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ABSTRACT 
 

ZnO, TiO2, Fe2O3, and CuO nanomaterials (20-100 nm) were evaluated to 

determine toxicity of acute exposure using the Frog Embryo Teratogenesis Assay 

Xenopus (FETAX) protocol. Acute exposure to the tested metal oxide nanomaterials 

did not increase mortality or decrease hatchability, however these nanomaterials did 

inhibit growth. Exposure to either TiO2 or Fe2O3 inhibited growth of tadpoles with 

exposure to 1000 mg/L of metal oxide. Exposure to CuO or ZnO inhibited growth of 

Xenopus laevis at concentrations of 10 mg/L or greater. Copper oxide and ZnO 

exposure also produced malformations in tadpoles, and malformation EC values were 

determined from the malformation data. An EC15 of 39.29 mg/L CuO and an EC50 of 

10.26 mg/L ZnO was observed for total malformations. 

 Due to the toxicity observed with ZnO and CuO nanomaterials exposure, 

chronic developmental assays were conducted with ZnO and CuO. Xenopus laevis 

tadpoles were exposed to metal oxide nanomaterials from larval stage through 

completion of metamorphosis. Nanomaterials were dispersed via sonication methods 

into reconstituted moderately hard water test solutions. A flow-through system was 

utilized to decrease the likelihood of the depletion in metal oxide concentration.  

 Exposure to 2 mg/L ZnO nanomaterials significantly increased mortality 

incidence to 40% and negatively affected metamorphosis of Xenopus laevis. Tadpoles 

exposed to 2 mg/L ZnO nanomaterials experienced slower progression of staging 

resulting in tadpoles with an average stage of 56 at the conclusion of the study which 

was significantly lower than control tadpole staging. Tadpoles exposed to 0.125 mg/L 

ZnO nanomaterials experienced faster stage progression along with larger body 

measurements indicating that low dose exposure to ZnO nanomaterials can be 

beneficial to growth and metamorphosis of Xenopus laevis. 

 Chronic exposure of 0.3 mg/L CuO nanomaterials caused significant mortality 

and affected the rate of metamorphosis by slowing stage progression. Exposure to 

lower concentrations of CuO nanomaterials induced increased stage progression and 
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body measurements, indicating that low dose exposure can have beneficial effects on 

metamorphosis.  Tadpoles exposed to 0.15 mg/L CuO nanomaterials experienced 

similar stage progression and growth as control tadpoles for the majority of exposure.  
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CHAPTER I 

INTRODUCTION 
 

Nanotechnology and Nanomaterials 
  

 By manipulating materials as atoms and molecules, and determining novel 

characteristics and functions of smaller constructed materials, nanotechnology offers 

possibilities of great advancements in a variety of industries. These smaller materials are 

referred to as nanomaterials and defined as a particle less than 100 nm in at least one 

direction. Nanotechnology is utilized in electrical engineering, chemistry, material 

sciences, and medicine (1). Medicinal sciences are investigating the use of 

nanotechnology to improve medical diagnosis and treatments (2). Other potential 

utilizations of nanotechnology include cheap sustainable energy, environmental 

remediation, and improving information technology capabilities (1, 2). Benefits of 

nanotechnology have already been observed in consumer products such as sunscreens, 

the addition of nanomaterials to increase water resistance of materials, and introduce self-

cleaning coatings as seen with the addition of silver nanomaterials in washing machines 

(2). ZnO and TiO2 nanomaterial sunscreen formulations have an improved performance 

due to ZnO and TiO2 nanomaterials being more efficient at scattering ultraviolet light 

than their respective bulk formulations (1, 3). 

 These advancements and promises of advancements with nanotechnology are 

attributed to alterations in physical and chemical characteristics of the material with 

nano-sized particles. Electrical, optical, and thermal properties have been observed to 

change with decreased size; as seen with TiO2 thermodynamically stable form shifting 

from rutile in bulk form to anatase in nano form (1, 4).  As a material decreases in size, 

there is an increase in surface area which in turn increases reactivity. For example, ZnO 

nanomaterials are considered to contain increased antibacterial properties compared to 

bulk ZnO (3). With increased reactivity, there is potential to increase toxicity of a 

material (4).  
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 Several studies have determined that a chemical exhibits increased toxicity with 

reduction in size. Rats exposed to polytetrafluroethylene (PFTE) had increased mortality 

with 20 nm particles compared to particles larger than 130 nm (5). Daphnia magna 

experienceed increases in mortality with exposure to 10-20 nm size TiO2 while larger 

particles, 20-100 nm TiO2, had no effect on survival even with concentrations of 500 

mg/L (6). Fullerene exposure also increased mortality of Daphnia magna with smaller 

particles, LC50 of 7.9 mg/L with 20-100 nm particles to an LC50 of 0.460 mg/L with 10-

20 nm particles (6). Nano-sized CuO was more toxic than bulk CuO to bacteria, 

microalgae, and crustaceans (2, 7, 8).  

 Nanotechnology is controversial and under much scrutiny and debate. There are 

many supporters who believe nanotechnology will provide great advancements and better 

the world and quality of life, while there are many who believe nanotechnology to be too 

dangerous and risky for continuing research (9, 10). Those who oppose nanotechnology 

do not believe there are adequate ethical and legal principles in place to guide 

nanotechnology while protecting the environment or humans and believe a moratorium 

should be activated for all novel particles (9-11). The premise of the debate is: how 

should we approach nanotechnology; with prudence or stop nanotechnology as soon as 

possible or give scientists free reign to develop what they can? In light of such debacles 

as asbestos, which was known to cause health effects long before regulations could be 

established, it is felt that nanomaterials should be considered hazardous until it is proven 

that benefits outweigh risks (9). One way to assess the benefits or risks of nanomaterials 

is to investigate nanomaterial interactions with living systems, as we intend to 

accomplish with this project. 

 

Metal Oxide Nanomaterials 
 

 Currently, metal oxide nanomaterials are among the most highly produced 

nanomaterials (1). Metal oxide nanomaterials applications include catalysis, sensors, 

environmental remediation, and personal care products (12). Metal oxide nanomaterials 

have proven to be effective in treating hazardous substances such as chlorinated solvents, 
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microbes, pesticides, and mustards (1). ZnO and CuO nanomaterials are incorporated into 

a variety of coatings due to their antimicrobial and/or antifungal properties. ZnO 

nanomaterials have been added as antimicrobials to wallpaper for use in hospitals (13). 

