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Abstract 

 

Nanosilver (nAg) is a nanoparticle incorporated into products for its 

antimicrobial properties that causes diverse toxic effects. This study investigated the 

effects of nAg on metabolic rate and stress response in rainbow trout (Oncorhynchus 

mykiss Walbaum 1792). Fish were exposed to environmentally-relevant 

concentrations of nAg (average 0.28 μg l-1) and higher (average 47.60 μg l-1) for 28 

days (d). Measurements of cortisol, growth, condition (K), and hepatosomatic index 

(HSI) were analyzed, as well as metabolic measurements. Cortisol concentrations were 

higher in all nAg exposures, and were significantly elevated in high exposures. No 

significant effects of nAg exposure were observed on metabolic variables, growth or 

condition. There was a significant effect of time and treatment on HSI, but no 

discernible trend. There was also a significant increase in cortisol in fish measured for 

metabolic variables. Overall nAg was seen to engage the stress response, but not affect 

metabolism or morphometric measures.  
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Chapter 1: Introduction 

Nanosilver 

Nanosilver (nAg) is a commonly used type of nanoparticle – small particles 

between the sizes of 1-100 nm (ASTM 2006).  Particles of nanosilver are usually 

made of only 20-15000 silver atoms per particle, and they are incorporated into 

many consumer products for their antimicrobial properties such as clothing and 

other textile products, medical devices, electronics, paints, baby products, food 

storage containers, washing machines, contraceptive devices, and water purificants 

(Wijnhoven et al. 2009).  Silver has also been used for its antimicrobial properties; 

however nAg due to its increased surface area is more reactive in the environment, 

and has been shown to have deviating physico-chemical properties and biological 

activities to silver (Pulit-Prociak et al. 2014).  

Nanosilver is widely used; at least 1628 products are known to contain 

nanomaterials, and of those 383 contain nanosilver (Woodrow Wilson 2013), with 

its use increasing every year. It is often coated with a substance or capping agent 

(citrate, polyvinylpyrrolidone) in an attempt to stabilize it, but nAg does enter 

wastewater from the washing of these consumer products, as well as from other 

sources such as industrial activity, atmospheric emissions, accidental spills, and 

leaching from landfills (Pulit-Prociak et al. 2014).   

Amounts of nAg currently in the environment are not well known, as nAg is 

difficult to test for and a standard method of testing does not yet exist. In the few 

studies that have measured levels in surface waters concentrations have been 

reported at approximately 1.5 µg l-1 (Liu et al. 2009), while modeled levels are 
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lower: anywhere from the low ng l-1 range (Gottschalk et al. 2009), to 0.32 µg l-1 

(Blaser et al. 2008). Levels in wastewater influent have been measured from as low 

as 0.012 µg l-1 (Chao et al. 2011) to 2.49 µg l-1 (Liu et al. 2009), and estimated based 

on models at higher levels, from 2-18 µg l-1 (Blaser et al. 2008). Levels in wastewater 

effluent have been measured at 2.8 µg l-1 (Liu et al. 2009), while modeled levels 

were lower: from 21 - 42.4 ng l-1 (Gottschalk et al. 2009).  

Nanosilver regulations 

Regulating nAg is challenging, as it is a relatively new substance and there is 

an incomplete knowledge of its toxicity, with no standard, effective method to 

monitor its levels in the environment (Faunce and Watal 2015). Also it is open for 

debate if nAg should be regulated as a separate substance from silver. The 

precautionary principle would suggest that nAg should be regulated separately, 

until we know it does not differ significantly from silver in its toxicological effects 

(Fairbrother and Fairbrother 2009); however many regulations at present treat nAg 

as silver.  

In Canada under the Canadian Environmental Protection Act (1999) there is 

mandatory reporting of any use of manufactured nanomaterials. This information is 

then used by Health Canada and Environment Canada to make risk assessments and 

to establish more specific regulations in the future (Sanderson 2009). Silver has a 

guideline level of 0.1 µg l-1 in freshwater under the guidelines for protection of 

aquatic life (Environment Canada 1999) and guideline levels for sewer discharge 

are 2 mg l-1 (Federation of Canadian Municipalities and NRC  2003).  
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Internationally, groups such as the OECD WPN (Organization for Economic 

Co-operation and Development Working Party of Nanotechnology) advise on policy 

issues regarding nanomaterial (Government of Canada 2014). In the European 

Union nanomaterial regulation is controlled by REACH (Registration, Evaluation, 

Authorization, and Restriction of Chemical program), which like Canada’s 

regulations requires companies to report nanomaterial use and provide toxicology 

information (Faunce and Watal 2015). In the United States, nanomaterial regulation 

is controlled by the US Food and Drug Administration (FDA) and the Environmental 

Protection Agency (EPA) (Faunce and Watal 2015). Under the United States EPA, 

nAg may be considered a pesticide due to its antimicrobial effects, and there have 

been several products banned under these regulations. There has also been a 

lawsuit brought against the EPA recently by several non-governmental 

organizations (NGO’s) for not regulating all nAg-containing products as pesticides 

(Seltenrich 2013).  

nAg in the environment 

The release of nAg from consumer products into the aquatic environment is 

mainly through domestic wastewater (as well as to a smaller extent leaching from 

landfills, industrial activity, accidental spills, and atmospheric emissions) (Pulit-

Prociak et al. 2014).  For example, nAg has been shown to be released by various 

consumer products when washed such as socks, towels, and teddy bears at levels up 

to 650ug in 500ml water (Benn and Westerhoff 2008; Benn et al. 2010). In addition, 

there are washing machines on the market that release nAg into the wastewater 

stream at levels on average of 11ug l-1 (Farkas et al. 2011a). It has been estimated 
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that the average North American consumer contributes approximately 470 ug l-1 per 

day of nAg into wastewater (Benn et al. 2010).  

When nAg in wastewater is transported through sewers, it is likely 

complexed with ligands (especially sulfide), which decreases its toxicity (Choi et al. 

2009). When it reaches a wastewater treatment plant, most is removed with the 

activated sludge and very little likely reaches surface waters (Kaegi et al. 2013).  

In the aquatic environment, nAg may dissolve to Ag+ (which may complex with 

various ligands such as Cl-, S2-, or S2O3), aggregate with other nAg particles, or 

aggregate with dissolved organic carbon (DOC) (Choi et al. 2009). The extent to 

which each of these actions occurs depends on factors of the water chemistry such 

as pH, ionic strength, temperature, types of ligands present, as well as 

characteristics of the nAg particles released such as presence/type of capping agent 

and size of particle (Stebounova et al. 2011).  

The effects of water chemistry on nanoparticles is influenced by DLVO theory 

(Derjaguin and Landau, Verwey and Overbek theory), which describes how 

increased ionic strength of an aquatic medium may decrease the diffuse layer size 

around particles, and allow nanoparticles to come into closer contact to allow for 

more aggregation. This explains how in higher ionic strength water (such as 

saltwater), nAg is less stable and more likely to come out of solution (Stebounova et 

al. 2011). In contrast, DOC appears to bind to nAg and Ag+ and stabilize it, 

maintaining it in the water column at higher concentrations (Cumberland and Lead 

2009). 
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Nanosilver has been observed to move from the water column mostly to the 

sediment, as well as to be taken up into invertebrates and fish (Lowry et al. 2012). It 

also likely moves up the food chain (Pulit-Prociak et al. 2014). Once inside an 

organism the form nAg will take is controlled by the chemistry of body fluids such as 

pH and ionic strength (Stebounova et al. 2011).    

nAg toxicity 

In fish, silver ion (Ag+) uptake occurs primarily at the gills, while nAg uptake 

may occur both at the gills and via digestion (Scown et al. 2010).  Silver can either 

interact with the membrane of cells, or enter the cell.  Interactions with the cell 

membrane may be from electrostatic attraction or binding with membrane proteins 

(especially thiol groups), which will destabilize the membrane. Silver may enter the 

cell through phagocytosis, passive diffusion, or protein-mediated transport.  

Toxicity of nAg seems to be a combination of the effects of the nAg and the Ag+ it 

releases (Lapresta-Fernández et al. 2012).  

Nanosilver’s main mode of toxicity appears to be through oxidative stress, 

via destabilizing the electron transport chain in the cell’s mitochondria. This causes 

the creation of an excess of reactive oxygen species (ROS), which may cause 

numerous types of damage in the cell such as lipid peroxidation, protein 

modification, and DNA damage. Antioxidant enzymes are produced by the cell in 

response to ROS, such as superoxide dismutase (SOD), catalase, glutathione 

peroxidase (GPX), glutathione transferase (GST) or a high GSH/GSSG (total 

glutathione/oxidized glutathione) ratio, and can therefore be used as indicators of 

this oxidative stress (Lapresta-Fernández et al. 2012). 
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Silver ions’ main mode of toxicity appears to be through the inhibition of the 

Na+/K+ ATPase pump in fish gill cells, eventually leading to osmoregulatory failure 

(Farkas et al. 2010). The inhibition of Na+/K+ ATPase dissipates the proton-motive 

force of the cell membrane and therefore interferes with energy-dependent 

reactions. One of the main effects of this inhibition is gill Na+, Cl- loss (in freshwater 

fish).  This leads to plasma Na+ and Cl- loss, which in turn leads to increased blood 

viscosity, which can in extreme cases cause circulatory failure.  This loss of plasma 

ions also activates the stress response through the sympathetic nervous system, 

which causes the release of both catecholamines and cortisol (Wood et al. 1996). 

Fish LC50s (lethal concentration, 50%) for nAg range from the µg l-1 to the 

mg l-1 range, depending on fish species, life stage and particle size (Appendix A).  

Non-lethal effects include altered gene expression (such as induction of a heat shock 

protein and metallothionein) at 1 µg l-1 (Pham et al. 2012), thickening of gill tissue at 

10 µg l-1 (Griffitt et al. 2012), and impaired osmoregulation via inhibition of 

Na+/K+ATPase at 20 µg l-1 (Farmen et al. 2012). Gill necrosis has been observed at a 

concentration of 100 µg l-1 (Farmen et al. 2012) and impaired gas exchange at 300 

µg l-1 (Bilberg et al. 2010). High concentrations (600 µg l-1) have caused embryonic 

abnormalities such as absence of the air sac, pericardial and yolk sac edema, 

hemorrhages to head and pericardial area, lordosis, and craniofacial abnormalities 

(Laban et al. 2010). Overall, smaller nAg particles were seen to be more toxic than 

large (Scown et al. 2010), and citrate-capped particles more toxic than PVP-capped 

(polyvinylpyrrolidone) (Farkas et al. 2011b). By contrast, silver ion exposure is 

typically more toxic to fish than comparable concentrations of nAg. 
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Cortisol response 

Cortisol, along with glucose, is one of the most common stress indicators in 

fish (Martinez-Porchas et al. 2009). Cortisol release can be caused by nAg either 

through oxidative stress or plasma ion loss effects (Wood et al. 1996), and has been 

seen to do so in several studies (Johari et al. 2013; Shaluei et al. 2013). Its release is 

controlled by the HPI axis (hypothalamus – pituitary – interrenal axis). Stress is 

sensed by the central nervous system, which signals the hypothalamus to release 

corticotropin-releasing hormone (CRH), which travels to the pituitary, which is in 

turn signaled to release adrenocorticotropin (ACTH). ACTH travels to the interrenal 

cells, which release corticosteroids, the primary one of which is cortisol. Cortisol 

then causes a cascade of changes to blood and tissue chemistry that allow the fish to 

better deal with the stress, such as increased plasma glucose levels to provide 

increased energy (Barton 2002). 

Cortisol is released quickly after stress is detected, and often only released 

for the first 6-48 h of experiencing a stressor. After this acute response a fish’s 

general adaptation response may sets in, where cortisol-mediated responses are no 

longer needed. There may also be an increase in plasma cortisol after a longer time 

period of being exposed to a stressor, once the fish has reached exhaustion due to 

energy depletion and can no longer adjust to the stressor. Aside from time other 

factors that may affect cortisol release are age, genotype/phenotype, position in 

dominance hierarchy, crowding stress, thermal acclimation, domestic vs. wild 

rearing of fish, and nutritional status (Martinez-Porchas et al. 2009).   
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Growth and Fulton’s condition factor (K) 

Growth and Fulton’s condition factor (K) are both measures that may provide 

insight into the overall health of a fish.  Nanosilver exposure may affect these 

measures through toxic effects affecting fish energetics.  Growth is a change in the 

size of the fish, measured in unit of length, weight or energy. It is often considered 

the percentage of body weight gained over a certain time period. It may be affected 

by age of the fish, season, food type and availability, temperature, oxygen 

availability, place in dominance hierarchy, genotype, and physiological condition 

(Wootton 1990).  Examples of contaminant effects on growth can be seen in Davies 

et al. (1978), where exposure to silver was seen to decrease growth in rainbow trout 

(Oncorhynchus mykiss) fry, and in Sherwood et al (2000), where growth was 

estimated to be decreased by 3 times from heavy metal (Cd, Cu, and Zn) exposure.  

Condition (K) describes the relationship between length and weight under 

the assumption of isometric growth (Sutton et al. 2000). Fish with a high value of K 

are heavy for their length, while fish with a low value are light for their length. 

Effects of contaminants on K were seen in Pyle et al. (2008), where lower condition 

values were seen in metal-contaminated lakes.  

Hepatosomatic index (HSI) 

The liver is sensitive to contaminant exposure and may therefore be affected 

by nAg. These effects may be quantified by measuring the hepatosomatic index 

(HSI) of a fish; the ratio of liver weight to body weight of a fish. The liver plays a 

large role in metabolism and excretion of xenobiotic compounds; a toxicant may 

enter the liver through blood circulation, where it will be excreted through bile 
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secretion or transferred to the kidney for filtration and transformation 

(Sadekarpawar and Parikh 2013). The increase in needed detoxification function of 

the liver may cause increases in liver weight. Conversely, liver weight may decrease 

with the stress of contaminant exposure due to a loss of liver energy stores such as 

glycogen (Heath 1995).  In addition to changes in HSI, changes to the liver from 

contaminants include histological changes such as increased vacuoles in the 

cytoplasm, enlarged lysosomes, changes to nuclear shapes, changes to the 

endoplasmic reticulum, and mitochondrial changes (Heath 1995). An example of a 

contaminant’s effect on HSI was observed in Gagnon et al (2006), where copper 

exposure decreased HSI in rainbow trout.  

