compared to the 

Large Bottle bioassay, the High-throughput bioassay could then be utilized, as described in Part 

2. Using AgNPs and Ag+ as nitrification inhibitors, the experiments included determining if 

adding trace nutrients, natural organic matter, or ammonium (NH4
+) affected observed 

inhibition. Additionally, the effect on nitrification inhibition from decreasing rates of cell growth 

was explored. 
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Figure 11: Flowchart of the High-throughput bioassay development 

Part 1: High-throughput Bioassay Development Results 

Initial Growth Assays 

Initial nitrification assays indicated that mixing in the proxy for the High-throughput 

assay, a vertically-oriented 2 mL Eppendorf tube, indicated mixing was limited due to the small 

reactor volume (Figure 12). This comparison of various sized reactors, which included a large 
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250 mL Erlenmeyer flask, falcon tubes in a vertical and horizontal orientation, and a 

horizontally-oriented 2 mL Eppendorf tube as well as the High-throughput proxy reactor.  

All treatments showed linear increases in NO2
- production versus time. Results show 

that over three hours the 250 mL Erlenmeyer flask had an average NO2
- production of 0.23 

mmol NO2
-/mg protein while the vertically-oriented 2 mL Eppendorf tube had a lower amount 

of average NO2
- produced (0.148 mmol NO2

-/mg protein). Similar NO2
- production in the 250 mL 

Erlenmeyer flask and the horizontally-oriented 2 mL Eppendorf tube showed that the vertical 

orientation of the High-throughput reactor proxy was the primary factor that limited mixing 

and possibly subsequent O2 levels. While different NO2
- productions were observed in this 

experiment, the error bars, representing 95% confidence levels, showed that very reproducible 

rates could be obtained with the High-throughput bioassay (Figure 12). 

Permeable covers were used for future experiments to prevent cross-contamination of 

the wells in the 96-well plate and because covered cells showed slightly higher NO2
- production. 

Cells covered with a permeable cover produced a higher amount of NO2
- (mmol NO2

-/mg 

protein) than uncovered cells (Figure 13). Results of this mixing experiment showed the 

uncovered cells with a NO2
- production of 0.23 mmol NO2

-/mg protein while covered cells had a 

NO2
- production of 0.26 mmol NO2

-/mg protein. 



41 
 

 

 

Figure 12: Nitrification activity of N. europaea in a flask, Eppendorf tube, and Falcon tubes. 250 mL Erlenmeyer 
flask with 125 mL media (  ) 50 mL vertical Falcon tube with 25 mL media (  ), 50 mL horizontal Falcon tube with 
25 mL media (   ), 15 mL horizontal Falcon tube with 7.5 mL media (  ), 15 mL vertical Falcon tube with 7.5 mL 
media (X), 2 mL vertical Eppendorf tube with 1 mL media ( ), 2 mL horizontal Eppendorf tube with 1 mL media   
(  ). Error bars represent 95% confidence intervals. Linear regression lines are color-coded according to the 
symbol color. 

Comparable rates were observed between the 22 µL (corresponding to the normal 

OD600 value of 0.07) covered cells and the cells in the Large Bottle bioassay format. The 22 µL 

covered cells had a rate of 0.0015 mmol NO2
-mg protein-1 min-1 while the suspended cells had a 

rate of 0.0017 mmol NO2
-mg protein-1 min-1, as determined via linear regression. 

High-throughput reactors with half the normal cell density (11 µL in this experiment for 

and OD600 of 0.036) had a higher NO2
- production than High-throughput reactors with the 

normal cell density (22 µL in this experiment, for an OD600 of 0.072) (Figure 13). The High-

throughput reactors with half the normal cell density (than used in the Large Bottle bioassays) 

had a higher NO2
- production than reactors with the normal cell density, suggesting that mass 

transfer was limited or the reactors had insufficient mixing. The lack of mixing could explain 
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these results, as mass transfer rates would be a greater factor in reactors with a greater cell 

density. However, further tests with normal cell density were decided upon to ease the 

comparison of data with using the same cell density as the Large Bottle bioassay. 

 

Figure 13: Comparison of permeable cover and cell density in 96-well plate. Large Bottle Bioassay (    ), 
Uncovered High-throughput cells (22 µL) (   ), Uncovered High-throughput cells (11 µL) (    ), Covered High-
throughput cells (22 µL) (    ), Covered High-throughput cells (11 µL) (    ). Error bars represent 95% confidence 
intervals.  

Method comparison: Silver Ions  
 
 The nitrification inhibitor Ag+, with AgNO3 as the source of Ag, was used to compare the 

nitrification activity of cells in the High-throughput bioassay. Experimental results showed that 

increasing the Ag+ concentration is negatively correlated with observed activity and that 

increasing [Ag+] decreases the observed activity (Figure 14). Linear relationships were also 

observed for all treatments. Treatments and controls were run in triplicate and the average rate 

of mmol NO2
- per mg of protein over time was graphed with error bars showing 95% confidence 
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intervals. Controls had an average NO2
- production rate of 0.0016 mmol NO2

- mg of protein-1 

min-1. Ag+ concentration of 0.025 ppm reduced nitrification activity to 95% of the controls, 

while subsequent Ag+ concentrations of 0.05 ppm, 0.075 ppm and 0.1 ppm reduced nitrification 

activity to 52%, 34%, and 12%,of the controls, respectively. Thus, extensive inhibition was 

observed upon exposure to 0.1 ppm Ag+. 