CuO nanomaterials are used in coatings for boats because CuO nanomaterials can exhibit 

antimicrobial properties for extended amounts of time in unfavorable conditions (14, 15). 

TiO2 nanomaterials inhibit cancer cell growth and iron oxide nanomaterials have the 

potential to be used as site-specific delivery carriers for drugs and diagnostic agents (2, 

16). 

 Metal oxide nanomaterials have demonstrated beneficial properties, but metal 

oxide nanomaterial exposure has also caused toxic effects in cells and organisms. Metal 

oxide nanomaterials have increased cell death with increasing concentrations, affected 

mitochondrial function, induced lactate dehydrogenase (LDH) leakage, and generated 

abnormal cell morphology at concentrations as low as 50-100 µg/L (17, 18, 19). TiO2 

exposure inhibited growth of microalgae at concentrations higher than 0.1 mg/L (7) but in 

other studies exposure did not induce toxic effects to bacteria, two types of crustaceans 

(Daphnia magna and Thamnocephalus platyurus), or zebrafish (8, 20). One study found 

TiO2 nanomaterials toxicity to D. magna to be dependent on size and solution 

preparation; uniform, smaller particles were more toxic than larger particles (6). The 

microalgae study determined that nano-sized TiO2 was more toxic than bulk TiO2 as well 

(7). CuO nanomaterial exposures were toxic to bacteria, microalgae, and the two 

aforementioned crustaceans and were considered more toxic than bulk CuO (7, 8). ZnO 

nanomaterials produced toxic effects in bacteria, microalgae, crustaceans, and zebrafish, 

and toxicity was determined to be caused by the amount of Zn released into solution 

since bulk ZnO induced similar toxic effects at comparable nominal concentrations (7, 8, 

20).  

 There is a potential for metal oxide nanomaterials to enter aquatic ecosystems 

through use of industrial products and waste. Another source of metal oxide 

nanomaterials is personal care products as they are washed off during recreational aquatic 

activities and during bathing. The aforementioned studies indicate that aquatic organisms 

could be at risk if exposed to metal oxide nanomaterial. This could be detrimental to 
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aquatic ecosystems as metal oxide nanomaterials have caused toxicity to organisms from 

all levels in an aquatic food chain. There is little information regarding toxicity of metal 

oxide nanomaterials on aquatic vertebrates, however studies with aquatic invertebrates 

and microbes show that it is possible that amphibians and fish may be at risk as the metal 

oxide nanomaterials could induce stress on the organism as well as deplete their food 

source. Such a stress on amphibians could create a larger problem as amphibians have 

been suffering from declining populations for many decades, since the 1950s (21, 22).  

   

Xenopus laevis Acute and Chronic Studies 
 

 The Frog Embryo Teratogenesis Assay Xenopus Assay (FETAX) is a well 

documented technique to determine teratogenic and developmental toxicity of 

compounds. This assay is a relatively inexpensive and rapid method to determine acute 

toxicity as well as developmental or teratogenic toxicity of a compound (22). The 

FETAX assay is a 96 h static renewal test evaluating developmental toxicants utilizing 

the following endpoints: mortality, incidence of malformations, and minimum 

concentration to inhibit growth (22). Other endpoints used to strengthen the FETAX 

assay are pigmentation, locomotion, and hatchability, but it is recognized that 

pigmentation and locomotion are subjective endpoints (22). Several validation, 

predictive, and review studies have determined the FETAX assay can be a useful tool in 

determining developmental toxicants to both humans and aquatic organisms (24, 25, 26). 

One such study concluded that the FETAX assay could provide valuable information 

when conducting preliminary screening of chemicals, which is the purpose of the FETAX 

assay for this study (25). Many of the studies discussed previously evaluated acute 

toxicity of metal oxide nanomaterials, therefore the effects of metal oxide nanomaterial 

exposure conducted with Xenopus laevis tadpoles and the FETAX assay could be 

compared to assess aquatic ecosystem risk.  

 Toxic effects of compounds on Xenopus laevis development can also be assessed 

utilizing a metamorphosis assay. The metamorphosis assay can be used to determine 

effects on the thyroid and/or development. When the metamorphosis assay is utilized to 
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determine developmental effects of a compound, the following endpoints are quantified: 

mortality, limb development, growth via body length measurements, development 

(progression of stage), and time to complete metamorphosis (27-31). Several of these 

studies evaluated development as well as effects on the thyroid (27, 28, 29, 31), and 

determined that ammonium perchlorate and sodium perchorate exposure inhibited 

metamorphosis (29, 31), while atrazine exposure did not affect metamorphosis (27, 28). 

Mitchell et al. assessed the effects of depleted uranium on Xenopus laevis and discovered 

that acute exposure (FETAX assay) to depleted uranium elicited no adverse affects; 

however chronic 64 d exposure caused a delay in metamorphosis (30).   

 To the best of our knowledge, chronic toxicity effects of metal oxide nanomaterial 

exposure have not been evaluated. The need for chronic exposure evaluations is needed 

to determine nanomaterial interaction with living systems for prolonged periods of time 

to accurately assess benefits or risks associated with use of those nanomaterials.  

  

Research Rationale and Objectives 
 

 With increasing production and use of manufactured metal oxide nanomaterials, 

there is an increased risk of exposure to aquatic ecosystems. Currently there is a lack of 

information about the effects and interactions of metal oxide nanomaterials with aquatic 

organisms, especially vertebrates. Several studies have evaluated the effects of metal 

oxide nanomaterials on bacteria, microalgae, and macroinvertebrates (3, 6, 7, 8, 12). 

There are also published data that describe of the effects on zebrafish when exposed to 

metal oxide nanomaterials (20). Currently, there are no toxicological data on the effects 

of metal oxide nanomaterial exposure on amphibians. Therefore, the overall objective of 

this study is to determine how metal oxide nanomaterial exposure will affect amphibians 

utilizing Xenopus laevis as a model.  

 To accomplish this objective, FETAX assays were employed to determine toxic 

effects during organogenesis and short-term exposure effects. The FETAX assay was 

utilized to determine acute toxicity of TiO2, Fe2O3, CuO, and ZnO nanomaterials. Data 

collected from these studies will be used to characterize mortality effects (LC50), 
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malformation effects (EC50), and growth effects (minimum concentration to inhibit 

growth) of metal oxide nanomaterials. Chronic studies will be conducted to further 

understand the effects of exposure to metal oxide nanomaterials. The high concentration 

for the chronic exposure will be no higher than the LC15 produced by acute nanomaterial 

exposure. Endpoints utilized for assessing effects of extended exposure to metal oxide 

nanomaterials include mortality, developmental stage, snout vent length, total body 

length, hind limb length, and time to complete metamorphosis. Metal concentration in 

tissue, i.e. whole body, was also determined at the conclusion of the study to evaluate if 

uptake of metal oxide nanomaterials occurs. Tadpoles that completed metamorphosis 

were compared as an additional means of assessing the effects of metal oxide 

nanomaterial exposure on growth.  