Metabolism 

General 

The term metabolism encompasses all energy costs of a fish, such as costs 

arising from basic bodily functions (respiration), activity, and 

digestion/absorption/processing of food (specific dynamic action). It can be 

measured directly through oxygen consumption (Jobling 1994).  Standard metabolic 

rate (SMR) defines the minimal energy requirement of ectothermic animals at a 

specific temperature, and is made up of all of the basic functions of cellular 

metabolism such as protein synthesis and ATP turnover that keep a fish alive 

(Sokolova and Lannig 2008).  Maximum metabolic rate (MMR) defines the maximal 

aerobic metabolic rate attainable (Fry 1971). These two rates encompass the 

aerobic scope, which describes the amount a fish can increase its metabolic activity 

above maintenance levels. This amount represents the capacity of a fish to support 
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oxygen-consuming functions (activity, digestion, response to stressors), and 

therefore is an important constraint.  For example, a decrease in aerobic scope may 

cause decreased activity, decreased fitness, and potentially even decreased survival 

in severely constrained individuals (Killen et al. 2007).  

Metabolic measurements 

Metabolism is quantified through respirometry methods, during which 

oxygen consumption is measured.  SMR is measured in inactive fish that are post-

absorptive (but not starving) and have no oxygen debt (Brett, 1964). Also routine 

metabolic rates can be measured that are similar to SMR, but fish have some level of 

normal or ‘routine’ activity (McKenzie et al. 2007). MMR measurements are 

obtained by maximally exercising a fish (through forced swimming in a swim tunnel 

or manually chasing) and measuring oxygen consumption (MO2) during or directly 

afterwards (Clark et al. 2013). In addition, a spontaneous MMR may be obtained by 

measuring the highest MO2 in volitionally performing fish (Svendsen et al. 2014).  As 

a measure of hypoxia tolerance the critical O2 saturation may be obtained by 

gradually decreasing the surrounding O2 levels around the fish, and then noting 

when MO2 is no longer independent of the ambient O2 level (decreasing MO2) 

(Svendsen et al. 2012). 

Effects of contaminants on metabolism 

Contaminants may affect MMR and/or SMR depending on their 

concentration, pathway of uptake or other natural factors such as temperature 

(Cannas et al. 2013). MMR may be affected by contaminants through damage to the 
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gills such as hyperplasia/hypertrophy of cells, degeneration of cilia, vacuolization, 

necrosis as well as increased mucus production.  All of these changes can decrease 

gas exchange and therefore the amount of O2 being transported to tissues, which in 

turn can impact MMR (Sokolova and Lannig 2008). An example of this effect has 

been reported for aluminum exposure, which has been observed to damage the gills 

of rainbow trout and decrease their MMR (Wilson et al. 1994).  SMR may not be 

affected by this gill damage as MMR is, as fish may not require the entire gill surface 

to be functional to maintain basal metabolic rates (Bilberg et al. 2010). However, 

SMR may be affected by increased activity of cellular defense and detoxification 

actions in response to contaminants, such as increased expression of antioxidant 

enzymes (glutathione, metallothionein), increased expression of heat-shock protein 

(HSP), up-regulation of other defense mechanisms as well as any increased 

metabolic costs from repairing cellular damage done by the contaminant. An 

example of contaminant effects has been reported in oysters and clams that had 

increased SMR when exposed to cadmium (Sokolova and Lannig 2008). Due to the 

importance of metabolism to fish ecology, measures of metabolic rate provide a 

useful link between the physiological effects of contaminants and their effects on the 

fish as a whole (Handy and Depledge 1999; McKenzie et al. 2007). 

Study Objectives  

Objectives of this study were to investigate potential effects of nAg chronic 

exposure on rainbow trout, specifically cortisol release, metabolism, and 

morphometric measures (growth, condition (K), and hepatosomatic index (HSI)).  
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Fish were exposed for 28 d to environmentally relevant concentrations of nAg and 

higher.  Cortisol samples and morphometric information were collected at various 

time points, while metabolic measurements were taken at the end of the exposure.  

In addition, fish tissue silver concentrations were analyzed at various time points to 

observe their uptake of silver from the water, and the stability of nAg in the water 

was monitored to observe the actual amount of silver fish were being exposed to in 

comparison to nominal concentrations. Through these observations knowledge was 

gained of how nAg affects fish at various levels of stress response. By investigating 

these diverse effects (cortisol, metabolism, morphometric indices) a broader sense 

of how nAg may affect fish will be gained. 
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Chapter 2: Effect of nanosilver on cortisol release and 
morphometrics in rainbow trout (Oncorhynchus mykiss) 

Abstract 

 Nanosilver (nAg), a type of nanoparticle commonly incorporated into 

consumer products for its antimicrobial properties, is being discharged into and 

detected in aquatic environments but lacks specific environmental regulation. Toxic 

effects of nAg on fish have been observed and from these effects it is possible that 

nAg may induce a stress response in fish in the form of increased blood plasma 

cortisol concentrations. In this study the effects of nAg exposure on rainbow trout 

(Oncorhynchus mykiss) were investigated using blood plasma cortisol 

concentrations as an indicator of stress. Several morphometric measures (growth, 

Fulton’s condition factor, hepatosomatic index) were measured to investigate 

potential whole-body effects of exposure, and in addition concentrations of nAg 

within fish muscle tissue were measured to observe if nAg was taken up into tissue. 

Fish were exposed to environmentally-relevant (average 0.28 µg l-1) and higher 

(average 47.60 µg l-1) concentrations of nAg for 28 d. At various time-points (0.1, 

0.3, 7, 14, and 28 d) data were collected on cortisol and morphometric measures.  A 

significant difference between the control and high exposure treatments was found 

for blood plasma cortisol concentration as well as increased concentrations in 

comparison to the control in the low exposure. A significant effect on HSI by 

treatment dependent on exposure time was observed, although no obvious trend in 

the data was detected, while other morphometric measures were not affected by 

exposure. In addition nAg was seen to be taken up into fish muscle tissue. These 
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results indicate that nAg does engage the stress response of fish, while not affecting 

growth or condition under the experimental conditions and timeframe.   
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Introduction 

Nanosilver (nAg) is a nanoparticle that has been widely incorporated into 

many consumer products for its antimicrobial properties. These products include 

many textile products, medical devices, electronics, paints, baby products, food 

storage containers, washing machines, contraceptive devices, and water purificants 

(Wijnhoven et al. 2009). Nanosilver commonly enters wastewater mainly from the 

washing of consumer products (it has been estimated that the average North 

American consumer contributes approximately 470 µg l-1 per day of nAg into 

wastewater) (Benn et al. 2010) as well as from other sources such as industrial 

activity, atmospheric emissions, accidental spills, and leaching from landfills (Pulit-

Prociak et al. 2014).  It is difficult to test for and there is no standard testing method. 

Consequently, amounts currently in the aquatic environment are not well known. 

Studies that have measured concentrations in surface waters have reported levels of 

approximately 1.5 µg l-1 (Liu et al. 2009), while predicted concentrations from 

models are lower, ranging from the low ng l-1 range (Gottschalk et al. 2009) to 0.32 

µg l-1 (Blaser et al. 2008).  

Nanosilver is chemically active in water, which can affect its toxicity. Once in 

the aquatic environment, nAg may dissolve to silver ions (Ag+) (which may in turn 

complex with various ligands such as Cl-, S2- or S2O3), aggregate with other nAg 

particles or aggregate with dissolved organic carbon (DOC) (Cumberland and Lead 

2009). The extent to which each of these actions occurs depends on factors of the 

receiving water chemistry such as pH, ionic strength, temperature, type of ligands 

present, as well as characteristics of the nAg particles released such as 
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presence/type of capping agent (nAg particles may be coated or ‘capped’ with 

substances such as polyvinylpyrrolidone or citrate in an attempt to increase their 

stability) and size of particle (Stebounova et al. 2011). Nanosilver has been 

observed to settle from the water column to the sediment and it has also been found 

to be taken up by invertebrates and fishes (Lowry et al. 2012).  

Toxicity from nAg exposure has been widely reported and is thought to 

originate from a combination of the effects of both the nAg itself and the Ag+ it 

releases (Lapresta-Fernández et al. 2012). The main mode of nAg’s toxicity appears 

to be through oxidative stress, while toxicity from silver ions’ main appears to be 

through the inhibition of the Na+/K+ ATPase pump in the gill cells, eventually 

leading to plasma ion loss and osmoregulatory failure (Farkas et al. 2010).  Fish 

LC50s (lethal concentration, 50 %) for nAg range from the µg l-1 to the mg l-1 range, 

depending on fish species, life stage and particle size.  Other effects include altered 

gene expression at 1 µg l-1 (Pham et al. 2012), thickening of gill tissue at 10 µg l-1 

(Griffitt et al. 2012), and impaired osmoregulation via inhibition of Na+/K+ATPase 

at 20 µg l-1 (Farmen et al. 2012). Gill necrosis has been observed at a concentration 

of 100 µg l-1 (Farmen et al. 2012) and impaired gas exchange at 300 µg l-1 (Bilberg et 

al. 2010) (Appendix A). 

Cortisol, along with glucose, is one of the most common stress indicators in 

fish, and may therefore be well-suited to measuring stress due to nAg exposure in 

fish (Katuli et al. 2014). Its release can be caused by nAg either through oxidative or 

osmoregulatory stress (Wood et al. 1996) and has been seen to do so in several 

studies (Johari et al. 2013; Shaluei et al. 2013). After its release cortisol causes a 
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cascade of changes to blood and tissue chemistry that allow the fish to better deal 

with the stress, such as causing increased plasma glucose levels to provide 

increased energy (Barton 2002). Cortisol is usually released quickly after stress is 

detected, and is often only released for the first 6-48 h of experiencing a stressor. 

Aside from exposure time, other factors that may affect cortisol release are age, 

genotype/phenotype, position in dominance hierarchy, crowding stress, thermal 

acclimation, domestic versus wild rearing of fish, and nutritional status (Martinez-

Porchas et al. 2009).   

If nAg exposure causes changes in fish energetics via its toxic effects, chronic 

exposure resulting in energy depletion may result in morphological changes in fish. 

Growth and Fulton’s condition factor (K) are both morphometric measures that may 

provide insight into the overall health of a fish. Growth is often measured as 

percentage of body weight gained over a certain time period, while K estimates the 

condition of a fish under the assumption of isometric growth (Sutton et al. 2000). 

These measures may respond to nAg’s toxic effects if they are intense enough to 

affect the whole-body performance of fish. Overall toxicants have been seen to affect 

these measures in some cases; however, fish may be able to adopt a bioenergetic 

strategy that preserves their overall condition (Shaw and Handy 2011).  

The liver plays an important role in the metabolism and excretion of 

xenobiotic compounds and may therefore also respond to nAg exposure. The liver 

helps process toxins by processing and excreting them through bile secretions 

(Sadekarpawar and Parikh 2013). Because of this role in detoxification, the 

hepatosomatic index (HSI), i.e., the ratio of liver weight to body weight of a fish, is 
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commonly used in toxicological studies. Overall a decrease in HSI is indicative of 

stress (and a loss of energy stores such as liver glycogen), and an increase in HSI 

may be indicative of exposure to contaminants (from the needed increased capacity 

to metabolize xenobiotics) (Heath 1995). In past studies HSI has been seen to both 

increase and decrease from nAg exposure (Gagnon et al. 2006; Joo et al. 2013). 

Study Objectives 

To provide insight into how nAg affects both the stress response and whole-

body responses of fish, the stress response of rainbow trout (Oncorhynchus mykiss, 

Walbaum 1792) exposed to nAg was investigated through plasma cortisol release as 

well as various whole-body morphometric measures (growth, K, HSI). 

Measurements were taken at various time points throughout a chronic exposure 

period, at environmentally relevant levels and higher. In addition, the stability of 

nAg in the water was monitored to determine the actual exposure of fish to nAg in 

comparison to target concentrations. Fish tissue silver concentrations were also 

analyzed throughout the exposure to determine how much silver the fish were 

taking up from their environment.  

Materials and Methods 

Experimental animals 

Juvenile O. mykiss were obtained from Lyndon Fish Hatcheries (New Dundee, 

Ontario) on Feb 11, 2014 (n=200) and April 29, 2014 (n=200). Upon arrival at the 

DFO Freshwater Institute (Winnipeg, Manitoba) they weighed approximately 1 g. All 

individuals were female diploid fish.  
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After arrival, fish were kept in large quarantine tanks for one week. During 

both holding and experimental trials, fish were exposed to a 12:12 diurnal cycle, and 

were fed commercial trout pellets (Aqua Pride Trout 42:15(sinking)) at 1-2% body 

weight per day. Any leftover food or fish waste that built up on the bottom of tanks 

was removed daily and tanks were manually cleaned weekly to remove any algae 

that built up on the sides of the tank. Water quality parameters in tanks were 

checked weekly (Table I). All tanks were on flow-through systems of water 

replacement with dechlorinated Winnipeg City tap water (14 ± 2 °C) at rates of 

replacement to maintain optimal water quality (Table II). Fish also received 

supplemental oxygenation from air stones.  

Table I. Average water quality parameter values ± standard errors (Temperature (T), pH, 
Conductivity (Cond), Specific Conductivity (SC), Oxygen saturation (O2), and Nitrate 
concentration) throughout quarantine and exposure experiments for all tanks. 

T(°C) pH Cond (µS) SC (µS) O2 (%) Nitrate (ppm) 
14.7 ± 0.1 7.94 ± 0.03 261.8 ± 1.5 341.3 ± 20.0 94.9 ± 0.3 0-0.25 

 

Exposure experiment 

A stock nanosilver (nAg) solution was prepared at Trent University 

(Peterborough, Ontario) by adding powdered nAg (30-50 nm, polyvinylpyrrolidone 

(PVP)-capped) received from Nanostructured and Amorphous Materials 

(NanoAmor) to distilled water and mixing it at a high velocity for 15 min.  Gum 

arabic was also added to this mixture as a stabilizer at a concentration of 0.025 %. 