 

 

Figure 14: High-throughput bioassay showing inhibition by Ag+. Control (   ), 0.025 ppm Ag+ (   ), 0.05 ppm Ag+ (   ), 
0.075 ppm Ag+ (X), 0.1 ppm Ag+ ( ), 2nd Control set (   ). Error bars represent 95% confidence intervals. Linear 
regression lines are color-coded according to the symbol color. 

Similar nitrification production over 3 hours of the data sets show that the High-

throughput bioassay is in good agreement with the large format bioassay when applied to Ag+ 

exposure tests. Comparison of the cells exposed to Ag+ using two separate experiments utilizing 

the High-throughput bioassay to previously published results by Radniecki et al. (Large Bottle 

bioassay) showed good agreement between observed activity between the two bioassay 

formats (Figure 15 & 16) (Radniecki, Stankus et al. 2011).  
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R2 values for all bioassays are above 0.87, indicating a good linear relationship and the 

largest calculated y-intercepts deviates less than 5% from the lowest calculated y-intercept. 

Statistical significance of the data was determined for all of the experimental data using the 

following formula to obtain a student’s t-distribution: 

 

Where n is the number of data points and R2 is the correlation coefficient (Table 1). A two-

tailed p-value was calculated from the t-value using the TDIST function of MS Excel and 

calculated p-values are all below 0.05, demonstrating statistical significance of the data sets. 

 Results of a comparison of the obtained slopes, which represent rates of NO2
- 

production, indicate strong agreement between the two bioassay formats. Comparisons 

between the rates were determined using the CORREL function in Excel.  This determines the 

correlation coefficient between two data sets, as described by the following formula: 

 (4) 

Results range from -1 to 1, with a value of 1 indicating a positive correlation and a value of -1 a 

negative correlation. A value of 0 indicates no correlation. Results of this analysis have a 

correlation coefficient of 0.953 between the results of the Large Bottle bioassay and High-

throughput bioassay 1.   

Results from both the Large Bottle bioassay graphed on the x-axis compared to results 

from the High-throughput bioassay graphed on the y-axis resulted in an R2 value of 0.73, 

demonstrating that the two methods had good agreement (Figure 15). A p-value from the 

(3) 
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analysis of the slope of Figure 15 was 0.03, demonstrating that the two bioassays are 

statistically significant. It can be concluded that results of nitrification inhibition from Ag+ 

obtained with the High-throughput bioassay are in agreement with results from the Large 

Bottle bioassay. 

 

 
Figure 15: % Nitrification activity of the High-throughput bioassay compared to the Large Bottle bioassay with Ag+ as 
inhibitor. Each point represents the % nitrification results upon exposure to the same Ag+ concentration using the High-
throughput bioassay (y-value) and Large Bottle bioassay (x-value).  

 

Table 1: Method Comparison using Ag+ as inhibitor 
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Figure 16: Comparison using Ag+ as inhibitor: High-throughput bioassay (    ), Large Bottle bioassay (    ), 
(Radniecki, Stankus et al. 2011). Error bars represent 95% confidence intervals. Linear regression lines are color-
coded according to the symbol color. 

 
Method Comparison: Silver Nanoparticles 
 
 AgNPs were chosen as a second inhibitor, apart from using Ag+, to compare the High-

throughput bioassay and Large Bottle bioassay methods. Previous work had observed a N. 

europaea nitrification inhibition rate of > 80% when exposed to an AgNP concentration of 1 

ppm (Radniecki, Stankus et al. 2011). Radniecki et al. also demonstrated that adding AgNPs 

directly into the media (Method 1) caused rapid aggregation of AgNPs. In light of the observed 

aggregation, the AgNPs were dispersed into DDI before a concentrated test media was added 

to the reactors (Method 2).  

Mixing of the bioassay reactors using Method 2 (dispersing AgNPs in DDI then adding 

15X test media) produced inconclusive results on the effect of AgNPs on cell inhibition (Figure 

17). The two sets of controls used for the 180 min inhibition study do not show similar 

nitrification production rates (Figure 17). Additionally, the dose-dependent relationship 
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observed with AgNPs and nitrification inhibition exhibited less agreement. R2 values ranged 

from 0.42 to 0.89, much lower than the R2 values obtained from using Ag+ as the inhibitor, in 

which all R2 values were above 0.87.  Due to the inconclusive results, other mixing methods 

were developed and evaluated (Hybrid and H2 methods). 

Previous inhibition studies using AgNPs had observed a dose-dependent relationship 

between the concentration of AgNPs and observed inhibition (Figure 6) (Radniecki, Stankus et 

al. 2011). The inconclusive results from using Method 2 in the High-throughput bioassay was 

posited to be from poor mixing of the small volume bioreactors, which would in turn affect the 

rate of oxygen and nutrient transfer.  

 

Figure 17: Nitrification upon exposure to 20 nm Citrate-capped AgNPs using Method 2: control set 1 (    ), control 
set 2 (    ), 0.25 ppm AgNPs (    ), 0.5 ppm AgNPs (   ), 0.75 ppm AgNPs (X), 1.0 ppm AgNPs (*).  Error bars 
represent 95% confidence levels. Linear regression lines are color-coded according to the symbol color. All data 
sets assumed no nitrite production at the start of the experiment. 