 Combining the results from these studies with other toxicological studies focused 

on metal oxide nanomaterials will provide critical data to regulatory agencies and 

industry to ensure that appropriate regulations may be enacted to protect environmental 

and human health. These studies will also provide much needed information for future 

research evaluating the interactions of nanomaterials with living organisms and 

determination of mechanism of toxic action of nanomaterials.  
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     Metal oxide nanomaterials have exhibited toxicity on a 

variety of aquatic organisms, especially microbes and invertebrates. 

Currently, there have been few studies conducted evaluating toxicity of 

metal oxide nanomaterials on aquatic vertebrate. Therefore, we chose to 

study the effects of ZnO, TiO2, Fe2O3, and CuO nanomaterials (20-100 nm) 

on amphibians utilizing the Frog Embryo Teratogenesis Assay Xenopus 

(FETAX) protocol. Nanomaterials were dispersed in reconstituted 

moderately hard test solutions.  These 96 h caused no mortality in static 

renewal exposures containing up to 1000 mg/L for TiO2, Fe2O3, CuO, and 

ZnO, but did produce developmental abnormalities. Spinal and 

gastrointestinal abnormalities were observed in CuO and ZnO 

nanomaterial exposure.  An EC50 of 10.3 mg/L ZnO was observed for total 

malformations. The minimum concentration to inhibit growth of tadpoles 

exposed to CuO or ZnO nanomaterials was 10 mg/L.  
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Introduction 
 

Nanomaterials are components of emerging technologies that have numerous 

applications in electrical engineering, chemistry, material science, and medicine. Many of 

these advances are accelerating the introduction of nanomaterials into product streams. 

The need for toxicological testing of nanomaterials is imperative because the size of 

nanomaterials may create new toxicological issues for compounds that may have been 

relatively inert as bulk material.  Some fine and ultra fine (<100nm) particles have 

exhibited more toxicity than larger particles of the same chemical composition (1). 

Nanomaterials that contain chemicals that are normally considered inert may have 

increased toxicological effects due to the reduced size and increased surface area of 

nanomaterials. Surface area and chemical properties influence how a material interacts 

with biological systems. For example, TiO2 nanomaterials have shown the ability to 

inhibit cancer cell growth due to increased binding and reactivity (1, 2). 

Polytetrafluoroethylene nanomaterials, PFTE, inhalation exposures have been studied 

using rats (3). After a fifteen minute exposure to 20 nm diameter PTFE nanomaterials, 

most of the rats died within four hours (3). The result was much different when the rats 

were exposed to 130 nm PFTE particles, there were no negative effects observed (3). 

Daphnia magna exhibited a higher mortality rate when exposed to TiO2 nanomaterials 

with an average diameter of 30 nm than those exposed to 100 to 500 nm TiO2 

nanomaterials (2). The LC50 for 30 nm TiO2 nanomaterials was calculated to be 5.5 mg/L, 

and an LC50 or even a LOEC or NOEC was not determined for the larger 100 to 500 nm 

TiO2 nanomaterials (2). Investigation of differential toxicity for 10-20 nm fullerenes and 

20-100 nm fullerenes demonstrated that the smaller sized fullerenes proved to be more 

toxic with a LC50 at 0.460 mg/L while the larger fullerenes had a LC50 of 7.900 mg/L (2). 

Based on these studies, it is clear size determination is important when considering the 

possible toxic effects of nanomaterials.  

 Metal oxide nanomaterials adversely affected mammalian cells and some aquatic 

organisms. Copper oxide nanomaterials induced cell (H4 and SH-SY5Y) death in a dose 

dependent manner (4). Several types of metal oxide nanomaterials affected mitochondrial 
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functions and induced lactate dehydrogenase (LDH) leakage at concentrations as low as 

50 - 100 µg/L (5, 6). Metal oxide nanomaterial exposure caused abnormal cell 

morphology, such as abnormal size and shrinkage. Aquatic in vivo studies have shown 

that metal oxide nanomaterials can induce significant mortality at low mg/L exposures, 

such as 96 h LC50 of 1.793 mg/L ZnO in Zebrafish and LC50 of 5.5 mg/L TiO2 in 

Daphnia magna (2, 7). 

 Amphibian decline has been an issue of concern since the late 1950s due to rapid 

population declines in the 1950s and 1960s and continuous declines in present time (8, 9). 

The increased use of metal oxide nanomaterials in catalysis, sensors, environmental 

remediation, and commercial products such as personal care products may adversely 

affect already struggling amphibian populations (10). Both ZnO and CuO nanomaterials 

are utilized in cosmetics and antimicrobial products, so the probability of these particular 

nanomaterials ultimately entering aquatic ecosystems is high. Currently, no other studies 

have been conducted with amphibians and metal oxide nanomaterials. Aquatic toxicity of 

ZnO and CuO nanomaterials was evaluated using the Frog Embryo Teratogenesis Assay 

Xenopus Assay (FETAX). The FETAX assay is a well documented technique used to 

determine teratogenic and developmental toxicity of compounds. The purpose of this 

study was to determine the effect of select metal oxide nanomaterials on Xenopus laevis 

during organogenesis.  

 

Methods and Materials 
 

Nanomaterials were obtained from Alfa Aesar (Ward Hill, MA).  Each type of 

nanomaterial was supplied with average particle size (APS) and surface area data.  

Characteristics for the respective nanomaterials were TiO2, 32 nm and 45 m2/g; ZnO, 40-

100 nm and 10-25 m2/g; CuO, 23-37 nm  and 25-40 m2/g; and Fe2O3, 20-40 nm, 30-60 

m2/g. All FETAX salts were obtained from VWR (West Chester, PA): NaCl (100% 

purity), NaHCO3 (99-100% purity), KCl (100% purity), CaCl2 (99-100% purity), 

CaSO4
.2H2O (98-100% purity), and MgSO4 (99-100% purity). Trace metal grade nitric 

acid (70%) was obtained from Fisher Scientific (Fisher, Waltham, MA). Human 
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chorionic gonadotropin (HCG) and L-cysteine (≥98%, from non-animal source, cell 

culture) were obtained from Sigma-Aldrich (St. Louis, MO).  