Volumes of 2.5 l were mixed at one time. This solution was then refrigerated and 
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stored for up to 2 weeks before use (tests showed the solution to be stable for up to 

this time) (J. Martin unpublished data, Trent University, 2014).  

The prepared solution was then shipped to the Freshwater Institute 

(Winnipeg, Manitoba) where it was diluted to concentrations required for 

experimental exposures. Stock solution was sonicated for 30 min and then vortexed 

prior to dilution. The required amount of stock solution was then added to plastic 

20 l carboys with a measured amount of reverse osmosis water to make exposure 

solutions at the appropriate nominal concentrations (Table II). To counteract 

settling of nAg out of exposure solution, carboys were placed on a stir plate with a 

stir bar and continuously stirred, and the exposure solution was constituted and 

replaced every 2 d. The solution was delivered to exposure tanks through a 

peristaltic pump. The rate of the peristaltic pump was set to achieve the desired 

concentrations of nAg in the tanks, given the water flow rates through experimental 

tanks (Table II). For control treatments an exposure solution containing only 

reverse osmosis water was used. 

Table II. Flow rates of peristaltic pump, water flow to tanks, nominal tank nAg concentrations, 
exposure solution concentrations, and time 0 stock additions for exposure experiment 
tanks.  

Peristaltic pump 
rate (l min-1) 

Tank water flow 
rate (l min-1) 

Nominal tank 
nAg 

concentration 
(µg l-1) 

Stock 
concentration  

(g l-1) 

Exposure 
solution 

concentration 
(µg l-1) 

Amount of stock 
added at time 0 

(l) 

0.00018 0.27 1 2.5 1501 0.000016 
0.00018 0.27 200 2.5 300200 0.0032 
0.00018 0.27 300 5 450300 0.00006 
0.00018 0.27 600 5 900600 0.00012 

 

Exposures were conducted over 2 trials, with Trial 1 consisting of control, 1 

µg L-1, and 200 µg l-1 nominal exposures, and Trial 2 consisting of control, 300 µg l-1 
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and 600 µg l-1 nominal exposures, for a total of 5 exposure levels over both trials. 

After the 1-week quarantine, 11 fish were added to each 40 l exposure trial tank. 

There were 12 exposure tanks in total, with 4 tanks for each treatment level.  At 

addition fish were fin-clipped for individual identification. Fish were acclimated to 

trial tanks for one week before nAg exposure began. At time 0 of the experimental 

trial, a measured amount of nAg stock solution was added (Table II) to bring the 

tank up to the required initial concentration, after which the tube from the 

peristaltic pump system was introduced to the tank to maintain concentrations 

through the continued flow of nAg to the tank.  

Nanosilver exposures were conducted for a total of 28 d. Experimental fish 

were cared for as in the acclimation tanks. In addition total silver concentrations in 

randomly selected exposure tanks were measured every 4 d. Stock and carboy total 

silver concentrations were measured once during Trial 2, and not during Trial 1. 

To determine if nAg stability under static conditions was different than in the 

flow-through set-up used for the exposure trials, two additional exposure tanks with 

no flow-through were set up for 4 d. These static exposure tanks were set up with 

an initial dose of nAg to achieve 300 µg l-1 and 600 µg l-1 concentrations and were 

identical to trial tanks with the exception of flow-through water delivery. Water 

samples were taken at 0 h, 1 d, and 4 d from both the top and bottom of the tanks for 

total silver analysis.  

Biological sampling 

During the nAg exposure, individual fish were sacrificed to provide data on 

fork length, weight, liver condition, and blood plasma cortisol at 0 h, 2 h, 7 h, 7 d, 14 
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d, and 28 d during the nAg exposure. Fish were gently netted out of the tank, fork 

length and weight were recorded, and the identifying fin clip was noted. The fish 

was then placed in a bucket with an overdose of a pH buffered solution of tricaine 

methanesulfonate (MS-222, Syndel Laboratories Ltd.) (300 mg l-1) until opercular 

movement ceased (< 3 min). To obtain blood samples for cortisol determination the 

tail was cut off and blood was drained from the caudal vein into a heparinized 

hematocrit tube. The fish was then euthanized by cervical dislocation. Blood was 

centrifuged for 6 min at 3000 x g to separate plasma from red blood cells. Plasma 

was pipetted into another vessel, and then frozen at -80 °C. Muscle tissue was 

sampled for total silver concentration analysis and liver weights were taken for 

hepatosomatic index measurements.  

Blood plasma cortisol sample analysis 

Cortisol sample analysis methods followed Bestvater (2014) (Fig. 1). Plasma 

samples were thawed and pipetted into 15 ml disposable glass tubes. All samples 

were spiked with 5 ng of d4-cortisol (10 µl of 0.5ng µl-1 solution). To each sample 3 

mL of 9:1 hexane:ethyl acetate was added,  and they were then vortexed for 60 s, 

centrifuged for 5 min at 4000 x g, and frozen for 5 min at -80°C. The top layer was 

then removed and transferred to another glass tube. The steps were repeated using 

3:2 hexane:ethyl acetate, followed by 100% acetonitrile (ACN) and the upper layer 

was removed and combined with the first extract (Figure 1). The samples were then 

blown to dryness using nitrogen (N2) and rinsed with 1.5 ml methanol (MeOH) into 

a gas chromatography (GC) vial. The sample was then evaporated with N2, rinsed 

with 200 µl MeOH into a GC vial with glass insert, evaporated with N2, and then 
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rinsed with 22.5 µl MeOH into another GC vial with glass insert. The samples were 

then analyzed by High Performance Liquid Chromatography Tandem Mass 

Spectrometry HPLC-MS/MS.  
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Figure 1 Schematic of extraction method of cortisol from blood plasma.  
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High Performance Liquid Chromatography Tandem Mass Spectrometry 

An Agilent 1100 series HPLC system (Agilent Technologies, Palo, CA, US) was 

used. It was equipped with a vacuum degasser, a binary pump, and an autosampler. 

A C18 analytical column (Grace; 50 mm x 2.1 mm i.d., 4um particle size; 

Chromatographic Specialties Inc, Brockville, ON, Canada) was used to separate the 

cortisol. The mobile phase consisted of a gradient of water and methanol at a flow 

rate of 300 µL min-1. The initial composition was 80:20 water:MeOH (v/v), held for 1 

min, ramped linearly to 100% MeOH in 9 min, and held for 6 min. The column was 

equilibrated between runs for 7 min. A Sciex 2000 triple quadrupole mass 

spectrometer (Applied Biosystems, Foster City, CA, USA) was used for identification 

and quantification of the compounds.  

Cortisol was monitored in the negative ion mode under multiple reaction 

monitoring (MRM) conditions. The mass to charge (M/z) values, product ion 

transitions for quantification and confirmation for compounds are listed in Table III.  

The optimized MS/MS parameters in electrospray ionization (ESI) negative ion 

MRM mode are shown in Appendix B.2.   

Table III. Multiple Reaction Monitoring (MRM) and ions monitored for cortisol and d4-cortisol.  

  Transitions monitored  

Hormone 
Mass to 

charge (m/z) 
Quantification Confirmation Ion Mode 

Cortisol 361.1 331.0 282.0 - 
d4-cortisol 365.0 335.0 301.0 - 
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Quality Assurance/Quality Control 

Procedural blanks were analyzed every 10 samples. The native hormones 

were not detected in the blanks, so blank correction was not necessary. Injections of 

MeOH (3 µl) were used as instrument injection blanks for HPLC/MS/MS, and were 

run every 10 samples. Percent recovery for d4-cortisol was found to average 24 % (± 

0.91 SEM, n = 253). This level of recovery was lower than ideal, and likely due to 

matrix effects, a common issue to this type of analysis (Gosetti et al. 2010). 

However, quantitation of native cortisol in the samples was achieved by isotope 

dilution, a method used to compensate for matrix effects (Gosetti et al. 2010; Trufelli 

et al. 2011). In isotope dilution, the response of d4-cortisol (an isotope that is known 

to behave in a similar fashion to native cortisol) that was purposely added to 

samples as an internal standard and taken through the entire extraction and work-

up procedures was compared to the measured response of native cortisol in the 

samples, with the equation: 

𝐶𝑜𝑟𝑡𝑖𝑠𝑜𝑙 =
𝐶𝑑 ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (

𝑑4

 𝐶𝑑 𝑛𝑎𝑡𝑖𝑣𝑒
)

𝑑4
 

where Cd is the amount of cortisol detected, and the average ratio of d4-cortisol (d4) 

to the native cortisol (Cd native) standard detected is taken over each round of 

samples analyzed. In this way lower recovery values were effectively compensated 

for (Trufelli et al. 2011).  

The analytical detection limit (ADL) for cortisol was found to be 1.2 pg, and 

the method detection limit (MDL) was 0.005 ng ml-1. ADL was determined by 

injecting a known amount of compound and suppressing the signal to noise (S/N) 
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ratio to a 5:1 value. MDL is defined as the amount of analyte in the procedural 

blanks plus 3 x standard deviation and were normalized to mass or volume of 

sample extracted (Long and Winefordner 1983). The signals of the analytes in the 

blanks were adjusted to estimate concentrations that would give a S/N ratio of 5:1. 

For those samples that had undetectable amounts of the cortisol in the blanks, the 

MDL was determined by adding a known amount of each cortisol to the blank 

extract and suppressing the S/N value to 5:1. In cases where cortisol was below the 

MDL, a concentration of ½ MDL was assumed.   

Data analysis 

Growth rates were calculated as percent body weight (wt) gained per day by 

the equation: 

𝐺𝑟𝑜𝑤𝑡ℎ =
𝑙𝑛(𝑓𝑖𝑛𝑎𝑙 𝑤𝑡 (𝑔))−𝑙𝑛(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑡 (𝑔))

𝑡𝑖𝑚𝑒 (𝑑)
∙ 100    (Cook et al. 2000). 

If the initial weight of the fish was not known (due to the identifying fin mark not 

being clear at the end of the experiment – approximately one third of fish), then the 

initial weight was taken as the average initial weight of all fish for that tank.  

HSI was calculated by the equation:  

𝐻𝑆𝐼 =
𝑙𝑖𝑣𝑒𝑟 𝑤𝑡 (𝑔)

𝑏𝑜𝑑𝑦 𝑤𝑡 (𝑔)
∙ 100    (Cobo et al 2013). 

Fulton’s condition factor (K) was calculated by the equation: 

𝐾 =
𝑏𝑜𝑑𝑦 𝑤𝑡 (𝑔)

𝑓𝑜𝑟𝑘 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚)3
∙ 100  (Sutton et al. 2000).  



 38 

Statistical analysis 

Statistical analyses were run in R version 3.1.3 (R Foundation for Statistical 

Computing 2015). Measured water silver concentrations between treatments were 

analyzed with an ANOVA. Fish silver concentrations were also analyzed by 

treatment and time with an ANOVA, and Tukey’s HSD was used for post-hoc analysis 

where appropriate. . Cortisol, growth, HSI, and K (Fulton’s condition factor) data 

were analyzed by treatment and time using a mixed-model ANOVA design (lmer in 

package lme4), taking into account tank as random effects with the general 

equation: 

𝐶𝑜𝑟𝑡𝑖𝑠𝑜𝑙 = 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑇𝑖𝑚𝑒 + 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 ∗ 𝑇𝑖𝑚𝑒 + 𝑇𝑎𝑛𝑘 

The significance of the interaction term was evaluated by comparing the full model 

(above) to a reduced model lacking the term using a log-likelihood test. In cases 

where the interaction term was shown to be non-significant, the reduced model was 

used as the full model: 

𝐶𝑜𝑟𝑡𝑖𝑠𝑜𝑙 = 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑇𝑖𝑚𝑒 + 𝑇𝑎𝑛𝑘 

In this case, the significance of the treatment effect was evaluated by comparing the 

full model to a reduced model lacking the treatment effect, again using a log-

likelihood test. 

For cortisol, growth, and condition, no significant differences were found for 

variables between the controls of each trial (ANOVA, p > 0.05), so controls were 

combined and trial was not considered a factor in the analysis. For HSI, a significant 

difference was found between the trial controls, and trial was included in the 
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models as a random effect. Cortisol data were log10-transformed to meet the 

assumptions of normality and homogeneity of residual distributions. Post-hoc 

analyses were conducted with a Tukey’s HSD test where appropriate.  

Results 

Exposure concentrations of silver 

Measurements of silver in experimental tanks were of total silver. Most of the 

silver detected was in particulate form, with only 0-0.18% in ionic form (average 

0.05% ionic). Overall, concentrations of total silver measured in the experiment 

were much lower than nominal, and quite variable (Table IV, Figure 2). The carboys 

containing exposure silver solution that was pumped into tanks were measured 

once in Trial 2, and concentrations were found to be much lower than nominal. Test 

static tanks (tanks with silver solution added directly, and no inflow/outflow of 

water) had lower concentrations of silver than trial tanks, levels stayed relatively 

constant over the 4 d, and concentrations did not significantly differ between the 

tank top and tank bottom measurements.  

Measured concentrations within the 200, 300, and 600 µg l-1 exposure tanks 

had a large degree of overlap with each other, and did not differ statistically from 

one another (ANOVA, F(5,85) = 15.23, p > 0.05). As such, the cortisol and 

morphometric data for these higher concentration exposures were combined into 

one exposure treatment (called ‘high’, H), and were compared to the control (C1 and 

C2 combined, where appropriate) and the low (L, 1 µg l-1) exposures.  
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Table IV. Total silver concentrations measured in exposure experiment tanks, static experiment 
tanks, and carboys containing silver solution as well as percentage of total silver that 
was measured as dissolved.  