 The use of sonication to overcome the problem of poor mixing in the High-throughput 

bioassay showed that sonication did not overcome the poor mixing in the small bioreactors 
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(Figure 18). In this study the media for the High-throughput bioassay was prepared using three 

different methods: Method 2, Method 1, or the Hybrid method. AgNPs were dispersed in DDI 

via sonication (VWR B1500A-MTH, VWR) for 20 minutes (Method 2 with sonication) and then 

the 15X media was added and the wells were shaken via an orbital shaker for the 180 

nitrification activity assay. AgNPs were dispersed in DDI via sonication for 20 minutes, then the 

15X media was added and the wells were mixed via pipetting (Hybrid with sonication). Then the 

cells were shaken via an orbital shaker for 180 minutes for the nitrification assay. A 96-well 

plate was also prepared per the methods above and not sonicated. This 96-well plate was only 

mixed via orbital shaking for the 180 minute nitrification assay (Method 1 shaken, Method 2 

shaken, and Hybrid shaken). Thus, all the wells received the same amount of mixing on the 

orbital shaker but only differed on whether or not they were mixed via sonication (Figure 18). 

Results demonstrated that sonication did not improve mixing and that the pipetting 

employed in the Hybrid method resulted in the highest nitrification activity (Figure 18). Method 

2, whether mixed via the orbital shaker or via sonicating, resulted in the lowest observed 

average nitrification activity after 180 min with or without sonicating (0.112 mmol NO2
- per mg 

of protein and 0.167 mmol NO2
- per mg of protein, respectively). The hybrid method had the 

highest observed nitrification activity with or without sonication (0.181 mmol NO2
- per mg of 

protein and 0.209 mmol NO2
- per mg of protein, respectively). 

The hybrid method was also shown to have nitrification rates comparable to Method 1 

(Figure 18). This was notable because Method 1 had been shown to have good results when 

used previously for inhibition studies using Ag+. 
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Figure 18: Sonication vs. shaking as a way to overcome poor mixing as seen in a nitrification activity assay. 
Method 1 shaken (   ), Method 1 sonicated (X), Hybrid shaken (   ), Hybrid sonicated (   ), Method 2 shaken (   ), 
Method 2 sonicated (   ).  Error bars represent 95% confidence intervals. 

 To ensure that reactors were well mixed and to prevent nutrient and O2 limitations, the 

H2 method was developed. The H2 method (mixing several times via hand pipetting with a 

multi-channel pipettor to increase mixing), as with the Hybrid method, also showed good 

agreement with Method 1. A 180 minute nitrification activity study using Method 1, Method 2, 

or the H2 method in the High-throughput bioassay, respectively, (Figure 19) without any 

inhibitor demonstrated that the H2 method resulted in nitrification activity very similar to 

Method 1. Method 1 was used to compare the other media preparation methods because 

Method 1 had shown to work well in previous experiments using the High-throughput bioassay 

with Ag+ (Figure 14).Furthermore, the reduced nitrification activity when using Method 2 in the 

High-throughput bioassay showed that Method 2 was an inefficient mixing method (Figures 17 
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& 18). The similar nitrification activity using the H2 method (dispersing AgNPs in DDI and mixing 

with multi-channel pipettor, then adding 15X media and mixing with multi-channel pipettor, 

then adding cells and mixing with a multi-channel pipettor and Method 1 (preparing the test 

media and then adding it to each reactor) showed that the increased mixing using a multi-

channel pipettor was sufficient to overcome mixing limitations observed when Method 2 was 

used in the High-throughput bioassay.  

 
Figure 19: Nitrification production rate of various mixing methods in the absence of an inhibitor: Method 1 (   ), 
Method 2 (    ), H2 (   ). Nitrite production is assumed to be 0 at the start of the experiment. 

Results of a nitrification assay without any inhibitor show that the H2 method provides 

sufficient mixing to overcome the limitations of the small volume format of the High-

throughput bioassay. The result from using the H2 media preparation method in the High-

throughput bioassay demonstrates a dose-dependent relationship (Figure 20). Nitrification 

activity is shown to decrease with increasing concentration of AgNPs. Comparisons between 

the R2 values obtained from results using Method 2 (Figure 17) and H2 (Figure 20) show that 

stronger correlations were observed using H2 (Table 2). For instance, an R2 value of 0.9925 was 
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observed using H2 at 0.25 ppm AgNPs while the R2 value using Method 2 was only 0.4273 at 

0.25 ppm AgNPs. Furthermore, comparison of the y-intercepts of the linear regression lines of 

the aforementioned figures showed that they are closer to the origin when H2 was used. The 

observed dose-dependent relationship, higher R2 values and closer calculated origins when H2 

was used demonstrated that H2 was more efficient at mixing than Method 2.  

Table 2: Comparison of coefficient of determination values of Method 2 and H2 

 

Comparison of the y-intercepts and coefficients of determination obtained from the 

nitrification activity of N. europaea when exposed to AgNPs in both the High-throughput 

bioassay, using mixing method H2, and the Large Bottle bioassay, using mixing method 2, 

showed very good agreement (Figure 20). The y-intercepts from the regression analysis of the 

nitrification production rate using the High-throughput bioassay compared well to the 

regression analysis of the nitrification production rate using the Large Bottle bioassay. In Figure 

20 a linear relationship is observed up to exposure to 0.6 ppm AgNPs. At concentrations of 

AgNPs above 0.06 ppm the relationship deviates from linear since the bacteria are greatly 

inhibited 
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Figure 20: 3 hr inhibition assay using the High-throughput bioassay and H2 mixing method: Controls  (   ), 0.2 
ppm AgNPs (    ), 0.4 ppm AgNPs (    ), 0.6 ppm AgNPs (X), 0.8 ppm AgNPs (*). Error bars represent 95% 
confidence intervals. Linear regression lines are color-coded according to the symbol color. 

from prolonged exposure to AgNPs. Regression analysis was performed using data up to 0.6 

ppm AgNPs for all experiments shown on Figure 20. R2 values are all higher than 0.95, also 

indicating good dose-dependent relationships (Table 3). Statistical significance of the 

correlation coefficients was determined for all of the data sets using formula 3. Calculated p-

values were all below 0.05 (Table 3). 