 
Test Solution Preparation  

 

Tests were conducted in FETAX solution, which contained 625 mg NaCl, 96 mg 

NaHCO3, 30 mg KCl, 15 mg CaCl2, 60 mg CaSO4
.2H2O, and 75 mg MgSO4 per liter of 

deionized water. A stock solution of 1000 mg/L served as the highest concentration tested 

and was prepared by adding metal oxide nanomaterials to FETAX solution.  The 

remaining concentrations for TiO2 and Fe2O3 range finding studies were 100, 10, 1, 0.1, 

0.01, and 0.001 mg/L. Each solution was prepared by serial dilution of constantly stirred 

stock. Copper oxide definitive assay dosing solutions were made with the same technique 

as above and included the following nominal concentrations: 0.1 to 1000 mg/L in log 

dose intervals. For the ZnO definitive assay, a stock solution of 100 mg/L was prepared 

by adding ZnO nanomaterials to FETAX solution. The remaining nominal concentrations 

of 31.6, 10, 3.16, 1, 0.316 and 0.1 mg/L were prepared by serial dilutions of stock.  All 

mixtures were constantly stirred with stir bar and stir plate throughout the toxicity test.   

 

Determination of Metal Cations 

 

Metal cations, Zn and Cu, concentrations were quantified for definitive assays 

with flame atomic absorption spectroscopy (M Series AA Spectrometer, Thermo, 

Waltham, MA). Dosing solutions were acidified with concentrated nitric acid. An equal 

amount of concentrated nitric acid was added to an aliquot of dosing solution and diluted 

to an appropriate volume with 3% nitric acid. This technique allowed for total digestion 

of metal oxides so that total cation concentration could be determined.  
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Breeding and Embryo Collection 

 

Three Xenopus laevis mating pairs were used to ensure adequate supply of viable 

embryos. One male Xenopus laevis and one female Xenopus laevis were placed in a tank 

1/3 full of FETAX solution with a mesh platform to separate adults from eggs. We 

injected 250 IU HGC into the male dorsal lymph sac and 750 IU HCG into the female 

dorsal lymph sac. Tests for each type of metal oxide nanomaterial used embryos from a 

single mating. Eggs were cleaned by gently swirling in an L-cysteine (2% w/v in test 

water) solution with a pH of 8.1. Embryos were then rinsed six times with FETAX. 

Viable embryos within Nieuwkoop and Faber stage 8 and 11 were selected for testing 

(11).  

 

FETAX Assay 

 

In general, standard FETAX protocols were used to conduct the assay (12). The 

temperature range for the 96 h exposures was 23 ± 3 C.  A FETAX control and seven 

exposure concentrations at log intervals from 0.001 mg/L to 1000 mg/L were utilized for 

range finding studies for all metal oxide nanomaterials. Each exposure concentration was 

tested in duplicate with five embryos per Petri dish containing 10 mL of solution. Copper 

oxide definitive tests included a FETAX control and five concentrations at log intervals 

of 0.1 to 1000 mg/L.  Each definitive exposure concentration was tested in triplicate with 

10 embryos per Petri dish. Zinc oxide required additional definitive tests to determine an 

EC50. Concentrations of ZnO for definitive testing included 0.1 to 31.6 mg/L in half log 

dose intervals. Dishes were randomly placed in a 113 L aquarium with 5 cm of aerated 

de-ionized (DI) water under the dish support.  Test solutions were changed daily. At the 

end of the 96 h exposure, embryos were euthanized with buffered MS-222.  All embryos 

from each exposure were stored in buffered 10% formalin.  

Nanomaterial toxicity was evaluated using the following endpoints: mortality, 

malformations, stage, snout vent length (SVL), and total body length (TBL). Mortality 

was determined by lack of movement or response from external stimulus. Malformations 
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were determined using Bantle’s Atlas of Abnormalities: A Guide for the Performance of 

FETAX (13). Stage was determined by Nieuwkoop and Faber table of development (11). 

Snout vent length was measured from the tip of the nose to the anal vent to the nearest 

tenth of a mm. TBL was measured from the tip of the nose to the tip of the tail to the 

nearest tenth of mm.  

 
Observations 

 

Daily observations included mortality, malformations, air temperature, and water 

temperature. Observations were conducted using a stereoscope (Motic K series), then 

electron microscopy (vide infra). Observations at the end of the 96 h exposure included 

mortality, malformations, snout vent length, and total body length. Water quality, pH and 

ammonia, was conducted and documented at the end of the exposure to ensure any 

effects seen were from metal oxide nanomaterial exposure. 

 

Scanning Electron Microscopy  

 

Scanning electron microscopy (SEM) was conducted using a Hitachi S4300VP 

(Pleasanton, CA). 

 

Nanomaterial Preparation for SEM 

 

 Nanomaterials were purchased as fine powders. Double sided conductive tape 

was placed on a small stub. A small amount of nanomaterial powder was deposited on the 

tape. The excess nanomaterials were blown off with nitrogen gas. The goal was to 

remove nanomaterials that were not attached to the tape therefore creating a monolayer of 

nanomaterials on the stub. A small line of silver paint was applied to the tape and 

continued until the line was in contact with the stub. The nanomaterials were sputter 

coated for 30 seconds with a gold/palladium alloy with a Hummer V Sputter Coater. Ten 

nanometers of the alloy were applied every minute; therefore the nanomaterials were 



 Texas Tech University, Shawna Nations, May 2009 

17 
 

coated with approximately 5 nm of alloy. This procedure was followed for each of the 

nanomaterials.  

 

Tissue Preparation for SEM 

 

Biological samples require more preparation than abiotic materials for SEM. 

Tadpoles were rinsed three times with buffer solution, and then taken through a series of 

ethanol exchanges, 10%, 30%, 50%, 70%, 95%, and 100%. Each step of the series lasted 

20-30 min. Critical point drying was achieved with Balzars CP 030 Critical Point Dryer. 

This removed the ethanol from the tadpole and replaced it with CO2. Tadpoles were 

mounted using double sided conductive tape on a SEM stub.  Silver paint was painted 

from the end of the tail of each tadpole to the stub. Tadpoles were then sputter coated in 

the Hummer V Sputter Coater for one minute applying approximately 10 nm coat of 

gold/palladium alloy.  