Tank 
Nominal 

concentrations  
(µg l-1) 

Average measured 
concentrations  

(µg l-1) 

Range 
(µg l-1) 

Percentage of 
nominal (%) 

C1 0 0.00 0.00-0.03 - 
L1 1 0.28 0.18-0.38 28 
H1 200 85.37 22.32-159.00 43 
C2 0 0.06 0.00-0.04 - 
L2 300 44.45 12.07-119.30 15 
H2 600 40.73 4.46-71.80 7 

     
Static L 300 4.87 1.87-11.82 2 
Static H 600 15.72 9.83-20.27 3 

     
Carboy L 450300 24517.07 - 5 
Carboy H 900600 150503.98 - 17 

     
% dissolved Ag  0.05 0.00-0.18  

 

 

Figure 2. Measured concentrations of total silver for nominal nAg treatments in exposure 
experiment tanks over the course of experimental exposures.   
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Fish tissue silver concentration results 

Uptake of silver into fish muscle tissue was observed, with a high degree of 

variation in the tissue concentrations, both within treatments and across time. 

(Note: only 7, 14, and 28 d time points included). Between days 7-28, the nAg 

concentrations in high treatment fish differed significantly from those in control and 

low treatments (Tukey’s HSD; pC-H  = 0.006, pL-H  = 0.02), while no significant 

difference was found between control and low treatments (Tukey’s HSD; p = 0.87) 

likely due to the high level of variability and low sample sizes. Similarly, no 

significant differences were found for the interaction between time and treatments 

(ANOVA, F(df=8)=2.86, p = 0.07). 

  

 

Figure 3. Total silver concentrations of fish muscle tissue in exposure treatments. C = control, L 
= low, H = high.  
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Figure 4. Silver concentrations in fish muscle tissue at 7, 14, and 28 d in exposure treatments.  

Cortisol Results 

There was a significant effect of treatment on cortisol concentrations (Table 

V; Figure 5; Log-likelihood test, 2(df = 2) = 14.906 p =  0.0006). Significant 

differences in cortisol concentrations were found between the H treatment and the 

C (Tukey’s HSD, p < .001). The difference between the L and C treatment was only 

marginally insignificant (Tukey’s HSD, p = 0 .060).  

Table V. Summary of cortisol, growth, hepatosomatic index (HSI), and condition (K) results for 
nAg exposure treatments (means ± standard errors). HSI was separated by trial due to 
differences in trial controls. 

 
Cortisol 
(ng ml-1) 

Growth  
(% body wt gain day-1) 

HSI K 

 mean SE mean SE mean SE mean SE 
C 11.70 5.55 1.91 0.13   2.19 0.06 

C1     2.35 0.15   
C2     1.49 0.09   
L 15.72 4.86 1.91 0.17 2.56 0.18 2.29 0.09 
H 16.08 2.68 1.74 0.11   2.26 0.05 

H1     2.43 0.13   
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Cortisol 
(ng ml-1) 

Growth  
(% body wt gain day-1) 

HSI K 

 mean SE mean SE mean SE mean SE 
H2     1.36 0.06   

         
Overall 14.51  1.83  1.94  2.24  

 

 

Figure 5. Blood plasma cortisol concentrations by nAg treatment, with means ± standard error. 

We found no significant effect of the Treatment by time interaction on the 

cortisol response of fish to nAg exposure (Log-likelihood test, 2(df = 10) = 8.522 p = 

0.578). Visually comparing the means in the experiment (Figure 6), cortisol levels of 

nAg exposed fish tended to be elevated relative to cortisol in control fish earlier in 

the experiment, between 0.1, 0.3, and 7d.  
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Figure 6. Blood plasma cortisol concentrations over time by nAg treatment, with means ± 
standard error. Note log scale on the y-axis. 

Growth, Condition Factor (K), and HSI 

HSI did have a significant difference by the interaction of time and treatment 

(Log-likelihood test, 2(df = 10) = 23.666 p = 0.009) (Table V; Figure 7). No obvious 

trend by treatment could be seen; however, fish in Trial 1 did have higher values 

than fish in Trial 2. Also, there was a peak at 14 d for all treatments in Trial 1, while 

Trial 2 had more stable values across time. Body weights were similar between Trial 

1 (mean 2.94 ± 0.99 g) and Trial 2 (mean 2.87 ± 1.28 g) (t test: t = 0.46, df = 231.32, 

p = 0.646), while relative liver weights between Trial 1 (mean 0.07 ± 0.04 g) and 

Trial 2 (mean 0.04 ± 0.03 g) differed (t test: t = 6.88, df = 226.67, p < 0.001). Growth 

tended to decrease with exposure (Figure 8a), but did not differ significantly across 

treatments (Table V: Log-likelihood test, 2(df = 2) = 0.801 p = 0.670), nor did K 

(Table V: Log-likelihood test, 2(df = 2) = 0.834 p = 0.659) (Table V; Figure 8).  
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Figure 7. Hepatosomatic index over time for nAg Treatments in Trial 1 (Panel a) and Trial 2 
(Panel b). 

 

 
 

Figure 8. Effects of nAg treatment on growth and condition (K) with means ± standard error. 
Panel a; growth, estimated as percent body weight gained per day. Panel b: condition, 
estimated as body weight divided by fork length3, multiplied by 100.  
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Discussion 

In this study juvenile rainbow trout demonstrated a clear response to 

elevated nAg exposure for 28 days, as indicated by significantly increased blood 

cortisol levels in fish exposed to high concentrations of nAg compared with control 

fish. Cortisol levels of fish exposed to environmentally relevant levels of nAg were 

also increased, although not significantly. Cortisol concentrations in each of the 

treatment groups were increased by approximately 25% in comparison to controls. 

Plasma cortisol release has been observed in other nAg exposure studies as well. In 

a study of comparable concentrations and duration of exposure as this study 

(Shaluei et al. 2013) silver carp (Hypophthalmichthys molitrix) were exposed to 20 

and 40 µg l-1 of nAg for 3, 7, and 14 d, and plasma cortisol was observed to be 

increased at all time points at both concentrations. In addition, juvenile rainbow 

trout also had increased plasma cortisol levels after exposure to extremely high 

concentrations of nAg (1000-8000 µg l-1) for 3 h (Johari et al 2013). Both of these 

studies found approximately a 6 - fold increase in cortisol, while the present study 

found an approximately 3 - fold increase in cortisol over a much longer exposure 

period of 28 days. This difference in magnitude of cortisol response among studies 

may be due to the difference in exposure duration, as the current study was 

conducted for a longer time period than past studies;  some toxic effects of nAg have 

been observed to decrease over time, such as gill damage (Griffit et al. 2012), and 

altered gene expression (Pham et al. 2012). An indication of this pattern time 

dependence can also be seen in the cortisol data in this study, with nAg exposed fish 

having noticeably higher cortisol concentrations than controls at earlier time points 
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(several hours to 7 d) but less of a difference between groups later on in the 

exposure (14 and 28 d). In contrast to these results, Massarsky et al. (2014) found 

no effect on whole-body cortisol when embryos were exposed from 2 hpf (hours 

post-fertilization) to 96 hpf to 500 µg l-1, potentially indicating that the cortisol 

response to nAg is dependent on life stage in fishes. Fish larvae and embryos have 

otherwise been seen to be sensitive to nAg exposure (Appendix A). However this 

lack of cortisol response from nAg in embryos may also be because the cortisol 

response may not be functional before hatching in O. mykiss (Auperin and Geslin 

2008). 

Silver ions have also been seen to increase plasma cortisol in fish. In 

Hogstrand et al. (1999) starry flounder (Platichthys stellatus) were exposed to 250 

and 1000 µg l-1 Ag for 0, 12, 25, 38, 96, and 144 h, and there was an increase in 

cortisol for the 1000 ug l-1 exposure at 144 h (6 d). Web and Wood (1998) exposed 

rainbow trout to 9.2 µg l-1 Ag, and observed a trend of increased plasma cortisol at 4, 

24, and 48 h, and a significantly higher plasma cortisol level at 96 and 144 h. Based 

on this comparison of studies, it appears that Ag may cause a more delayed cortisol 

release than nAg, with significant increases not appearing for 4-6 d after exposure 

versus nAg which caused an increase within hours in the current study.  

Chemicals in general may incite or inhibit the cortisol response, with metals 

appearing to typically increase cortisol. For example, aluminum is known to 

increase cortisol in Atlantic salmon (Salmo salar) (Martinez-Porchas et al. 2009) and 

cadmium was found to increase cortisol the African sharptooth catfish (Clarias 

gariepinus) (Karaytug et al. 2010).  However, in contrast copper was found to have 
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no effect on cortisol when rainbow trout were exposed solely to the contaminant, 

and it was found to inhibit the response when fish were exposed to copper along 

with the stressor of being exposed to air (Gagnon et al. 2006).  

HSI was variable in this study, with higher values for Trial 1 than Trial 2 

(caused by higher liver weights in Trial 1), and more stable values for Trial 2. It is 

unknown why this difference was seen, although it may have been affected by the 

14 d age difference between Trials (Trial 2 fish were 14 d older). Other studies on 

juvenile rainbow trout observed lower values for HSI closer to Trial 2 than Trial 1, 

(Bayir et al. 2014; Hernandez et al. 2013, Kose and Yildiz 2013).  Overall no obvious 

pattern of the effect of nAg exposure on HSI could be discerned from the data. This 

is in contrast to other experiments where an effect was observed. In Joo et al. 

(2013), HSI was observed to increase in rainbow trout when fish were exposed to 

anywhere from 32 to 32000 ug l-1 nAg for 14 d. In contrast, Monfared and Soltani 

(2013) exposed rainbow trout to 3000 ug l-1 nAg for 8 weeks (4 times longer than 

the exposure used by Joo et al. 2013). In their study, HSI was observed to decrease, 

and other damage to the liver was seen (decreased size of hepatocytes, increased 

liver enzymes aspartate transaminase and alanine transaminase, congestion in liver 

parenchyma, massive destination in hepatic sinusoids sizes) as well as decreased 

levels of protein in serum. These changes indicate liver activity to metabolize nAg, 

and the decreased serum protein may result from the liver being metabolized as an 

alternate source of energy. The difference in the direction of change in HSI observed 

in these two studies may be another example of the time-dependent nature of nAg 

effects, as a shorter exposure (14 d) increased HSI, and a longer exposure (8 weeks) 
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decreased it. More studies would need to be done to clarify the effects though. Other 

contaminants have been observed to affect HSI as well, and in opposing directions. 

Copper has been observed to both increase HSI (Figueiredo-Fernandes et al. 2007) 

and decrease HSI (Gagnon et al. 2006).  In general, a decrease in HSI is indicative of 

stress (and a loss of energy stores such as liver glycogen) and an increase in HSI 

may be indicative of exposure to contaminants (from the needed increased capacity 

to metabolize xenobiotics) (Heath 1995). 

Despite a significant response of cortisol to nAg exposure, this did not 

translate into a significant response for growth or Fulton’s condition factor (K) in 

the study, although there was a tendency for decreased growth from control to low 

to high treatments. Nanosilver has not been observed to have an effect on growth in 

other studies (Griffitt et al. 2012), similar to other nanoparticles (Ramsden et al. 

2009).  However, it is possible that studies conducted over longer time periods than 

previously tested (48 h in Griffit et al. (2012), 8 weeks in Ramsden et al. (2009)) 

may show an effect to growth, especially in light of the apparent tendency for 

decreased growth due to exposure in this study. For instance, Ag+ has been seen to 

decrease growth in rainbow trout, but over an 18-month exposure study (Davies et 

al. 1978). In general, it is known that metal exposure can inhibit growth; however, 

fish are usually capable of adopting bioenergetic strategies that preserve growth at 

the expense of other aspects of metabolism (Shaw and Handy 2011). For example, 

rainbow trout exposed to copper reduced their time spent swimming (which 

decreased metabolic costs) (Handy et al. 1999). No other studies on nAg or other 
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nanoparticles analyzed the effects on condition (K); however, other metals have 

been found to decrease K (Gagnon et al. 2006).  

Uptake of nAg into fish muscle tissues was observed at all treatment levels. 

Other studies also saw nAg uptake into fish tissues (Griffitt et al. 2009; Scown et al. 

2010; Farkas et al. 2011; Farmen et al. 2012; Joo et al. 2013). These studies 

observed uptake into various tissues, with uptake concentration in the order of: 

liver > kidneys ~ gills > muscle. Other studies also observed low levels of Ag in 

control fish as we did, and it has been suggested that these are background levels 

that fish possess from uptake from the natural environment (Webb and Wood 

2000).  It was also observed that citrate-capped particles were taken up more 

readily than PVP-capped (Farkas et al. 2011), the type used in our study. It could be 

hypothesized that muscle tissue would have lower concentrations than gill or liver 

tissue because muscle is not directly exposed to the water, nor is it a site of blood 

detoxification.  

Nanosilver concentrations in the experiment were much lower than nominal 

at all points (both within carboys containing stock solution and in exposure tanks), 

and consisted of mostly particulate Ag, with low levels of ionic silver. Static 

exposure tanks that were tested showed lower than nominal concentrations as well, 

indicating that it was not the flow-through system of water replacement in the 

exposure tanks that generated these low concentrations, but rather an issue with 

the stability of the stock solution used. This is similar to what has been seen in other 

experiments (Appendix D). In most nAg exposure experiments, actual 

concentrations of nAg were much lower than nominal, averaging 45% of nominal 
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(presumably due to nAg agglomeration, sedimentation or adsorption to tanks walls 

and other equipment) and consisted mainly of particulate silver. Also consistent 

with this experiment were other studies showing that nAg came out of solution 

quickly and that higher concentrations of nAg were difficult to maintain in solution. 

Most of these studies were done with dechlorinated tap water. One study was done 

in lake water, which had much better nAg stability (80% to 100% stability over 24 

h), potentially from the stabilizing effect of naturally-occurring DOC (Choi et al. 

2009).  Other studies had no measurement of actual nAg concentrations, and only 

reported nominal concentrations (Wu et al. 2010; Johari et al. 2013; Katuli et al. 

2014), which this study and review of the published evidence suggests are likely 

overestimates of actual exposures.  