Comparison of the rates from the data sets demonstrated good agreement.  Results 

using the CORREL function had a correlation coefficient of 0.987 between the Large Bottle 

bioassay and the High-throughput bioassay 1. A correlation coefficient of 0.987 was also 

obtained when comparing the rates of the Large Bottle bioassay and the High-throughput 

bioassay 2 data. 
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Graphing the results of nitrification activity upon exposure to AgNPs using the High-

throughput bioassay on the y-axis and the results of the Large Bottle bioassay on the x-axis 

show that high R2 value was obtained (0.98). Statistical comparison of the slope from Figure 22 

gave a p-value of 2.95 x 10-6 when comparing the High-throughput 1 data to the Large Bottle 

bioassay, showing statistical significance. It can be concluded that results of nitrification 

inhibition from AgNPs obtained with the High-throughput bioassay are in agreement with 

results from the Large Bottle bioassay. 

 

Figure 21: N. europaea exposed to 20 nm citrate-capped AgNPs using the large bottle and High-throughput 
bioassays. 
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Table 3: 20 nm citrate AgNP Inhibition Comparison. 

 

 

Figure 22: Comparison of % nitrification activity of the High-throughput bioassay. Each point represents the % nitrification 
results upon exposure to the same AgNP concentration using the High-throughput bioassay (y-value) and Large Bottle 
bioassay (x-value).  
 

Summary 

Strong agreement between the results of nitrification activity in both the High-

throughput bioassay and the Large Bottle bioassay demonstrate that using the High-throughput 

bioassay is a viable bioassay format. Similar nitrification rates and dose-dependent 

relationships with the chosen inhibitors were observed in both bioassay formats. Statistical 

analysis of correlation coefficients showed significance in results obtained from the High-

throughput bioassay using both Ag+ and 20 nm citrate capped AgNPs as nitrification inhibitors. 
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Comparison to the Large Bottle bioassay also demonstrated good agreement, as seen in 

correlation coefficients close to 1, for cells exposed to both Ag+ and AgNPs (Figure 16 & 21).  

The development of the High-throughput bioassay highlighted the importance of 

facilitating the initial mixing of the contents in the reactors and mass transfer during the 

exposure tests, especially for constituents that easily aggregate, such as AgNPs. When Method 

1 was used in the High-throughput bioassay no significant difference was observed when 

compared to the Large Bottle bioassay. However, effective initial mixing was not achieved when 

Method 2 (dispersing the AgNPs in DDI and then adding a 15X concentrated test media) was 

used. This is likely due to the difference in the preparation of test media, as in Method 1 the 

test media is prepared then aliquoted into the reactors whereas in Method 2 in the high-

throughput bioassay resulted in poor results, likely due to insufficient mixing of the 

concentrated media. Since Method 2 was developed to prevent the aggregation of AgNPs in the 

Large Bottle bioassay other methods needed to be developed for the High-throughput 

bioassay. Initially mixing once via hand pipetting (Hybrid method) was used but subsequent 

method development (H2) resulted in better nitrification activity. Results from using the H2 

method as a way to overcome mixing limitations are compare well previously published results 

in the observed inhibition and nitrification rates over a 3 hour assay (Radniecki, Stankus et al. 

2011). 

The increase in reactors per experiment and the ability to analyze data rapidly with a 

plate reader facilitates the rapid analysis of emerging contaminants and other pertinent 

chemicals of concern, whose use in commercial products may outstrip efforts to characterize 
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the chemical for potential toxicity. Employment of the High-throughput bioassay would be of 

great benefit in protecting nitrification in wastewater treatment plants, in that potential 

inhibitors could be detected and strategies to protect nitrification tested out. 
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Part 2: Applications of the High-throughput bioassay 
 

Effect of growth nutrients on observed inhibition from exposure to Ag+ or AgNPs 

In the development of the High-throughput bioassay inhibition studies used a test 

media of 30 mM HEPES buffer and 2.5 mM (NH4)2SO4.  However, the cells are cultured in an 

AOB minimal growth media with trace nutrients present (see Methods). Trace nutrients that 

were added were: magnesium sulfate (MgSO4), sodium chloride (NaCl), calcium chloride (CaCl2), 

copper sulfate (CuSO4) and iron sulfate (FeSO4).  The observed inhibition from exposure to 0.1 

ppm Ag+ or 1 ppm AgNPs in the presence of varying trace nutrients present in the AOB growth 

media was explored.  

Results (Table 4) indicate that inhibition upon exposure to Ag+ was most effectively 

reduced by the addition of CaCl2 or MgSO4. Nitrification activity in the presence of MgSO4 was 

very similar for both cells exposed to Ag+ or AgNPs, with observed activity of 72.1% and 76.5% 

respectively. Cells in the presence of an equivalent concentration of CaCl2 had similar observed 

activity, with 64% for cells exposed to Ag+ and 98% for cells exposed to AgNPs. Cells with all 

trace nutrients had an activity of 68.2% in the presence of Ag+ and 80.3% in the presence of 

AgNPs, indicating that trace nutrients do not fully protect cells from nitrification inhibition.  