 

Statistics 

 

 Snout vent length, TBL, and malformation incidence were compared among 

concentrations utilizing nested one-way analysis of variance (ANOVA) followed by 

Tukey Honestly Significant Differences (TukeyHSD) test when significance was 

determined with ANOVA (alpha=0.05). Effect concentrations for malformations were 

determined utilizing probit analysis.   

 

Results 
 

FETAX Assay Results 

 

 Water quality parameters were within ASTM guidelines in regards to pH (6.5-9.0) 

for each of the exposures and ammonia levels were within acceptable parameters, total 

ammonia less than 3 mg/L, to not influence mortality or malformation incidence (14). 
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The pH for the exposures ranged from 6.94 ± 0.03 to 7.68 ± 0.02, and total ammonia for 

all exposures was below 0.55 mg/L.  

 

TiO2 and Fe2O3 Range Finding FETAX Assay  

 

 Titanium dioxide and Fe2O3 exposure caused no mortality or significant 

malformation. The average stage for embryos exposed to either TiO2 or Fe2O3 

nanomaterials was 48. There was no significant difference between the dose groups for 

developmental stages. Titanium dioxide and Fe2O3 nanomaterials exposure decreased 

embryo snout vent length from control to 0.001 mg/L, then produced a stable increase to 

1 mg/L, and finally steadily decreased through the higher concentrations (10, 100, and 

1000 mg/L). Tadpoles exposed to TiO2 had an average SVL 4.02 ± 0.03 mm for all 

tadpoles. TiO2 exposed tadpoles had an average TBL of 10.14 ± 0.04 mm. The 1000 

mg/L TiO2 exposure produced tadpoles with significantly smaller SVL (p=0.001) and 

TBL (p=0.033) than control tadpoles. Tadpoles exposed to Fe2O3 had an average SVL of 

3.97 ± 0.02 mm and an average TBL of 10.26 ± 0.04 mm for all tadpoles. The 1000 mg/L 

Fe2O3 exposure produced tadpoles with significantly smaller SVL (p=0.003) and TBL 

(p<0.001) than control tadpoles. No further testing was conducted with TiO2 and Fe2O3 

nanomaterials due to the lack of acute toxicity with the range finding test. 

 

ZnO Definitive FETAX Assay  

 

  Zinc oxide nanomaterials did not affect mortality at any investigated 

concentration. The percent malformation for all dose groups ranged from 0% to 81%. 

The control group had a malformation percent of 3%. Dose groups containing ZnO at 

3.16 and 10 mg/L had similar malformation rates, 40% and 42% respectively, and 

tadpoles in the 31.6 mg/L ZnO solution had the highest malformation rate with 81%. The 

increase in malformations with increasing concentrations produced an EC50 of 10.3 mg/L. 

Several types of malformations were observed in organisms receiving ZnO treatment.  

Axial/tail, gut, head, eye abnormalities, and blistering were the typical malformations 
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observed in organisms receiving ZnO treatment (Figure 1). The majority (89%) of 

abnormalities were gut malformations (Figure 2). 

After 96 hours, the average developmental stage across all doses was 49. Dose groups 

showed no significant difference in developmental stage. Average SVL for all tadpoles in 

this exposure was 3.84 ± 0.01. There was no significant difference in SVL (Figure 3). 

There was significant difference in TBL with exposure to 10 and 31.6 mg/L ZnO 

nanomaterials (p<0.001) compared to control TBL (Figure 4). Tadpoles exposed to 10 

and 31.6 mg/L ZnO also had significantly shorter TBL than tadpoles exposed to 0.1, 

0.316, and 1 mg/L ZnO (p≤0.003). The minimum concentration of ZnO to inhibit growth 

of Xenopus laevis tadpoles was 10 mg/L. 

 

CuO Definitive FETAX Assay  

 

 Copper oxide nanomaterial exposure did not induce significant mortality for any 

of the tested concentrations. The average malformation incident for all dose groups was 

11% and ranged from 0% to 33%. The control group had no malformations. The highest 

tested concentration (1000 mg/L) generated the highest incidence of malformation, 33%, 

which is significantly different compared to the control malformation incidence (p≤0.05). 

The incidence of malformations produced an EC10 of 2.1 mg/L and EC15 of 39.3 mg/L. 

Several abnormalities were observed in organisms receiving CuO treatment.  Axial/tail, 

gut, head, eye abnormalities, and blistering were typically observed malformations in 

organisms receiving CuO treatment (Figure 1). As observed with ZnO, the majority (61%) 

of abnormalities were gut malformations (Figure 5). Tail or axial abnormalities 

comprised 19% of total abnormalities observed with CuO exposure. There was no 

significant difference between the dose groups for developmental stages due to all 

tadpoles reaching the same developmental stage of 48.  

Copper oxide nanomaterials induced a steady decrease in SVL starting with the 

control and ending with 1000 mg/L (Figure 6). There was a significant difference 

between controls and the three highest doses (p≤0.05). In contrast, TBL for CuO 

nanomaterials were relatively constant in exposures below 10 mg/L, after which TBL 



 Texas Tech University, Shawna Nations, May 2009 

20 
 

decreased with increasing concentrations (Figure 7). Tadpoles at 1000 mg/L CuO had 

significantly smaller TBL than controls, 9.80 ± 0.13 mm and 10.72 ± 0.05 mm 

respectively (p<0.001). The minimum concentration of CuO to inhibit growth of Xenopus 

laevis tadpoles was 10 mg/L. 

 

Metal Cation Concentrations 

 

Zinc cations from toxicant concentrations were lower than nominal predictions 

(Table 1).  Zinc cation concentration was verified in dosing solutions as well as the stock 

solution (100 mg/L). Stock solution Zn concentration had a percent of nominal over 90%. 

The average percent of nominal Zn cation was 56%, ranging from 20 to 92%. 

Concentrations ranging from 3.16 to 31.6 mg/L ZnO had over 54% of the nominal Zn 

cation determined in solution and increased in percent with increasing ZnO concentration. 

Two ZnO dosing solutions, 0.316 and 1 mg/L, contained approximately 20% of the 

calculated Zn concentration, and the dosing concentration of 0.1 mg/L ZnO had 42% of 

the calculated Zn cation in solution.   

Soluble Cu from toxicant concentrations was higher than nominal predictions 

(Table 2). The highest concentration, 1000 mg/L, was the stock solution used to make the 

remaining dosing solutions. The stock solution contained Cu 118% of the nominal Cu 

concentration, while the remaining dose solutions contained anywhere from 89 to 163% 

of calculated Cu concentration in solution.  