In conclusion, this study found nAg to be taken up by fish and to activate a 

stress response in fish (increased cortisol). However, these effects were not strong 

enough to translate into significant responses to growth or K, and effects to HSI 

were unclear. There was an increase in cortisol at the environmentally relevant 

concentration of on average 0.28 μg l-1 nominal in comparison to controls, which 

indicates that nAg has the potential to cause stress to fish in the environment at 

concentrations that are currently reported for some aquatic habitats (Liu et al. 

2009).  
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Chapter 3: Effect of nanosilver on metabolism in rainbow trout 
(Oncorhynchus mykiss) 

Abstract 

Nanosilver (nAg) is a type of nanoparticle incorporated into many consumer 

products for its antimicrobial properties. It is known to enter the aquatic 

environment and past studies have observed toxic effects to fish such as altered 

gene expression, gill damage, impaired gas exchange as well as mortality at high 

concentrations. Through these effects, it is possible that nAg may affect the energy 

costs of fish. This study investigated the effects of nAg on the metabolism of rainbow 

trout (Oncorhynchus mykiss). Fish were exposed to environmentally-relevant 

concentrations (0.28 ± 0.02  µg l-1) and higher (47.60 ± 5.13 µg l-1) for a chronic time 

period (28 d) and their standard metabolic rate (SMR), forced maximal metabolic 

rate (MMRf), and spontaneous maximal metabolic rate (MMRs) were measured. 

MMRs was significantly depressed in the high concentration exposure of nAg, but no 

significant differences in metabolic variables were observed between the different 

treatments when random effects were accounted for. MMRf and MMRs were found 

to be significantly positively correlated, but MMRs tended to be greater than MMRf 

on average. In conclusion, chronic nAg exposure for 28 d at these exposure 

concentrations had limited significant effects on the metabolism of O. mykiss, and 

suggests that exposures at environmentally-relevant concentrations are unlikely to 

directly affect fish metabolism.  
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Introduction 

Nanosilver is a type of nanoparticle commonly used in many consumer 

products for its antimicrobial properties (Wijnhoven et al. 2009). From the washing 

of these products nAg has been shown to enter wastewater and affect the aquatic 

environment. Once in the aquatic environment nAg may dissolve to silver ions (Ag+) 

or aggregate with compounds or other nAg particles (Choi et al. 2009).  

Toxicity from nAg is thought to result from a combination of the effects of 

both the nAg and the Ag+ it releases (Lapresta-Fernández et al. 2012), with nAg’s 

main mode of toxicity being through oxidative stress, and silver ion’s main mode 

being through inhibition of the Na+/K+ ATPase pump in gill cells leading to 

osmoregulatory impairment (Farkas et al. 2010).  Toxic effects from nAg include 

altered gene expression, gill damage, impaired gas exchange as well as mortality at 

high concentrations (Bilberg et al. 2010; Farmen et al. 2012; Pham et al. 2012) 

(Appendix A).  

Through these toxic effects nAg may affect the metabolism of fish. The term 

metabolism encompasses all energy costs of a fish, such as costs arising from basic 

bodily functions (respiration), activity, and digestion/absorption/processing of food 

(specific dynamic action). Standard metabolic rate (SMR) defines the minimal 

energy requirement of ectothermic animals at a specific temperature, and is made 

up of all of the basic functions of cellular metabolism such as protein synthesis and 

ATP turnover that keep a fish alive (Sokolova and Lannig 2008).  Maximum 

metabolic rate (MMR) defines the maximal aerobic metabolic rate attainable (Norin 

and Malte 2012). These two rates encompass the aerobic scope (AS), which 
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describes the amount a fish can increase its metabolic activity above maintenance 

levels.  

Nanosilver exposure could potentially affect SMR through its toxic effects on 

fish of altered gene expression and oxidative stress increasing the basic energy 

demands of a fish (Griffitt et al. 2012; Pham et al. 2012). Additionally, nAg exposure 

could affect MMR through it damage to the gills decreasing the ability of fish to take 

up oxygen under intense activity (Bilberg et al. 2010; Farmen et al. 2012; Griffitt et 

al. 2012). Due to the importance of metabolism to fish ecology, measures of 

metabolic rate provide a useful link between the physiological effects of 

contaminants and their effects on fish as a whole (Handy and Depledge 1999; 

McKenzie et al. 2007) 

Objectives of this study were to investigate the effects of nAg on metabolism 

in rainbow trout, Oncorhynchus mykiss (Walbaum 1792) through chronic nAg 

exposure at environmentally relevant levels and higher. The toxic effects of nAg may 

potentially increase SMR or decrease MMR, and therefore may decrease AS. These 

potential metabolic changes caused by nAg exposure would decrease energy 

available for other integral processes such as activity, growth, and reproduction and 

therefore potentially decrease fish fitness or even fish survival.  

Materials and Methods 

Experimental animals  

O. mykiss were obtained from Lyndon Fish Hatcheries (New Dundee, Ontario) 

on Feb 11, 2014 (n=200), and April 29, 2014 (n=200). All fish were female diploid 

fish and weighed approximately 1 g at arrival. Fish were quarantined for one week 
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in large (160-200 l) tanks, and throughout the experiment were kept at a water 

temperature of 14 °C. Fish were exposed to a 12:12 diurnal lighting regime with 

gradual light changes (lights turned on and off in three stages to mimic dawn and 

dusk) throughout the quarantine and experiment. After quarantine, 11 fish were 

placed in each of the 40 l exposure tanks, and acclimated for one week. At the time 

that respirometric experiments were initiated, fish weighed on average 2.91 ± 1.14 

g.  

Exposure experiment 

Nanosilver exposure was achieved through a flow-through set-up, where a 

peristaltic pump transported nAg solution to the tanks. There were two exposure 

trials, with treatments comprising of 1) a control, and exposure concentrations of 

1µg l-1, and a 200 µg l-1 in the first trial, and 2) a control, and exposure 

concentrations of 300 µg l-1, and a 600 µg l-1 in the second trial.  However it was 

observed that measured nAg concentrations were much lower than nominal 

concentrations and quite variable (7-43% of nominal), and concentrations within 

the higher exposure tanks (200, 300, and 600 µg l-1 nominal) overlapped with each 

other, and did not differ statistically (ANOVA, F5,85 = 15.228 p > 0.05). Due to this 

observation it was assumed that fish in the higher exposure treatments were all 

likely exposed to similar amounts of waterborne nAg, and therefore respirometry 

data for these groups was combined into a single group (called “high”). Therefore 

for analysis, we considered three treatment levels over both trials: the controls 

(from both trials), a low (1µg l-1), and a high exposure (200, 300, and 600 µg l-1 

nominal concentrations).  Total silver measured in respirometry tanks was also 
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lower than nominal (Appendix D).  Exposures were conducted for 28 d prior to 

experimentation. Further details on the nAg exposure trials can be found in Chapter 

2. 

Respirometry 

Four cylindrical chambers (with length= 12.3 cm, diameter= 3.3 cm, and 

volume = 92 ml each) were installed in a 400 l tank with recirculating water. Each 

chamber was sealed and monitored for O2 using an O2 probe. Temperature was kept 

at 14 ± 0.5 °C with water baths, and water was kept oxygenated and mixed with air 

stones and pumps. Fish were exposed to the same 12:12 diurnal cycle as for the 

exposure experiment (with gradual light changes), and shielded from any external 

stimuli with a dark curtain draped around all edges of the tank. Activity in the room 

where experiments were conducted was also minimized. Equipment in the tank was 

kept to a minimum to reduce bacterial respiration and adhesion of nanoparticles. 

Oxygen probes were calibrated every week or when inconsistencies in oxygen 

measurements were observed. Before each trial nAg stock solution was added to the 

tank to match nominal exposure concentrations, and water samples were taken 

near the end of the experiment to ascertain actual Ag concentrations (Appendix D).  

Oxygen consumption was measured by automatic intermittent-flow 

respirometry using a LoliResp system (Loligo Systems, Tjele, Denmark). In the 

respirometry system, water was pumped continuously by a flow pump (Eheim 

Universal Hobby Pump 1046, Germany) from each chamber to the OxyGuard oxygen 

electrode and back into the chamber. Each respirometry cycle lasted for 8.5 - 9 min 

and consisted of a flushing period of 3 min where water in the respirometer was 
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renewed with water from the holding tank, a 1 min wait period where the 

respirometer was closed but no oxygen concentration measurements were taken, 

and a 5.5-6 min measure period when oxygen concentrations were measured (the 

measurement period was shortened to 5.5 min due to low O2 values during the 

course of the experiment). The rate of decline in oxygen concentration during this 

period permitted estimation of consumption rate (MO2; see data analysis below).  

Respirometry experiments 

Respirometric experiments were conducted at the end of the exposures on 

four fish from each exposure tank that had not been fed for at least 24 h. Three 

respirometric rates were measured: standard metabolic rate (SMR), forced maximal 

metabolic rate (MMRf), and spontaneous maximal metabolic rate (MMRs). 

Estimation of SMR and MMRs were estimated from fish held in respirometry 

chambers for a 24 h period (see data analysis below). 

To estimate MMRf, one fish at a time was placed in a circular bucket, and 

exhausted through a standardized 5 min manual chase method; 1 min chase, 3 min 

turning the fish over, and 1 min holding the fish out of water (similar to Roche et al. 

2013). At the end of this 5 min chase, fish would not be capable of burst swimming, 

a sign of exhaustion (Milligan 1996). Immediately after chasing, fish would be 

placed into a respirometry chamber to measure maximal metabolic rate.  For a 

subset of fish (the first 3 tanks tested out of 24), MMRf was conducted at the end of 

the SMR measurements.  The protocol was then changed to test MMRf  at the 

beginning of the respirometry trial, in an attempt to obtain higher MMRf 

measurements by potentially capturing the immediate stress of transfer to a novel 
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environment (the respirometry chamber) in addition to the chase methods. The 

influence of the timing of MMRf estimation on other respirometric variables was 

evaluated to ensure this change in methods did not influence results.  

To minimize background bacterial respiration and contamination of nAg 

between experiments, the tank was drained and all surfaces cleaned and flushed 

with water between experiments. After respirometry experiments were completed 

the fish were measured, weighed, and euthanized by cervical dislocation. Muscle 

tissue was also taken for determination of total silver concentration.  

Estimation of mass-specific metabolic rates 

In order to mass-adjust metabolic rates (SMR, MMRf, MMRs) for the size of 

fish appropriately (e.g., convert mass-relative to mass-specific rates), we first 

needed to determine whether our rates were isometric with body size (Rennie et al. 

2010). To do this, we examined log10-transformed relationships between each rate 

with log10-transformed body mass, including Treatments (C, L, H) as a grouping 

variable. For each rate, we first examined differences in slope among treatments. In 

all but one case, slopes were not significantly different among treatments (test for 

heterogeneity of slopes, all p > 0.05). In the case of MMRf, a single outlier in the L 

treatment with high leverage resulted in a more elevated slope compared with the 

other two treatments (Test for Heterogeneity of slopes, p = 0.045) (Appendix E.1). 

Upon removal of this single outlier value, slopes were not significantly different 

among treatments (p = 0.055), and analysis proceeded without the outlier.  

Next, for each metabolic rate, ANCOVA was used to determine a common 

slope value for instances where differences existed among treatments in the 
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relationship between log10(metabolic rate) and log10(weight). For SMR and MMRf 

the effect of treatment was not significant (ANCOVA, SMR: F 1,2 = 0.34, p = 0.71, 

MMRf: F 1,2 = 0.20, p = 0.82). In the case of MMRs, treatment was a significant effect 

in the model (ANCOVA: F 1,2 = 3.61, p = 0.03), with the high treatment significantly 

lower than the control (Tukey’s HSD, p = 0.04) (Appendix E.2). In this case, we used 

the common slope from the ANCOVA, and evaluated its difference from a value 

representing isometry (slope of 1) using a t-test.  

 Where there was no significant treatment effect in the ANCOVA models, we 

ignored treatment and estimated the slope of each metabolic rate with body mass 

for all observations (each log10-transformed). In all but one case, the slope of each 

rate was not significantly different from 1 (t-test, SMR t 78 = 1.501 p = 0.544; MMRs t 

86 = -0.557, p = 0.491). For these rates, we concluded that our metabolic rates were 

isometric with a mass exponent equal to 1. In the case of MMRf, the slope of the log-

log relationship of mass-relative rates against body size resulted in a slope of 0.88, 

which was significantly different from a slope of 1 (t-test, t 90 =-1.717, p= 0.045) 

(Appendix E.2). 

Data analysis 

The basic equation for mass-specific metabolic rates was: 

𝑀𝑂2 =
∆𝑃𝑊𝑂2

∆𝑡
∙ 𝛽 ∙

(𝑉𝑅 − 𝑉𝐹)

𝑀𝑏
 

where MO2 is the oxygen consumption rate (mg O2 kg-1 h-1), ∆𝑃𝑊𝑂2 is the decline in 

the partial oxygen pressure (kPa), ∆𝑡 is the time elapsed during the closed 
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measuring period (h), consequently  
∆𝑃𝑊𝑂2

∆𝑡
  is the oxygen depletion slope, β is the 

oxygen solubility in water (= 0.4959 mg O2 l-1 kPa-1 at 14°C) (Green and Carrit 

1967), VR the water volume in the respirometer system (l), VF the fish volume (l), 

and M the fish body mass (kg), and b is the mass exponent adjustment. For MMRf, 

X=0.88, but was 1 for all other respirometric rates.  

Background MO2 measurements from before and after each respirometry 

trial were measured and averaged for each respirometer, and subtracted from all 

fish MO2 measurements. Individual MO2 measurements with an r2 lower than 0.9 

were determined to reflect poor linear estimates of O2 consumption rates and were 

eliminated. Estimates of MO2 in the respirometers with low O2 levels in the 

respirometers were also eliminated to ensure fish were not oxygen-limited (<73.1% 

or 7.6 mg L-1 as per Tang et al. 2000). This data processing resulted in the removal 

of a small amount of MO2 measurements (0.08% of measurements not used due to 

low O2, 0.16% of measurements not used due to low r2, for a total of 0.24% of the 

data being removed from estimation of respirometric rates, out of approximately 

13120 measurements).  