Previous research has indicated that in the presence of Mg2+ protects cells by a two-step 

mechanism wherein the rates of Ag+ dissolution decrease and less Ag+ is incorporated into cells 

(Anderson 2013). This was accomplished by determining the concentration of Ag in cells 

exposed with and without Mg2+ in the presence of Ag+ and AgNPs, via digestion of the cells and 

ICP analysis. Dissolution rates were determined by UV-vis spectroscopy. The results obtained in 
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this thesis support these conclusions, in that highest nitrification activity was observed with the 

presence of Mg2+. The author posited that increased aggregation resulted in decreased in rates 

of AgNP dissolution to form Ag+, which in turn reduced observed inhibition in cells (Anderson 

2013).  

An equivalent concentration of NaCl to the MgSO4 and CaCl2 added did not reduce 

observed inhibition as much as trace nutrients with divalent cations, indicating that the 

presence of the divalent cations Ca+2 and Mg+2 were more effective at reducing nitrification 

inhibition upon exposure to Ag+ or AgNPs (Table 4). The observed nitrification activity of cells 

with NaCl was also higher with cells exposed to AgNPs versus cells exposed to Ag+ (average 

activity of 12% for cells exposed to Ag+ and 55% for cells exposed to AgNPs). Previous 

nanoparticle research supports this, with French et al. showing that CaCl2 caused more rapid 

aggregation of titanium nanoparticles that an equivalent concentration of NaCl, perhaps due to 

the increase in molar concentration of Cl- in using CaCl2 (French, Jacobson et al. 2009). The 

higher activity of cells exposed to AgNPs in the presence of NaCl could be due to the tendency 

of the AgNPs to aggregate or the formation of silver chloride complexes.  

The higher activity of the cells in the presence of both the ligand Cl- and the divalent 

cation Ca+2 over an equivalent concentration of NaCl also suggest that Cl- has an important role 

in preventing nitrification inhibition. Gupta et al. found that soluble Ag+ binds to cell 

membranes at low chloride concentrations and that this impacts respiration (Gupta, Maynes et 

al. 1998). They also found that bioavailable silver decreases as the chloride concentration 

increases, due to the low solubility of AgCl, but further increase in chloride results in the 
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formation of AgCl2- and AgCl3-2. The formation of the latter complexes, in turn, increased 

observed toxicity to silver-sensitive and silver-resistant bacteria (Gupta, Maynes et al. 1998). 

Additionally, research by Botasini and Mendez have shown that AgNPs aggregate in the 

presence of silver chloride, regardless of the ionic strength of the solution (Botasini and 

Mendez 2013).  

Table 4: Nitrification activity of N. europaea exposed to Ag+ or 20 nm citrate-capped AgNPs compared to cells 
not exposed to inhibitors in the presence of trace nutrients.  

 

Activity 

Ag+ (0.1 ppm) 
20 nm 
AgNPs (1 
ppm) 

No Trace 
Nutrients 13.7% 11.2% 
All Trace 
Nutrients 68.2% 80.3% 
730 µM MgSO4 * 72.1% 76.5% 
200 µM MgSO4 44.6% -- 
730 µM CaCl2 64.0% 98.0% 
200 µM CaCl2 * 32.4% 74.7% 
400 µM NaCl 10.9% 51.0% 
1460 µM NaCl 13.1% 59.0% 
9.9 µM FeSO4 * 6.3% 23.5% 
0.65 µM CuSO4 * 10.5% 20.5% 

All trace nutrients include: 730 µM MgSO4, 200 µM CaCl2, 9.9 µM FeSO4 (with 16.5 µM EDTA-
ethylenediaminetetraacetic free acid, pH 9), and 0.65 µM CuSO4.  “No trace nutrients” denotes cells in 
minimal growth media (see Methods).  “—“indicates no data available. 

Exploring the effects of NOM in protecting against inhibition by Ag+ or AgNPs 

 Previous work with N. europaea biofilms showed that the addition of Suwannee River 

Natural Organic Matter (SRNOM) reduced observed toxicity of AgNPs (Wirth, Lowry et al. 2012). 

The addition of SRNOM was examined to see if the presence of SRNOM reduced observed 
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inhibition of Ag+ or 20 nm citrate-capped AgNPs. SRNOM concentrations examined ranged from 

0 to 20 ppm.  SRNOM was added to the media at the time as the (NH4)2SO4 and HEPES buffer. 

SRNOM was observed to reduce nitrification inhibition of cells exposed to AgNPs. When 

N. europaea was exposed to 0.9 ppm AgNPs a positive linear relationship (R2 = 0.91) was 

observed as SRNOM concentrations increased. Observed activity was 24% with no addition of 

SRNOM and 100% activity with the addition of 20 ppm SRNOM (Figures 23 & 24). A calculated 

p-value was 0.018 and coefficient of determination of 0.95 both indicates significance as well. 