 

Nanomaterial Scanning Electron Microscopy 

 

  At least five images were taken for each nanomaterial (Fe2O3, TiO2, CuO, and 

ZnO) to obtain a variety of locations to determine particle size. A minimum of 20 

measurements were taken to obtain an average individual particle size (APS) and four 

measurements to obtain an average aggregate size. Iron oxide had an APS of 44 nm and 

ranged in size from 17 to 98 nm. Titanium dioxide had an APS of 56 nm with a range 

from 21 to 135 nm. Zinc oxide nanomaterials had an average APS of 45 nm and included 
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sizes from 7 nm to 94 nm (Figure 8A). Copper oxide nanomaterial size ranged from 18 to 

285 nm with an APS of 57 nm. Overall all average nanomaterial sizes were marginally 

larger than the reported APS. Aggregate size was evaluated in addition to individual 

particle size, (Figure 8B). Iron oxide, TiO2, and ZnO had average aggregate sizes greater 

than 5µm. Copper oxide nanomaterials formed smaller aggregates, <1 µm, than the other 

metal oxide nanomaterials. In general, aggregate sizes for all nanomaterials varied greatly 

and ranged from less than 1 µm to over 17 µm.  

 

Xenopus laevis Scanning Electron Microscopy 
B   

Three tadpoles, one from each replicate, were taken from each concentration to 

represent each dosing group. At least two images were produced per tadpole to compare 

skin cell morphology. It appears nanomaterials have an affinity for ciliated and secretion 

ectoderm cells. 

As ZnO concentration increased, there was evidence of nanomaterials adhering to 

the skin of the tadpole. Zinc oxide nanomaterial adhesion was observed at concentrations 

as low as 1 mg/L. The ZnO nanomaterials sparsely adhered to both ciliated cells and 

secretion cells. The number of cells affected by exposure increased with increasing 

concentration of nanomaterials. Ectoderm cell morphology was not affected by the 

toxicant concentrations evaluated. Micrographs of range-finding concentrations including 

100 and 1000 mg/L were evaluated in addition to the definitive assay. Skin cell vaulting 

(Figure 9: F) was induced with 1000 mg/L ZnO nanomaterial exposure.  

Copper oxide nanomaterials exposure induced similar adhesion results as ZnO 

nanomaterial exposure. The first evidence of nanomaterial adhesion was observed at 10 

mg/L. Nanomaterial aggregate adhesion did not uniformly cover the tadpoles. Copper 

oxide nanomaterial adhesion to skin cells increased with an increase in concentration. 

Skin cells became vaulted in some areas when exposed to 1000 mg/L CuO, but this effect 

was also not uniform for the entire tadpole (Figure 10).  

Two tadpoles, one from each replicate, were taken from each concentration of 

TiO2and Fe2O3. Similar trends were seen for both TiO2 and Fe2O3 that were observed 

21 
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with CuO and ZnO. Some nanomaterial adhesion was visible at concentrations as low as 

1 mg/L and no visible abnormalities were observed until 1000 mg/L. The typical 

abnormal vaulting and cilia reduction on ciliated cells was present, but not uniform over 

the entire tadpole.   

 

Discussion 
 

All four metal oxide nanomaterials (TiO2, Fe2O3, CuO, and ZnO) affected SVL 

and TBL at the highest tested concentrations, 1000 mg/L and 31.6 mg/L (ZnO).  Snout 

vent length responses were more variable with changes in metal oxide nanomaterials 

concentration than were total body length responses, indicating that snout vent length 

could be a more sensitive endpoint for metal oxide nanomaterial exposure. There is no 

precedent of using SVL as an endpoint in FETAX assays, but it is an endpoint utilized in 

Xenopus laevis chronic exposures (15). The validity of utilizing SVL as an endpoint in 

FETAX assays should be evaluated by evaluating several past studies and compare TBL 

results of those studies to the new studies with the addition of SVL to determine if SVL is 

more sensitive. If so, this would allow more seamless comparison of acute and chronic 

growth data.  

Titanium dioxide and Fe2O3 nanomaterials did not significantly affect mortality or 

malformation frequencies. These results indicate that TiO2 and Fe2O3 have relatively little 

developmental or teratogenic effects on Xenopus laevis during the first 96 h of life. The 

Ecotox Database (16) contained no toxicity data for TiO2 nor Fe2O3 therefore supporting 

that these chemicals are generally not considered a threat to Xenopus laevis. 

In previously conducted range finding studies (data not reported) tadpoles 

exposed to ZnO nanomaterials experienced increased SVL and TBL from controls at 

concentrations less than 10 mg/L. The increase in SVL at doses below 10 mg/L followed 

by a reduction in SVL at higher concentrations suggests that ZnO nanomaterials appear 

to have a hormetic trend in both SVL and TBL. True hormesis has not been proven in our 

study, but the essential nature of Zn in vertebrate development has been noted as a reason 

for Zn hormesis in aquatic organisms (17, 18) and supports the possibility of a hormetic 
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effect for ZnO nanomaterials. Zinc does support normal growth and development, so it is 

fair to conclude that ZnO may also have beneficial effects upon growth (19).  

Zinc oxide nanomaterials did affect tadpole length, but at much higher 

concentrations than Zn. Ecotox Database (16) LOEC values for Zn on Xenopus laevis 

length range between 0.75 and 2.0 mg/L. The lowest concentration of ZnO nanomaterials 

that affected length was 10 mg/L (6.12 mg Zn/L). Zinc oxide nanomaterial exposure did 

result in increased malformations at concentrations higher than 3.16 mg/L and a 

malformation EC50 was determined to be 10.26 mg/L (~6.12 mg Zn/L). Our EC50 is 

approximately three times higher than reported EC50s (2.65 to 2.83 mg/L) for Xenopus 

laevis (16). Zinc exposure also resulted in mortality with reported LC50 values ranging 

from 20 to 34.5 mg/L (16), whereas ZnO nanomaterial exposure produced no mortality. 

Zinc oxide nanomaterial exposure appears to be relatively less toxic than Zn exposure to 

Xenopus laevis indicated by ZnO inducing higher effective concentrations in regards to 

malformation and effects on length and lack of lethal effects with ZnO nanomaterials.  