SMR was estimated as the mean of the 10 lowest observed MO2 

measurements during the 24 h experiment (Bilberg et al. 2010). MMRf was 

calculated as the highest single MO2 measurement of the 3 measurements observed 

immediately after the chase procedure (Svendsen et al. 2012). MMRs was calculated 

as the highest single MO2 measurement observed during the 24 h experiment 

(excluding MMRf measurements)(Svendsen et al. 2014). Aerobic scopes between 
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both SMR and MMRf (ASf), and SMR and MMRs (ASs) were calculated by subtracting 

the SMR from the MMRf and MMRs, respectively (Clark et al. 2013).  

Statistical analysis 

Analyses were conducted in R version 3.1.3 (R Foundation for Statistical 

Computing, 2015).  Respirometry data (SMR, MMRf, MMRs, ASf, ASs) were analyzed 

using a mixed-effect model (lmer). The full model tested for effects was: 

𝑅𝑒𝑠𝑝𝑖𝑟𝑜𝑚𝑒𝑡𝑟𝑦 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 = 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑇𝑎𝑛𝑘 + 𝐶ℎ𝑎𝑚𝑏𝑒𝑟 + 𝑇𝑖𝑚𝑒 𝑜𝑓 𝑀𝑀𝑅𝑓 

where treatment was a fixed effect, and tank, chamber, and timing of MMRf 

(conducting MMRf procedure before or after SMR experiments) were random 

effects. In order to determine the significance of nanosilver exposure on rainbow 

trout metabolic rates, we used log-likelihood tests comparing the full model (above) 

to a reduced model (the full model without the Treatment effect).  

 The relationship between MMRf and MMRs was also tested using a mixed 

model approach with the full model: 

𝑀𝑀𝑅𝑠 = 𝑀𝑀𝑅𝑓 + 𝑇𝑎𝑛𝑘 + 𝐶ℎ𝑎𝑚𝑏𝑒𝑟 + 𝑇𝑖𝑚𝑒 𝑜𝑓 𝑀𝑀𝑅𝑓 

To determine the significance of the relationship between MMRs and MMRf, the 

model was compared to a reduced model with the MMRf  variable absent using a log-

likelihood test. The effect of timing of MMRf chase procedure on respirometry 

variables was analyzed using a Welch two sample t-test. No significant differences 

were found for most respirometric variables between the controls of each trial 

(ANOVA, p > 0.05), so controls were combined into a single treatment and trial was 
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not considered a factor in the analysis. For MMRf, a significant difference was found 

between trial controls (likely due to the change in timing of MMRf procedure), and 

trial was included in the models as a random effect. Residual plots of the models 

were examined for normality and homogeneity among treatments and in all cases 

were found to meet assumptions. Where appropriate, post-hoc analyses were 

conducted with Tukey’s HSD test. 

Results 

Most of the total silver detected in the exposure tanks was in particulate 

form, with on average only 0.05% as ionic silver. Silver was taken up into fish 

muscle tissue, with a high degree of variation in the concentrations both within 

treatments and across time. Nanosilver concentrations in high treatment fish 

differed significantly from those in control and low treatments (Tukey’s HSD; pC-H  = 

0.006, pL-H  = 0.02), while no significant difference was found between control and 

low treatments (Tukey’s HSD; p = 0.87). Similarly, no significant differences were 

found for the interaction between time and treatments (ANOVA, F(df=8)=2.86, p = 

0.07). Additional details of water and fish silver concentrations can be found in 

Chapter 2. 

 

Respirometry  

No difference by nAg treatment was found for SMR, which had an overall 

mean of 119 mg O2 kg-1 h-1 (Figure 9a, Table VI; log-likelihood test, 2(df = 2) = 2.682 

p = 0.262).  There was also no difference between treatments for MMRf, which had 



 73 

an overall mean of 470 mg O2 kg-1 h-1 (Figure 9b, Table VI; log-likelihood test, 2(df = 

2) = 0.202 p = 0.904), or MMRs, which had an overall mean of 493 mg O2 kg-1 h-1, 

although the High treatment was lower than other treatments. (Figure 9c, Table VI; 

log-likelihood test, 2(df = 2) = 5.279 p = 0.071). Finally, no difference by treatment 

was found for either ASf, with an overall mean of 357 mg O2 kg-1 h-1  (Table VI; log-

likelihood test, 2(df = 2) = 0.081 p = 0.960), or ASs with an overall mean of 376 mg 

O2 kg-1 h-1 (Table VI; log-likelihood test, 2(df = 2) = 3.409 p = 0.182) 

Table VI. Mean and standard error values for metabolic variables in different nAg exposure 
treatments. 

Exposure 
levels 

SMR 
(mg O2 kg-1 h-1) 

MMRf 

(mg O2 kg-1 h-1) 
MMRs 

(mg O2 kg-1 h-1) 
ASf   

(mg O2 kg-1 h-1) 
ASs 

(mg O2 kg-1 h-1) 

 mean SE mean SE mean SE mean SE mean SE 

Control 119.66 5.33 474.82 17.58 515.79 15.26 366.70 19.31 389.17 13.82 

Low 128.35 6.95 455.88 26.06 525.43 14.94 344.06 22.30 401.79 18.59 

High 114.84 3.97 471.92 15.52 467.23 12.55 356.04 19.02 358.05 11.82 

Overall 118.88  470.25  492.58  357.29  375.65  
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Figure 9. Metabolic variables for different treatment (T) levels. Data expressed as means ± 
standard errors. Panel a: standard metabolic rate (SMR). Panel b: forced maximal 
metabolic rate (MMRf). Panel c: spontaneous maximal metabolic rate (MMRs). 

 

MMRf and MMRs 

MMRs was higher than MMRf  58% of the time (out of 88 measurements). 

Controlling for random effects, the two variables were significantly correlated (log-

likelihood test, 2(df = 1) = 52.988, p < 0.001) with MMRf being on average 98% of 

MMRs (Fig 10). Interestingly, MMRs most often occurred at the moment when the 

room lighting changed, particularly when the lights turned on in the room the 
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respirometers were in (63.3% of MMRs measurements).  An example of the typical 

pattern of MO2 in the experiments can be seen in Figure 11, with the timing of lights 

going on and off marked. 

 

 

Figure 10. Relationship between spontaneous maximal metabolic rate (MMRs) and forced 
maximal metabolic rate (MMRf). Dashed line is 1:1 line, solid line is regression line 
between metabolic rates. 
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Figure 11. SMR experiment for a sample trial fish (L7-CH4), showing MO2 over 24 h. Timing of 
changes in lighting (lights turned on at 8:00 h, and off at 20:00 h) are marked with 
hashed red lines.  

 

Effect of the timing of MMRf procedure 

Metabolic variables were also analyzed for the effect of timing of MMRf 

procedure (manually chasing the fish either before or after the 24 h SMR 

experiment) in trial 1.  MMRf and ASf were found to be higher if the MMRf procedure 

was conducted before the respirometric experiment (Figure 12; t-test; MMRf, t 11.01 = 

-3.015, p < 0.012; ASf t 8.029 = -5.738, p < 0.001). The mean for MMRf for MMRf before 

was 481.44 ± 10.60 (n = 82), and 378.49 ± 32.45 (n = 10) after. The mean for ASf for 

MMRf before was 368.54 ± 11.91  (n = 73), and 220.36 ± 22.91 (n = 6) after. SMR 

was found to be lower if the MMRf procedure was conducted before the 

respirometric experiments (Figure 11; t-test; t 77.812 = 3.117, p < 0.003). The mean 

for SMR before was 116.43 ± 2.88 (n = 73), and 144.44 ± 11.22 (n = 7) for MMRf 
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after.  No significant difference was found for the other metabolic variables (MMRs 

and ASs) based on the timing of MMRf procedure.  

 

Figure 12. Differences in metabolic variables by timing of MMRf procedure (before or after SMR 
experiment). Panel a: forced maximal metabolic rate (MMRf). Panel b: forced aerobic 
scope (ASf). Panel c: standard metabolic rate (SMR). 

 

Discussion 

nAg effects on metabolism 

Once random effects were accounted for, results showed no significant effect 

of nAg on metabolic variables of SMR, MMRf of rainbow trout. Effects on MMRs were 

significantly depressed relative to controls using body size as a covariate, but were 

only marginally insignificant once random effects were accounted for.  Similar to 
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our results, Bilberg et al. (2010) did not observe an effect of nAg on SMR of Eurasian 

perch (Perca fluviatilis) at concentrations from 63-300 µg l-1 over 24 h, but nAg did 

decrease hypoxia tolerance at 300 µg l-1 exposure. In the same study, bulk silver (in 

the form of silver nitrate) increased SMR and decreased hypoxia tolerance. Cowart 

et al. (2011) also found no effect of nAg on the metabolic rate of zebrafish (Danio 

rerio) embryos exposed for 24-48 h to high levels of nAg (20,000 – 140,000 µg l-1). 

From these studies as well as the present study’s results it appears that nAg has no 

significant effect on SMR. This is perhaps surprising, since one would predict SMR to 

be elevated as a consequence of higher blood plasma cortisol levels in nAg exposed 

fish (Chapter 2), as well as the other toxic effects of nAg. Other studies showed an 

effect on metabolism when fish were under additional stress (hypoxia); which one 

might expect due to the gill damage nAg has been observed to cause in fish (Farmen 

et al. 2012; Griffit et al. 2012). This study did find some evidence that MMRs may be 

depressed at a high concentration of nAg, which may indicate some effect of nAg on 

maximal metabolic rates, though this effect was muted once random effects were 

accounted for.  

 To our knowledge, no other studies have been conducted on the effects of 

other nanoparticles on fish metabolism. However, a variety of studies have analyzed 

the effect of ionic metals on metabolic rate, and generally indicate that SMR is 

usually increased and MMR is usually decreased, but appears to depend on exposure 

time (chronic versus acute). In chronic exposures to low but environmentally-

relevant concentrations metals usually either have no effect to metabolism or 
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increase it, while acute exposures to higher concentrations may decrease 

metabolism (Sokolova and Lannig 2008). 

For example, the effect of aluminum (Al) on rainbow trout in acidic water 

exposed for 36 d was found to decrease MMRf and ASf by approximately half, and 

there was a trend for increased SMR (Wilson et al. 1994). Lead (Pb) decreased MMRf 

during acute exposure (24 h), but not in chronic exposures of 33-57 d in fathead 

minnow (Pimphales promelas), indicating that fish were able to recover from the 

effects of Pb on metabolism (Mager and Grosell 2011). It is possible that this same 

phenomenon of recovery with chronic exposure to a contaminant may be at work in 

this study, and may be why no significant effect on metabolic rates was seen after 28 

d, while Bilberg et al. (2010) did see a significant effect on metabolism when fish 

were under additional stress (hypoxia) following their shorter (24 h) exposure. A 

pattern of recovery of other toxic effects from nAg over time also supports this. For 

example Griffit et al. (2012) observed that gill epithelial proliferation was more 

distinct at 14 d exposure in comparison to 35 d, and in Pham et al. (2012), altered 

gene expression was often greater at 7 or 21 d exposure versus 28 d. 

Maximal metabolic rates 

MMRf  was typically lower than MMRs in most cases. This indicates that the 

chase protocol of 5 min (consisting of 1 min chase, 3 min turning fish over, and 1 

min air exposure) was not sufficient to obtain as high of a maximal metabolic rate 

compared with spontaneous rates observed in the chambers.  While critical 

swimming speed trials can also be used to obtain MMR, chase protocols are widely 

used as well. Roche et al. (2013) found that swim trials did obtain the highest MMR, 
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with chase trials reflecting 36% lower MMR than swim trials, and only 23% lower 

when an air exposure element was added to the chase trial (Roche et al. 2013). They 

therefore suggested that a chase with an air exposure element should be used if 

swim trials were not possible, as was the methodology followed in this study. Other 

studies have suggested that chase and swim trials give similar results (Cutts et al. 

2002).  Our results support the idea that chase trials may not obtain true MMR (as 

our MMRs were higher than MMRf in most cases). Comparisons between swimming 

trials and MMRs should be conducted in future studies.  

While MMRs is less often used as a metabolic metric than MMRf, it has been 

used in other studies and there is evidence that it is ecologically relevant (Svendsen 

et al. 2014). Animals may not exercise at maximal intensity very often under natural 

conditions and spontaneous maximal performance is likely used more frequently. 

Therefore spontaneous performance may be more indicative of how the animal will 

behave in nature, and how the stressor under study will affect it (Husak 2006).  

MMRf and MMRs in this study were correlated, supporting similar findings 

reported elsewhere (Svendsen et al. 2014). This suggests that while MMRf was 

typically lower than MMRs, they do appear to reflect similar mechanisms. In our 

study, MMRs was usually caused by light disturbances in the room. The effect of light 

changes on respirometric rates has been observed before, and because of this many 

studies expose fish to only dim lighting during respirometry trials, or otherwise 

shield fish from large changes in light intensity (Morgan and Iwama 1996; Norin and 

Malte 2011; Svendsen et al. 2012). This was not done in this study; fish were 

exposed to the same lighting regime as they were throughout the 28 d exposure 
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trials. This lighting regime did employ gradual light changes, but appears to have 

still been sufficient to cause a reaction in fish. However, this may also simply reflect 

natural patterns of metabolic expenditure, since fish are traditionally known to be 

most active during the crepuscular periods of sunrise and sunset (Helfman 1981).    

MMRf was approximately 21% higher when fish were chased before the SMR 

experiments, likely due to the increased stress fish were experiencing from being in 

the new environment of the respirometry tubes, combining with exercise stress 

when the chase protocol was conducted first. This suggests that in general it may be 

beneficial to conduct chase protocols before SMR trials, to increase the metabolic 

rate that is achieved. Conducting chase protocols was also found to decrease SMR 

measurements by approximately 20 %.  The reason for this difference was 

unknown, as it was expected that the timing of the chase protocol would either have 

no effect or potentially increase SMR if done before (due to residual stress or post-

exercise recovery). Regardless, any differences were accounted for in analysis 

through inclusion of the variable in the mixed-model design used.  