Increasing SRNOM concentration did not provide protection against inhibition when 

cells were exposed to Ag+ (Figure 23). Observed nitrification activity was between 29% and 40% 

regardless of SRNOM concentration. Additionally, a strong positive linear correlation was not 

observed, with an observed R2 value of 0.6 (Figure 24). Calculation of the correlation coefficient 

resulted in a value of -0.77, indicating a negative correlation between the concentrations of Ag+ 

and SRNOM and a calculated p-value of 0.18 indicates that there is no statistical significance. 
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Figure 23: Activity of N. europaea exposed to 0.09 ppm Ag+ (    ) or 0.9 ppm AgNPs (    ) with the addition of 
SRNOM 

 To further investigate the effects of trace nutrients and SRNOM to cells exposed to 

AgNPs a combined experiment was carried out. N. europaea cells were exposed to either 20 nm 

citrate-capped AgNPs with SRNOM, trace nutrients, or both SRNOM and trace nutrients (Figure 

25). A control, with no SRNOM or MgSO4, provided the percent inhibition of N. europaea 

exposed to AgNPs. The presence of 730 µM MgSO4 reduced inhibition (79% activity) more than 

the presence of 5 ppm SRNOM (48% activity). The combined addition of 730 µM MgSO4 and 

SRNOM had an activity of 77% as well, indicating that the protective effects were not additive.  
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Figure 24: Linear regression of activity of N. europaea exposed to Ag+ or AgNPs in the presence of SRNOM 

 

Figure 25: N. europaea exposed to 0.9 ppm 20 nm citrate-capped AgNPs in the presence of SRNOM and/or 730 
µM MgSO4 

Results from the presence of SRNOM with cells exposed to Ag+ or AgNPs indicate that 

SRNOM reduces observed inhibition to exposure of AgNPs but not exposure to Ag+ (Figure 23). 

This suggests that the SRNOM is preventing the dissolution of Ag+, perhaps by charge 

stabilization. Recent studies have also shown that natural organic matter (Wirth, Lowry et al. 
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2012) or dissolved organic carbon (Gao, Youn et al. 2009), which is partly composed of natural 

organic matter, has shown to mitigate toxicity to cells grown as biofilms and batch grown cells, 

respectively. A comparison study using SRNOM and MgSO4 (Figure 25) showed that the 

addition of MgSO4 had a greater effect on reducing observed inhibition as well, suggesting that 

the addition of divalent cations into a sensitive ecosystem such as a biological treatment pond 

could reduce toxicity of AgNPs and prevent nitrification failure.  

Exploring the effects of growth conditions on inhibition by Ag+ or AgNPs 

 N. europaea cells grown at varying hydraulic and mean cell residence times were 

exposed to 0.06-0.18 ppm Ag+ or 1-4 ppm citrate-capped 20 nm AgNPs to determine if 

observed inhibition was dependent on the cells growth rate. To achieve different growth rates 

fill and draw reactors (FDRs) were operated with hydraulic retention times (HRT) of 14, 28, 56, 

and 112 days. As the HRT increased, the cells grew at slower rates (Figure 26). The use of the 

High-throughput assay proved very valuable since a small sample size (1 mL) could be assessed. 

The total volume of each reactor was 250 mL. To achieve HRT of up to 112 days only a few mL 

of reactor volume was exchanged on a daily basis. The High-throughput bioassay was applied to 

measure cell activity with these small volume samples.  

Nitrification activity of cells not exposed to Ag+ varied between cells with different HRT 

(Figure 26). For the Ag+ experiment, the batch control had an average NO2
- production of 0.15 

mmol NO2
-/mg protein but the FDRs had average NO2

- production rates of 0.04 mmol NO2
-/mg 

protein (14 d HRT), 0.06 mmol NO2
-/mg protein (56 d HRT), and of 0.04 mmol NO2

-/mg protein 

(112 d HRT). The decreased NO2
- production would be expected for bioreactors with longer HRT 
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and slower growing cells. Since cells with longer HRT have decreased NO2
- production rates the 

percent activity of cells exposed to either Ag+ or AgNPs was compared NO2
- production of 

treatments to controls with the same HRT.  

 

Figure 26: Observed nitrification of cells not in the presence of an inhbitor. Error bars represent 95% confidence 
intervals. 

Results from the FDRs exposure to various concentrations of Ag+ suggest that increasing 

HRT reduces the observed inhibition (Figure 27). Results were also compared to results from 

exposures to batch grown cells that were harvested during the exponential growth phase and 

exposed the same day as the cells harvested from the FDRs. An Ag+ concentration of 0.1 ppm, 

the concentration used to greatly inhibit nitrification activity over 180 min, was used for these 

experiments (Figure 14). The 56 d and 112 d cells had an activity of 40% and 37%, respectively, 

while the batch cells had an activity of 13%. At 0.18 ppm Ag+ the 112 d cells had an activity of 

more than double the batch cells (17% to 7% respectively).   
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The 14 d HRT cells had controls with a lower nitrification rate than the 56 d HRT cells, 

further indicating that cell wash-out had occurred (Figure 26). The 14 d HRT reactor was 

decommissioned two weeks after this experiment due to low observed nitrification activity. The 

low NO2
- production rate may explain why the 14 d cells where more inhibited than batch cells 

when exposed to 0.06 or 0.10 ppm Ag+ (Figure 27).  

 

Figure 27: N. europaea with varying HRT exposed to Ag+. Error bars represent 95% confidence 
intervals 

 Results of varying growth conditions and exposure to 20 nm citrate capped AgNPs also 

indicate that protection was conferred by with cell grown with increasing hydraulic retention 

time (Figure 28). Activity at 1 ppm AgNPs was 99% for 56 d HRT cells compared to an activity of 

74% for batch cells. However, activity of the 112 d HRT cells was lower than the activity of batch 

cells at 1 ppm AgNPs (59% to 74%, respectively), possibly due to the increased metabolism of 

the batch cells compared to the 112 d HRT cells.  Higher concentrations of AgNPs, at 3 or 4 

ppm, showed that increasing HRT had a more pronounced effect on reducing nitrification 

inhibition, with activity of the 28 d, 56 d, & 112 d HRT cells ranging from 23% to 211% of the 
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observed activity compared to batch cells. Interestingly, the average percent increase in activity 

of the 56 d and 112 d HRT cells were about double (99% and 116%, respectively) of the activity 

in the batch cells, with the 56 d HRT data showing the strongest trend. 