Copper oxide nanomaterial exposure did not affect mortality, malformations, or 

growth at concentrations as low as Cu exposure, indicating that CuO nanomaterials may 

not be as toxic as Cu. Copper has a reported LOEC of 0.75 mg/L on TBL of Xenopus 

laevis (16). The lowest concentration of CuO nanomaterials to affect TBL was 1000 

mg/L (862.81 mg Cu/L). Copper has a reported malformation EC50 of 0.740 to 0.880 

mg/L (16). The highest effect concentration that was determined by CuO nanomaterials 

exposure was an EC15 of 1.9 mg/L. The highest concentration of CuO was the only dose 

that induced a significantly higher malformation incidence compared to controls. It is 

reported that Cu exposure LC50s range from 0.150 to 1.080 mg/L (16). Copper oxide 

nanomaterial exposure did not induce any significant mortality incidence, therefore 

indicating that CuO nanomaterials are less toxic than bulk Cu.  

Zinc oxide and CuO nanomaterials appear to influence malformation rates and 

possibly growth. Malformations were not observed until day four of nanomaterial 

exposure. There was little to no visible abnormalities observed day 1 through day 3 in the 

highest exposure concentrations. There was no mortality due to ZnO and CuO 

nanomaterial exposure in FETAX solution. This would indicate that nanomaterials do not 

23 
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enter tadpoles until later stages of development. Xenopus laevis tadpoles feed from their 

yolk until between stages 41 to 47 (day 3 to 4) and normally do not need to be fed until 

post-hatch day 5 (20). On day 3 or stage 40/41, the Xenopus laevis larvae mouth begins to 

open (20). Xenopus laevis tadpoles are filter feeders so it is possible on day 3 tadpoles 

begin to filter nanomaterials into their bodies; therefore no malformations are seen until 

day 4. This could be tested by sampling tadpoles each day of the exposure and testing the 

tissue for metal concentration. Gut malformations were the most prominent type of 

malformation observed with ZnO and CuO nanomaterial exposure. However, the 

proportions of malformation types were different. Zinc is a more effective inducer of 

metallothionein compared to Cu, therefore Cu would have a greater probability to be 

absorbed through the gastrointestinal tract and transported to other areas of a tadpole 

body. This increase in Cu to other portions of the organism could lead to an increased 

variety of malformations.  

 Zinc oxide solutions had lower Zn concentrations than anticipated by nominal 

concentrations. This could have been affected by the serial dilution method and mixing 

method. Metal oxide nanomaterials have a tendency to aggregate and precipitate from 

solution. Dilutions were made with the primary solution on a magnetic mixing plate and 

the appropriate aliquot was removed with a pipette. This aliquot was added to the next 

solution in the sequence and then the solution was placed on the magnetic stir plate for a 

minimum of five min. It is possible that some nanomaterials aggregated and the solutions 

were not as homogenous as needed for this process.  

 Copper oxide solutions had higher Cu concentration than anticipated by nominal 

concentrations. Copper oxide solutions did not have the sample problem as above but the 

concentrations were slightly higher than anticipated which could also be due to 

aggregation. If a larger number of CuO nanomaterial aggregates were collected in the 

aliquot, the overall Cu concentration could be increased slightly.  

Ectoderm cells did not appear to be adversely affected by ZnO and CuO 

nanomaterials with many of the exposures. As the concentration of nanomaterials 

increased, there was evidence of nanomaterials adhered to ectoderm cells. Ciliated cells 

appeared atypical in shape and had less cilium at 1000 mg/L than compared to control 
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tadpoles. Similar cell morphology abnormalities have been seen with low level (0.5 mg/L) 

Cd exposure and with 2 mg/L Cd exposure all cilia were gone (21). Exposure to 2 mg/L 

Cd also induced gross malformations (axial incurvations, stunted size, abnormal tail, fin, 

and eyes) and mortality (21). Cilia, especially those around the external nares (nostrils or 

nasal passage), are believed to have chemosensory roles, such as identifying predator 

odor (22, 23). Heavy metals, such as Zn and Cu, can affect an amphibian’s ability to 

sense predator odor, therefore the additional adhesion of nanomaterials to cilia and/or 

reduction of cilia due to metal oxide nanomaterial exposure could make tadpoles more 

susceptible to predation (24, 25). Exposure to fullerenes significantly affected Daphnia 

magna induced physiological changes that are linked to increased predation (26). 

Nanomaterial exposure can induce alterations to an organism that may negatively affect 

them in an ecosystem not necessarily seen in lab exposures.  

Future studies will include acute and chronic metal oxide nanomaterial exposure 

studies using fathead minnows (Pimephase promelas). Their acute study will include 

endpoints of mortality and growth. Chronic studies are also underway with both Xenopus 

laevis and minnows. Chronic study endpoints will be time to hatch, percent successful 

hatch, larval growth, mortality, and growth. Combining amphibian and fish toxicological 

responses will provide much needed data to better assess the risks associated with metal 

oxide nanomaterials. These results will be instrumental in assessing ecological risk to 

aquatic organisms, especially in regards to declining amphibian populations.  

In conclusion, this study found TiO2 and Fe2O3 nanomaterials to be relatively 

non-toxic at the tested concentrations and average particle size of 56 nm and 44 nm, 

respectively. It is important to verify size of nanomaterials, as the average particle size 

reported by the manufacturer may not be the true size of the material and lead to faulty 

conclusions. Therefore we do not consider TiO2 and Fe2O3 nanomaterials to be a threat to 

amphibian populations at this time. Caution should be used with CuO and ZnO 

nanomaterials as increased concentrations of these nanomaterials increase malformations 

and decrease growth in Xenopus laevis tadpoles. In this study, CuO and ZnO 

nanomaterials did not appear to be as toxic as their respective metal cation, Cu and Zn, 

indicating that current regulation of Zn and Cu compounds could be protective of 
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amphibians at this time. 
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Tables and Figures 
 
Table 2.1: Concentration of Zn in dosing solutions. 

Dose Calculated Actual  
ZnO 

(mg/L) 
Zn 

(mg/L) 
Zn 

(mg/L) 
Percent 
Nominal 

Control 0.00 0.00  
0.10 0.08 0.03 42.13 
0.316 0.25 0.06 23.77 
1.0 0.80 0.16 19.94 
3.16 2.54 1.37 54.00 
10.0 8.04 6.12 76.11 
31.6 25.39 21.28 83.82 
100.0 80.35 74.15 92.29 
 

Table 2.2: Concentration of Cu in dosing solutions. 