Overall, no significant effects of chronic nAg exposure to rainbow trout 

metabolism were found in our study. This is despite the facts that fish took up nAg 

into muscle and other stress responses were observed from nAg exposure in this 

study, such as increased cortisol response (Chapter 2). This may indicate that fish 

were able to put into place adaptive mechanisms to counteract the toxic effects of 

nAg exposure without any significant additional metabolic costs over the chronic 

exposure. Lack of metabolic effects may also be due to the masking effect of the 

stress caused by the respirometry methods themselves (Chapter 4), making any 
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toxic/stress effects of nAg undetectable. Future studies could focus on investigating 

different exposure periods on fish to capture any shorter-term effects (potentially 

before adaptive mechanisms are initiated).   
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Chapter 4: Effect of respirometric experiments on cortisol 
release in rainbow trout Oncorhynchus mykiss 

 

Abstract 

While respirometry is a key method to measure standard metabolic rate in 

fish, handling and confining the tested animal to a relatively small chamber during 

the respirometric experiment may be stressful for the animal, and could potentially 

affect the metabolic measurements. Using juvenile rainbow trout Oncorhynchus 

mykiss, this study observed increased cortisol levels in animals tested using 

intermittent-flow respirometry, suggesting that respirometric experiments may 

stress the animal, even after a 24 h exposure period to the respirometer chamber.  

Introduction 

Metabolism encompasses all energetic costs of a fish, such as costs arising 

from basic bodily functions, activity, and digestion/absorption/processing of food 

(Brett, 1964), and is therefore an important parameter in fish behaviour and 

survival (Killen et al. 2007). It can be measured through oxygen consumption rate 

(𝑀O2) using respirometric experiments (Jobling, 1994). Standard metabolic rate 

(SMR) is estimated in inactive fish that are post-absorptive and have no oxygen debt 

(Brett, 1964), usually by testing fish in a respirometry chamber in which 𝑀O2 

measurements are made over at least 24 h. Maximum metabolic rate (MMR) is 

obtained by exercising a fish intensively often to exhaustion through either forced 

swimming in a swim tunnel or manually chasing and transferring it to a static 
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respirometer chamber and measuring 𝑀O2 during or directly after the exercise, 

respectively. The transfer of fish to the chamber and the confinement in the 

chamber representing a new and space-constrained environment may be stressful 

to the fish. Consequently, 𝑀O2 may be affected if fish do not habituate to the 

chamber during the experiment (Clark et al. 2013). 

Cortisol is one of the most common stress indicators in fish (Martinez-

Porchas et al., 2009). Therefore, measuring cortisol release in fish that undergo 

respirometric experiments is a useful method to determine stress levels in test 

animals. Several studies have shown a positive relationship between cortisol level 

and metabolism (Morgan & Iwama, 1996; O’Conner et al. 2011). To obtain reliable 

and relevant SMR estimates from respirometric experiments, it is therefore crucial 

that fish are not stressed as this could lead to elevated cortisol levels and 

consequently increased 𝑀O2 during the experiment.  

This study was part of a larger investigation on the effects of the contaminant 

nanosilver (nAg) on the stress responses of rainbow trout Oncorhynchus mykiss 

(Walbaum 1792). The objective of this article is to describe observed cortisol levels 

of fish from four procedural groups after a 28 d nAg exposure (Table I). The effect of 

the four different procedures on cortisol levels was analysed by comparing the four 

otherwise identical groups. 

Methods 

Juvenile O. mykiss (n = 109, body mass: 2.91 ± 1.14 g) were exposed to three 

concentrations of nAg for a period of 28 d over two consecutive trials. 

Concentrations of nAg consisted of a control of 0 µg l-1 nAg, a low concentration of 
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0.28 µg l-1, and a high concentration of 47.60 µg l-1. After 28 d, blood samples were 

immediately taken from Group 1 and analysed for blood plasma cortisol levels 

(hereafter referred as cortisol). Groups 2, 3 and 4 were not fed for 24 h before the 

respirometric experiment. Group 2 was manually chased for 5 min and then 

immediately placed in the respirometer to estimate MMR by using the highest of the 

three 𝑀O2 following the chase protocol (Roche et al., 2013). Subsequently, SMR was 

obtained by leaving the fish undisturbed in the chamber over 24 h, measuring 𝑀O2 

over this period every 8.5 – 9 min and averaging the ten lowest 𝑀O2. After the 

respirometric experiment, blood plasma was immediately sampled for cortisol 

analysis. Group 3 underwent respirometric experiments for SMR first, and were 

then chased for the MMR experiment followed by cortisol sampling. Finally, Group 4 

was treated identically to Group 2 except fish were exposed to hypoxia after the 

SMR experiment by shutting off the flush pump until the fish lost equilibrium in the 

chamber. Plasma samples were analysed for cortisol through High Performance 

Liquid Chromatography Tandem Mass Spectrometry. 

Statistical analysis 

Statistical analyses were conducted in R version 3.1.3 (R Foundation for 

Statistical Computing, 2015). Differences in cortisol were analysed using a mixed-

effects model (lmer) with trial and tank as random effects, and procedural type as a 

fixed effect. The effect of the four procedures on cortisol was evaluated through the 

model: 

Cortisol = Procedure + Tank + Trial 
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In order to determine the significance of the procedure on cortisol, log-likelihood 

tests comparing the full model (above) to a reduced model (the full model without 

the procedure effect). 

As this study was conducted as part of a larger experiment on the effects of 

nAg exposure on the fish metabolism, differences in cortisol of different nAg 

concentrations in respirometry fish were also analysed through a mixed-effect 

model (with trial and tank as random effects), and the effect of nAg concentration as 

a fixed effect. The effect of nAg concentration was evaluated through the model: 

Cortisol = Treatment + Tank + Trial 

 A log-likelihood test comparing the full model to a reduced model (the full 

model without the nAg concentration effect included) was used to determine the 

significance of nAg concentration on cortisol. 

The relationship between SMR and cortisol in respirometry fish not 

immediately exposed to a stressor before cortisol sampling (Group 2) was analysed 

using the same mixed model approach with the full model: 

SMR = Cortisol + Tank + Chamber 

To determine the significance of the relationship between SMR and cortisol, the 

model was compared to a reduced model with the cortisol variable absent using a 

log-likelihood test. In all cases cortisol data was log10-transformed to meet the 

assumptions of normality and homogeneity of residual distributions. Post-hoc 

analyses were conducted with Tukey’s HSD test when significant differences were 

found with the log-likelihood tests.  
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Results 

Mean ± S.E. cortisol levels were 9.90 ± 2.21 ng ml-1 for Group 1, 138.89 ± 

15.59 ng ml-1 for Group 2, 138.44 ± 24.89 ng ml-1 for Group 3, and 365.27 ± 35.95 ng 

ml-1 for Group 4. Groups 2 and 3 (that underwent respirometric experiments) had 

14-times higher cortisol levels than Group 1 (that did not undergo respirometry), 

and Group 4 (that underwent respirometry and hypoxia exposure) had 37-times 

higher cortisol levels than Group 1 (Fig. 13; Log-likelihood test, 2= 84.71; d.f. = 3; P 

< 0.001). Cortisol levels from Groups 2, 3 and 4 did not differ significantly (Tukey’s 

HSD; PGrp2-3 = 0.99, P Grp2-4 = 0·301, PGrp3-4 = 0.483). No difference by nAg 

concentration was found for the cortisol levels of fish (Log-likelihood test, 2= 2.49; 

d.f. = 2; P = 0.29). Additionally, no significant relationship was found between SMR 

and cortisol levels in respirometry fish not exposed to a stressor (Group 2) (Log-

likelihood test, 2= 0.09; d.f. = 1; P < 0.76.  

Table I.  Descriptions of procedures for the four groups. 

Group n Procedure 

1 37 blood samples were taken immediately  

2 37 manually chased for 5 min  MMR  SMR  blood samples 

3 12 SMR  manually chased for 5 min  MMR  blood samples 

4 23 manually chased for 5 min  MMR  SMR  hypoxia  blood 

samples 
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Figure 13. Blood plasma cortisol concentrations for different procedures (Grp 1 – immediately 
sampled for cortisol, Grp 2 – chased, respirometric experiments, sampled for cortisol, 
Grp 3 – respirometric experiments, chased, sampled for cortisol, Grp 4 – chased, 
respirometric experiments, exposed to hypoxia, sampled for cortisol). Data shown are 
means ± standard errors. 

Discussion 

A wide range of plasma cortisol levels have been described in the literature 

for unstressed O. mykiss ranging from 1.7 ng ml-1 (Barton, 2000) to 50.0 ng ml-1 

(Webb & Wood 1998). Consequently, the result of 9.90 ng ml-1 for Group 1 from this 

study (fish not involved in respirometry) lies within this range, indicating that these 

fish were not stressed. Cortisol levels in stressed O. mykiss range from 43.3 (Auperin 

& Geslin, 2008) to 155.0 ng ml-1 (Woodward & Strange, 1987). Again, the observed 

cortisol level of 138.9 ng ml-1 for Group 2 falls in this range indicating that these fish 

were stressed. Group 3 had similar levels to Group 2, indicating a similar level of 
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stress in these fish. Group 4 had much higher cortisol levels, agreeing with other 

studies that have found that hypoxia causes high stress levels (Maxime et al. 1995). 

After exposure to stress, cortisol levels usually return to baseline within 2 to 

3 h (Woodward & Strange, 1987; Auperin & Geslin, 2008), indicating that the 

elevated levels seen in Group 2 were not residually elevated levels from chase 

methods performed at the beginning of the respirometric experiments, but stressed 

from the respirometry itself.  SMR estimates from this study (mean = 118.88 mg O2 

kg-1 h-1) were comparable to ones found by Blake & Chan (2006) for similarly sized 

O. mykiss (3.5 g). 

Respirometry has been recognized to potentially cause stress (Martins et al., 

2011). Respirometry chambers are new environments where fish are constrained in 

a small area and isolated from its mates. It is usually assumed that SMR is obtained 

after the fish has acclimated to the chamber, several hours into the respirometric 

experiment. However, the results of this study suggest that fish did not habituate to 

the experimental setting, displaying increased cortisol level even after 24 h. If fish 

remain in a stressed state throughout the experiment 𝑀O2 may be increased, 

impeding an accurate estimation of SMR. 

In contrast to this study, Morgan & Iwama (1996) found only slightly (but not 

significantly) increased cortisol levels in juvenile (37.6 g) cutthroat trout 

Oncorhynchus clarkii (Richardson 1836) in fish submitted to respirometric 

experiments. However, Morgan & Iwama (1996) used swim tunnels and fish were 

swimming at low speeds during experiments as opposed to stationary respirometry 

used in this study. Swimming at low speeds has been shown to decrease cortisol 
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levels and hasten metabolic recovery (i.e. replenishment of muscle glycogen, 

clearance of lactate load) from exhaustive exercise in salmonids (Boesgaard et al. 

1993). Swimming has also been shown to have a positive effect on growth (Skov et 

al. 2011), indicating that remaining stationary in itself may be stressful for these 

species and the reason for the observed elevated stress levels.  

In conclusion, the stress response caused by exposure to a static 

respirometry method may interfere with metabolic measurements, artificially 

increasing estimates of SMR. Past studies have not found such an elevated stress 

response. Consequently, it would be useful to conduct additional research in this 

area to explore these differences in results and obtain a more informed knowledge 

of the amount of stress caused by respirometry. At a minimum, this study suggests 

that researchers should seek independent evaluation (e.g. via cortisol analysis) of 

the stress caused by respirometry to evaluate its effect on 𝑀O2 measurements. 

Thanks to the Natural Sciences and Engineering Research Council of Canada, 

the Experimental Lakes Area, the University of Manitoba Faculty of Science, and Fish 

Futures Inc. for providing funding for this research.  
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Chapter 5: Summary 

In summary, the results of this study suggest that chronic nAg exposure 

causes significant cortisol release in rainbow trout at high concentrations, as well as 

a trend of increased cortisol release at lower, environmentally-relevant 

concentrations, indicating that nAg does cause a stress response in fish. No effect 

from nAg to metabolic measurements of SMR, MMRf, or MMRs was found once 

random effects were accounted for, indicating that nAg exposure had little to no 

effect on the metabolism of fish. No effects were seen in morphometric indices of 

growth, K, or hepatosomatic index. Overall our study found effects of chronic nAg 

exposure on an endocrine level, but not on a metabolic or whole-body level.  

Other studies have also found nAg exposure to cause increased blood plasma 

cortisol. However, this study found an increase at environmentally-relevant 

concentrations, which had not been tested previously. No effect to SMR has been 

seen from other studies as well; however, Bilberg et al. (2010) did observe 

decreased hypoxia tolerance, likely caused by direct interference of oxygen uptake 

at the gill, which would possibly also affect MMR, an effect that was not seen in this 

study.  No effect was seen on growth in other studies (Griffit et al. 2012). And no 

clear effect was seen on HSI, unlike other studies that did see an effect to HSI from 

nanosilver exposure (Joo et al. 2013; Monfared and Soltani 2013).   

Overall, research has shown a diverse number of toxic effects from nAg 

exposure, from altered gene expression (Farkas et al. 2011; Farmen et al. 2012; 

Pham et al. 2012; Scown et al. 2010), cortisol and glucose release (Johari et al. 2013; 
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Katuli et al. 2014; Shaluei et al. 2013), tissue damage in liver and gill tissues (Griffit 

et al. 2012; Joo et al. 2013; Monfared and Soltani 2013), embryonic abnormalities 

(Laban et al 2010; Wu et al 2010), and even death at high concentrations (Farmen et 

al. 2012; Shahbazzadeh et al. 2009; Shaluei et al. 2013). In most cases no effects to 

metabolism or growth were seen, indicating that the main toxic effects of nAg do not 

manifest as significant bioenergetic changes in fish. However, changes to growth 

may be seen over longer time periods of nAg exposure, as studies done to date have 

been short-term (Griffit et al. 2012). Also, there was only one other study (Bilberg et 

al. 2010) done on the effects of nAg to metabolism other than the present study, so 

additional research on this effect would also be beneficial to investigate potential 

bioenergetic effects of nAg.  In addition there were trends of decreased growth and 

MMRs at high concentrations of nAg in this study, which, while not significant, do 

indicate potential effects, which would be valuable to investigate further.  