 The use of the High-throughput bioassay and cells from FDR reactors was important in 

that the study could not be accomplished with the Large Bottle bioassay due to the small 

amount of cells available. The results indicate that increasing hydraulic residence time results in 

an increased activity when cells are exposed to Ag+ or AgNPs, though this effect is more 

pronounced with exposure to Ag+. This could be due to the slower growth rate and metabolism 

of FDRs with higher hydraulic residence times. If toxicity of Ag+ is largely due to cellular 

transport into the cell then a slower metabolism would lead to slower uptake of Ag+. Research 

by Lauchnor et al. supports this idea as well, with cells grown as a biofilm having slow growth 

rates. They showed that N. europaea cells grown as a biofilm and exposed to phenol or toluene 

showed less inhibition than batch grown cells (Lauchnor, Radniecki et al. 2011). The results 

from this thesis support these conclusions and suggest that encouraging biofilm growth in 

wastewater treatment plants could help to protect nitrifiers. 
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Figure 28: N. europaea with varying HRT exposed to different concentrations of 20 nm citrate-capped AgNPs 

Effects of NH4+ concentration on inhibition by Ag+ or AgNPs 
 

Varying concentrations of NH4
+ were added to batch incubations of N. europaea 

exposed to 0.1 Ag+ or 1ppm AgNPs to determine if increasing NH4
+ had an effect on the 

observed inhibition. In previous experiments, the media consisted of 2.5 mM (NH4)2SO4 and 30 

mM HEPES buffer. To study this effect, the concentration of (NH4)2SO4 was increased while pH 

was fixed. This was accomplished by preparing the concentrated HEPES buffer separately and 

then adjusting the pH to 8.0. 2.5 to 5 mM of (NH4)2SO4 was then added to each reactor. 

Controls of each (NH4)2SO4 concentration were prepared as well and treatments were 

normalized to controls with the same NH4
+ concentration. 

Increasing the NH4
+ concentration had no significant effect on cells exposed to 0.1 ppm 

Ag+. Nitrification activity was between 8% and 5% of the control for all concentrations of NH4
+ 

(Figure 29).  

0% 

20% 

40% 

60% 

80% 

100% 

120% 

1.00 2.00 3.00 4.00 

N
itr

ifi
ca

tio
n 

Ac
tiv

ity
 

AgNPs (ppm) 

Batch 28 d HRT 56 d HRT 112 d HRT 



68 
 

 

Cells exposed to 1 ppm AgNPs with increasing (NH4)2SO4 concentrations showed that 

activity were 48% and 52% of the control with the addition of 3.5 mmol NH4
+ or 5 mmol NH4

+, 

respectively, compared to 65% at 2.5 mmol NH4
+. A high nitrification activity was observed for 

all treatments, since a concentration of 1 ppm typically causes nitrification activity to be around 

20% (Figure 20). 

 Research by Mumper et al. found that increasing (NH4)2SO4 concentration caused 

nitrification activity to decrease in cells exposed to AgNPs, with activity significantly decreasing 

with (NH4)2SO4 concentrations of 5-25 mmol (Mumper, Ostermeyer et al. 2013). Comparison 

with the results in this thesis showed a similar activity for cells with 2.5 mmol (NH4)2SO4 (66%) 

with what Mumper et al. had (65%), but activity at 5 mmol differed by 20%,with activity of cells 

exposed to AgNPs having an activity of 53% in this thesis compared to the results of Mumper et 

al. had (33%). Mumper et al. found that cells exposed to Ag+ with increasing (NH4)2SO4 

concentrations maintained an activity of 30-55%, compared to results in this thesis of 5-8%, but 

the lack of effect of changing the (NH4)2SO4 concentration is evident in both data sets. Due to 

the differing effects of the (NH4)2SO4 concentration on cells exposed to Ag+ or AgNPs, Mumper 

et al. proposed that NH3 acts as a chelating agent and causing the rate Ag+ dissolution to 

increase resulting in greater inhibition to occur.  
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Figure 29: N. europaea exposure to 0.1 ppm Ag+ or 1 ppm 20 nm citrate-capped AgNPs as a function of (NH4)2SO4 
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Chapter 5: Conclusions 
 

 A High-throughput bioassay was successfully developed for determining nitrification 

inhibition of N. europaea. The High-throughput bioassay can be used as to rapidly assess 

potential toxicity of contaminants of concern and determine ways to reduce observed toxicity 

in an efficient manner and at reduced cost compared to the Large Bottle bioassay. Key points 

about the development of the High-throughput bioassay can be summed as follows: 

• Ensuring proper mixing was crucial in the 96-well plate to get good rates of 
mixing. 

• Previously developed methods had to be modified for the new bioassay format. 
• Comparison between the previously developed Large Bottle bioassay and the 

High-throughput bioassay demonstrated that the High-throughput bioassay is a 
viable method. 