Effects observed at environmentally-relevant concentrations (low ng l-1 

range to 1.5 µg l-1) (Gottschalk et al 2009; Liu et al 2009) of nAg exposure include 

altered gene expression (Pham et al 2012) and increased blood plasma cortisol 

concentrations (current study), but no whole-body effects such as liver or gill tissue 

damage or embryonic abnormalities. These results indicate that in the environment 

at this time fish should not experience serious toxicological effects from nAg 

exposure. However due to increasing nAg use environmental concentrations may 

increase in future, potentially causing other toxicological effects as observed in lab 

studies.  In addition fish may be affected by nAg exposure indirectly in the aquatic 

environment as their food sources may decrease due to nAg’s toxic effects on lower 
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trophic levels, such as bacteria (Das et al. 2012), algae (Dash et al. 2012), and 

aquatic invertebrates (Griffit et al. 2008).  

Studies on the effects of nAg are important; as it is a new chemical that is 

entering the aquatic environment at ever-increasing levels due to its expanding use 

in consumer products.  The effects of nAg in the aquatic environment are complex 

and differ based on the species studied, water chemistry and timing of exposure. 

Potential future areas of study are broad and include using natural waters in fish 

toxicological studies, increasing chronic time spans of exposure, or investigating 

different routes of exposure (e.g., exposure via diet).  Studies of these types would 

better inform predictions on how nAg will affect fish in the aquatic environment. 

In addition to investigating the effects of nAg on fish, our study also found 

that fish used to obtain metabolic measurements had increased cortisol levels in 

comparison to fish that had not, indicating that respirometric methods may be 

stressful, and thereby potentially affecting the metabolic measurements obtained by 

these methods. This effect may have caused a masking effect on any metabolic 

changes caused by the nAg – the level of stress caused by the respirometry methods 

overwhelming any effect seen from the contaminant; however there is no way to 

test this. This may also be a factor in why so few studies have seen an effect of 

contaminants on SMR in fish overall.   

Common methods for measuring SMR in fish include directly measuring the 

lowest oxygen consumption rates of fish (as was done in this study), as well as using 

forced swimming trials to extrapolate SMR from the swimming speed-oxygen 

consumption relationship back to zero swimming speed (Enders and Scruton 2006). 
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Both these methods have been found to give similar estimates. However it is known 

that the extrapolation method may overestimate SMR due to fish exhibiting 

increased spontaneous activity at lower flow velocities (Enders and Scruton 2006). 

The increased stress experienced by fish in trials directly measuring SMR may also 

cause overestimation in this method. Accurate measurements of metabolic rates 

(including SMR) are important as these rates are used to inform bioenergetic 

models, which in turn are used to quantify consumption, growth, and activity rates 

of fish populations, and ultimately predict the carrying capacity of ecosystems 

(Enders and Scruton 2006).  
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Appendix A: 

Appendix A. Summary of nanosilver toxicity in fish. 

Substance 
Concentration 

(µg l-1) 
Exposure 

time 
Particle Size 

(nm) 
Capping 
agent** 

Effects Species Life stage Study 

nAg 10 27d 25 - 

thickening of epithelial gill tissue,  
Ag in tissue, 

altered gene expression (esp. in 
adult gonads), no 

effect to growth 

sheepshead 
minnow 

(Cyprinodon 
variegatus 
variegatus) 

juvenile – 
adult 

Griffit et al. 2012 

nAg 1-25 28d 24 - 

general stress responses (gene 
expression in liver of MT, GST 

and others), induction of 
choriogenin and vitellogenin - 
indicating potential estrogenic 

activity of nAg 

Japanese 
medaka (Oryzias 

latipes) 
adult Pham et al. 2012 

nAg 

10 

10d 

10 

- 

increased gill [Ag] 

rainbow trout 
(Oncorhynchus 

mykiss) 
adult Scown et al. 2010 

100 
increased gill and liver [Ag], 

increased stress gene expression 
(cyp1a) 

10 35 increased gill and liver [Ag] 

100 
Bulk (600- 

1600) 
increased gill and liver [Ag], 

with largest concentration in liver 

AgNO3 0.1 - lipid peroxidation, gill damage 

nAg 

20 

48h 30-40 citrate 

accumulation of Ag in gills, 
impaired osmoregulation 

(inhibition of Na+/K+ ATPase), 
metallothionein 

induced 

Atlantic salmon 
(Salmo 

salar) 
adult 

Farmen et al. 
2012 

100 

accumulation of Ag in gills, 
impaired osmoregulation 

(inhibition of Na+/K+ ATPase), 
metallothionein 

induced,heat shock protein 
induced, acute gill l 

amellae necrosis, 73% fish 
mortality 

nAg 100-1000 60d ~25 PVP 

morphological defects 
(pericardial edema, eye 

abnormalities, finfold 
abnormalities, skeletal flexure 

and truncation), no significant 
effect on growth 

Japanese 
medaka (Oryzias 

latipes) 

embryo – 
juvenile 

Wu et al. 2010 
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Substance 
Concentration 

(µg l-1) 
Exposure 

time 
Particle Size 

(nm) 
Capping 
agent** 

Effects Species Life stage Study 

nAg 300 

24h 

30-40 PVP increased Pcrit* 
Eurasian perch 

(Perca 
fluviatilis) 

adult 
Bilberg et al. 

2010 AgNO3 
39 

- - 
increased Pcrit 

386 
increased Pcrit, increased 

BMR† 

nAg 
100-10000 

48h 
3-40 citrate 

oxidative stress, increased 
uptake into cells in comparison 

to PVP capped 

Rainbow trout 
(Oncorhynchus 

mykiss) 

cultured gill 
cells 

Farkas et al. 2011 

1000-10000 5-15 PVP oxidative stress 

nAg 
 

32-32000, 
exposed to 0.4-12 

ppt salinity 
14d 16.6 - 

concentration-dependant Ag 
uptake into tissues, uptake [] in 

order: liver > kidneys ~ gills > 
white muscle, uptake higher in 

high salinity, concentration-
dependant increase in HIS 

rainbow trout  
(Oncorhynchus 

mykiss) 
juvenile Joo et al. 2013 

100000, exposed to 
6 and 12 ppt 

salinity 
all fish died w/n 4 h 

nAg 

600 

96h 21-60 - 

abnormalities (absence of air 
sac, pericardial and 

yolk sac edema, haemorrhages 
to head and 

pericardial area, lordosis, 
craniofacial abnormalities 

(small heads) 

fathead 
minnow 

(Pimephales 
promelas) 

embryo Laban et al. 2010 

1250-10600 
96h LC 50 (depending on type 

and solution 
preparation) 

nAg 1000 48h 27 - 
Ag associated with gill 

(trapped in mucus, taken up 
into cells) 

zebrafish 
(Danio rerio) 

adult Griffit et al. 2008 

nAg 1000-8000 3h 16.6 nm - increased plasma cortisol 
rainbow trout  

(Oncorhynchus 
mykiss) 

juvenile Johari et al. 2013 

nAg 

2000-4000 3 weeks 

16.6 - 

decreased gill Na/K ATPase 
activity after 14 d, decreased 

erythrocyte AChE activity 
(biomarker of neurotoxicity), 
decreased plasma electrolyte 

levels, plasma glucose and 
cortisol levels increased 

zebrafish (Danio 
rerio) 

adult 
Katuli et al. 2014 

 

16760 4d 

decreased erythrocyte AChE 
activity (biomarker of 

neurotoxicity), decreased plasma 
electrolytes levels, plasma 
glucose and cortisol levels 
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Substance 
Concentration 

(µg l-1) 
Exposure 

time 
Particle Size 

(nm) 
Capping 
agent** 

Effects Species Life stage Study 

increased 

nAg 2300 - 3500 48 – 96 h 4.5 - 
LC 50 48h – 3500ug/L, 72 h – 

3000µg l-1, 96 h – 
2300 µg l-1 

rainbow trout 
(Oncorhynchus 

mykiss) 
adult 

Shahbazzadeh et 
al. 2009 

nAg 3000 8 weeks - - 

congestion in liver parenchyma, 
decreased size and diameter of 

hepatocytes, massive destination 
in hepatic sinusoids sizes; 

decreased levels of total protein 
in serum, AST and ALT levels 

(enzymes in liver - used to detect 
liver damage) in sera increased; 

decreased HSI 

rainbow trout 
(Oncorhynchus 

mykiss) 
adult 

Monfared and 
Soltani 2013 

 
*critical oxygen tension 
†basal metabolic rate 
** ‘-‘ indicates no capping agent 
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Appendix B. Chromatogram of cortisol in a representative sample (C2-7d) analyzed by HPLC-MS-MS. 
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Appendix B 2. Parameters for negative ion mode of tandem mass spectrometry (MS/MS).  

Parameter Abbreviation Cortisol d4-Cortisol 
Curtain gas CUR 30 30 
Sheath gas GSI 20 20 
Turbo gas GS2 80 80 

Ionspray voltage IS (V) -4400 -4400 
Turbo-gas temperature TEM (°C) 550 550 
Declustering potential DP (V) -35 -21 

Focusing potential FP (V) -330 -340 
Entrance potential EP (V) -10 -10 

Collision gas CAD 8 8 
Collision cell entrance potential CEP (V) -20 -20 

Collision energy CE (V) -12/-28 -12/-28 
Collision cell exit potential CXP (V) -18/-20 -18/-20 
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Appendix C 

Appendix C. Nominal and measured concentrations of nAg in various exposure studies.  

Nominal 
concentration (µg l-1) 

Size (nm) Time 
Measured 

concentration (µg l-1), 
and as % of nominal 

Ag+ concentration Exposure water Study 

1000  ~27 2, 24, 48 h 50 µg l
-1

 (4.9%) 5 µg l-1 dechlorinated tap water Griffitt et al. 2009 

10  25n 
Various time pnts 
throughout 27 d 

2.9 µg l
-1

 ± 0.6 (30%) 0.38 ±0.05 µg l-1 seawater Griffitt et al. 2012 

1  30-40 0 h ~1 µg l
-1

 (100%) below detection lake water Farmen et al. 2012 

1  30-40 24 h ~1 µg l
-1

 (100%) below detection lake water Farmen et al. 2012 

20  30-40 0 h ~20 µg l
-1

 (100%) 10-25% of total Ag lake water Farmen et al. 2012 

20  30-40 24 h ~20 µg l
-1

 (100%) 0.2-1% of total Ag lake water Farmen et al. 2012 

100  30-40 0 h ~100 µg l
-1

 (100%) not measured dechlorinated tap water Bilberg et al. 2010 

100  30-40 24 h 80 µg l
-1

 (80%) not measured dechlorinated tap water Bilberg et al. 2010 

63  30-40 5 min 43 µg l
-1

 (68%) not measured dechlorinated tap water Bilberg et al. 2010 

63  30-40 2 h 29 µg l
-1

 (46%) not measured dechlorinated tap water Bilberg et al. 2010 

63  30-40 20 h 17 µg l
-1

 (27%) not measured dechlorinated tap water Bilberg et al. 2010 

129  30-40 5 min 98 µg l
-1

 (76%) not measured dechlorinated tap water Bilberg et al. 2010 

129  30-40 2 h 73 µg l
-1

 (57%) not measured dechlorinated tap water Bilberg et al. 2010 

129  30-40 20 h 39 µg l
-1

 (30%) not measured dechlorinated tap water Bilberg et al. 2010 

300  30-40 5 min 150 µg l
-1

 (50%) not measured dechlorinated tap water Bilberg et al. 2010 

300  30-40 2 h 130 µg l
-1

 (43%) not measured dechlorinated tap water Bilberg et al. 2010 

300  30-40 20 h 50 µg l
-1

 (17%) not measured dechlorinated tap water Bilberg et al. 2010 

10  10 
various time pnts 
throughout 10 d 

below detection not measured dechlorinated tap water Scown et al. 2010 

100  10 
various time pnts 
throughout 10 d 

35.5 µg l
-1

 ± 2.44( SE) 
(35%) 

not measured dechlorinated tap water Scown et al. 2010 

10  35 
various time pnts 
throughout 10 d 

9.4 µg l
-1

 ± 4.62 (SE) (90%) not measured dechlorinated tap water Scown et al. 2010 

100  35 
various time pnts 
throughout 10 d 

35.3 µg l
-1

 ± 2.64 (SE)  
(35%) 

not measured dechlorinated tap water Scown et al. 2010 

100  
Bulk (600-

1600) 
various time pnts 
throughout 10 d 

46.6 µg L
l1

 ± 4.73 (SE) 
(46%) 

not measured dechlorinated tap water Scown et al. 2010 



 117 

Appendix D 

Appendix D. Total silver concentrations measured in respirometry tanks. Respirometry tanks were 140 l in volume.   

Tank 
Nominal 

concentrations 
(µg l-1) 

Stock 
concentration 

(g l-1) 

Amount of nAg stock 
added (l) 

Average measured 
concentrations (µg l-1) 

Range 
(µg l-1) 

Percentage of 
nominal (%) 

C1-resp 0 - - 0.39 0 – 0.27 - 
L1-resp 1 2.5 0.000056 0.45 0.08 – 0.93 45 
H1-resp 200 2.5 0.0112 6.74 518 – 9.4 3 

       
C2-resp 0 - - 3.11 0.69 – 6.63 - 
L2-resp 300 5 0.0084 7.14 2.97 – 11.43 2 
H2-resp 600 5 0.0168 15.71 13.32 – 20.48 3 
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Appendix E 

 

 

Appendix E.1. Relationship between forced maximal metabolic rate and weight, showing outlier 
removed for analysis. Panel a: no outlier. Panel b: including outlier (in red).   
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Appendix E.2. Relationship between metabolic variables and weight. Panel a: standard metabolic rate (SMR). Panel b: forced maximal metabolic rate 
(MMRf). Panel c: spontaneous maximal metabolic rate (MMRs), note differing relationship between variables by treatment.  

 