Mixing was found to be essential in the development of the High-throughput  

bioassay. Initial results using a vertically and horizontally-oriented Eppendorf tube suggested 

that mixing would be impaired in the vertically-oriented Eppendorf tube (Figure 12) due to 

decreased nitrite(NO2
-) production. Additionally, aliquots of the normal density of cells (OD600 

~0.072) in the 96-well plate had lower observed activity than cells in the Large Bottle bioassay. 

To overcome this, the amount of mixing was increased as part of the High-throughput bioassay 

development. 

Good results were achieved when the media was prepared and then aliquoted into the 

wells along with the inhibitor (Method 1, Figure 15). However, when experiments with 

constituents that had a higher tendency to aggregate (i.e. AgNPs), the results showed less 

agreement (Figure 17) due to decreased rates of mixing. The Hybrid (mixing via hand-pipetting 
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after the addition of AgNPs) and the H2 method (mixing via hand-pipetting after the addition of 

AgNPs, the addition of the concentrated media, and the addition of cells) were developed for 

use with the High-throughput bioassay. Nitrification activity of controls using the H2 method 

compared well to controls using Method 1 (Figure 19). Use of the H2 method resulted in similar 

dose-dependent relationships as seen previously (Figure 20). 

The High-throughput bioassay was shown to be in good agreement with a previously 

developed Large Bottle bioassay (Radniecki, Stankus et al. 2011) using silver ions (Ag+) and 20 

nm citrate-capped silver nanoparticles (AgNPs) as inhibitors (Figures 15 &21). Comparisons with 

the chosen inhibitors had strong calculated correlation coefficients (0.905 & 0.953 for 

comparisons with Ag+, and 0.987 for AgNPs) and exhibited similar dose-dependent 

relationships. 

 Part 2 of the results in this thesis explored the applications of the High-

throughput bioassay. This included the effects of nitrification inhibition upon exposure to Ag+ or 

AgNPs with the addition of Suwannee River Natural Organic Matter (SRNOM), trace nutrients, 

or increasing ammonium sulfate ((NH4)2SO4) concentrations.  

The results from the addition of trace nutrients in the test media suggest that reducing 

toxicity of AgNPs is best achieved with the addition of divalent cations like Ca+2 or Mg+2 (Table 

4). Research by Anderson also found that Mg+2 protects cells from inhibition by Ag+ and AgNPs 

(Anderson 2013). The presence of Cl- also was shown to decreased observed inhibition, albeit to 

a lesser degree than Ca+2 or Mg+2  (Table 4), as seen in work done by French et al. (French, 
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Jacobson et al. 2009).  Previous published research also supports the observed effect of Cl- in 

reducing observed inhibition (Gupta, Maynes et al. 1998). 

Increasing concentrations of SRNOM was shown to reduce observed nitrification 

inhibition in cells exposed to AgNPs, but had no effect on cells exposed to Ag+ (Figure 23). A 

further study exploring the effects of Mg+2 and SRNOM showed that 730 µM MgSO4 had a 

greater effect of reducing inhibition that 5 ppm SRNOM (Figure 25) and that these effects were 

not cumulative. 

Slower growth rates of cells, achieved by increasing the HRT of cells in Fill-and-draw 

reactors, resulted in less observed inhibition when cells were exposed to Ag+ or AgNPs (Figures 

27 & 28). This is possibly due to the reduced metabolism of cells with slower growth rates, as 

this would cause the uptake rate of Ag+ to decrease. Previous work showed that cells grown as 

a biofilm, to achieve slow growth rates, had less inhibition compared to batch cells when 

exposed to phenol or toluene (Lauchnor, Radniecki et al. 2011). 

Results of increasing (NH4)2SO4 did not show any significant difference in nitrification 

activity with cells exposed to Ag+, but cells exposed to AgNPs showed that increasing (NH4)2SO4 

decreased nitrification activity. Research by Mumper et al. has shown similar results (Mumper, 

Ostermeyer et al. 2013). 

 The results of the applications of the High-throughput bioassay indicate that the 

greatest preservation of nitrification activity of N. europaea is achieved when the rate of Ag+ 

dissolution is reduced. This can be either from the presence divalent cations, ligands such as Cl-, 
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or natural organic matter. The aggregation of AgNPs as a way to reduce the dissolution rate of 

Ag+ has also been shown to be very important in reducing inhibition (Jin, Li et al. 2010; Fabrega, 

Luoma et al. 2011).  

Due to the presence of NOM in waterways the concentration of AgNPs in treated 

effluent may not pose a current threat to aquatic biota, but increased use of AgNPs could be of 

concern. However, concentrations of AgNPs may be of concern currently in engineered systems 

such as wastewater treatment plants and in soil enriched with treated wastewater sludge. As 

such, a way to quickly assess for nitrification inhibition, as provided by the High-throughput 

bioassay, can be an important tool to maintain this vital biological process. 

 Future development of the High-throughput bioassay could include using 

bioluminescencent strains of N. europaea, or using methods to probe the metabolism and 

growth of N. europaea, including specific oxygen uptake rates (SOURs) or a live/dead staining 

process. Of interest too is the use of gene expression in helping to understand inhibition. 

Currently, the volume of cells needed is greater than the volume of the reactors but advances 

in biotechnology may render this issue null. Also, the methods developed with hand-pipetting 

can be easily automated with further bioassay format development. 

 Overall, the applications and future development of the High-throughput bioassay could 

potentially be used to prevent the failure of nitrogen removal in wastewater treatment plants 

and to assist in preventing eutrophication in freshwaters. 
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Nitrite curve at 540 nm absorbance 
 

 
Nitrite curve at 490 nm absorbance 
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