 

 

 

 

 

 

 

Dose Calculated Actual  
CuO 

(mg/L) 
Cu 

(mg/L) 
Cu 

(mg/L) 
Percent 
Nominal

Control 0.00 0.00  
0.1 0.08 0.10 126.42 
1.0 0.80 1.31 163.40 
10.0 7.99 8.26 103.39 
100.0 79.89 71.28 89.22 
1000.0 798.90 862.81 108.00 
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Figure 2.1: Typical malformations observed with ZnO and CuO nanomaterial exposure. Control tadpole with 

normal gut and head morphology (A). Irregular, loose gut coil (B). Head and gut abnormalities (C). 
Gut edema and irregular gut coiling (D). Axial abnormality (E). 
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Figure 2.2: Percent of malformation types induced by ZnO nanomaterial exposure. 
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Figure 2.3: Snout vent length (mean ± standard error) measurements of tadpoles exposed to ZnO nanomaterials. 
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Figure 2.4: Total body length (mean ± standard error) measurements of tadpoles exposed to ZnO nanomaterials. 
* = p≤0.05 with ANOVA and TukeyHSD. 
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Figure 2.5: Percent malformation types induced by CuO nanomaterials exposure. 
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Figure 2.6: Snout vent length (mean ± standard error) measurements of tadpoles exposed to CuO nanomaterials.  
* = p≤0.05 with ANOVA and TukeyHSD. 
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Figure 2.7: Total body length (mean ± standard error) measurements of tadpoles exposed to CuO nanomaterials.  
*= p≤0.05 with ANOVA and TukeyHSD. 
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Figure 2.8: Micrograph of individual ZnO nanomaterials ranging from 23 to 94 nm (A). Micrograph of Fe2O3 

nanomaterial aggregate that is 12.8 µm long and 9.1 µm wide (B). 
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Figure 2.9: Micrographs of tadpole exposed to ZnO nanomaterials, including control (A), 10 mg/L (B), 31.6 

mg/L (C, D, E) and 1000 mg/L (F). Micrograph A is an image of a health ciliated cell. Micrograph B is 
an example of nanomaterial adhesion to a secretion cell at 10 mg/L. Micrographs C, D, and E illustrate 
the variety of skin cells observed at 31.6 mg/L; which includes cells with nanomaterial adhesion and 
normal skin cells. Micrograph F was from an earlier study including the dose 1000 mg/L ZnO. 
Micrograph F reveals vaulting of skin cells and irregular morphology of ciliated cells. 
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Figure 2.10: Micrographs of tadpole exposed to CuO nanomaterials, including control (A), 10 mg/L (B, C), 100 

mg/L (D) and 1000 mg/L (E, F). Micrograph A is an image of a health ciliated cell. Micrographs B and 
C is an example different areas of tadpole skin, with nanomaterial adhesion to a secretion cell and 
normal cells at 10 mg/L. Micrograph D illustrate the affinity of nanomaterials to both secretion and 
ciliated cells at 100 mg/L.  Micrograph E and F reveal vaulting of skin cells and irregular morphology 
of ciliated cells. 
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CHAPTER III 

DEVELOPMENTAL EFFECTS OF ZNO NANOMATERIALS ON XENOPUS LAEVIS 
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Theodorakis, and George P. Cobb 

Department of Environmental Toxicology 

The Institute of Environmental and Human Health 

Texas Tech University 

Box 41163 Lubbock, TX 79409-1163 USA 

 

              Zinc oxide nanomaterials are utilized in a variety of products, 

such as sunscreens and antimicrobial coatings, and many of these products 

could enter aquatic environments through use and waste. Zinc oxide 

nanomaterials (40-100 nm) were used to dose Xenopus laevis tadpoles 

throughout metamorphosis to determine the effect of metal oxide 

nanomaterials on development. Nanomaterials were dispersed via 

sonication methods into reconstituted moderately hard water test solutions. 

A flow-through system was utilized to decrease the likelihood of the 

depletion in ZnO concentration. Exposure to 2 mg/L ZnO nanomaterials 

significantly increased mortality incidence to 40% and negatively affected 

metamorphosis of Xenopus laevis. Tadpoles exposed to 2 mg/L ZnO 

nanomaterials developed slower as indicated by tadpoles with an average 

stage of 56 at the conclusion of the study which was significantly lower 

than the stages of control tadpoles. No tadpoles exposed to 2 mg/L of ZnO 

nanomaterials completed metamorphosis by the conclusion of the study. 

Tadpoles exposed to 0.125 mg/L ZnO nanomaterials experienced faster 

development along with larger body measurements indicating that low 

dose exposure to ZnO nanomaterials can be beneficial to growth and 

metamorphosis of Xenopus laevis. 

Abstract
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Introduction 
 

 The possible uses and advancements of nanomaterials and its resulting technology 

have increased due to the significantly different electrical, optical, thermal, and surface 

area properties of materials with sizes less than 100 nm (1). As surface area increases, 

reactivity increases due to surface atoms directing the particles properties, therefore, 

nanomaterials behave more like quantum particles than bulk (2). For example, TiO2 

stability changes with differences in size; bulk TiO2 is thermodynamically most stable as 

rutile but nano-sized TiO2 is most thermodynamically stable as anatase (2). Another 

example is that ZnO nanomaterials are more efficient at reflecting or scattering ultraviolet 

light than bulk ZnO and ZnO nanomaterials also have increased antibacterial properties 

with reduced size (3).  

 Metal oxides are among the highest produced nanomaterials at this time (2). One 

of the reasons metal oxide nanomaterials are in such high demand and production is that 

these materials can treat a wide variety of hazardous material such as chlorinated 

solvents, microbes, pesticides, and mustards (2). Zinc oxide nanomaterials have shown an 

ability to efficiently transform hydrogen sulfide, H2S to ZnS, and to dehalogenate 

chlorinated solvents (2). Zinc oxide nanomaterials have antimicrobial properties and are 

used in sunscreens, cosmetics, a variety of coatings, caulks, and adhesives (4). Zinc oxide 

nanomaterial does not appear to penetrate human skin past the upper stratum corneum 

(5). Antimicrobial wallpaper has been created by scientists from National Tsing Hua 

University in Taiwan by coating paper with ZnO nanomaterials (6). Zinc oxide 

nanomaterials have a high probability of entering the aquatic environment with the 

multitude of commercial and consumer applications. This would make it imperative to 

investigate possible ecological effects due to ZnO nanomaterial exposure. 

 Metal oxide nanomaterials toxicity has been documented in the following aquatic 

organisms: freshwater microalga (Pseudokirchneriella subcapita), Daphnia magna, and 
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zebrafish (Danio rerio). Freshwater microalga experienced inhibition of growth, 72 h 

IC50 49 µg/L, when exposed to ZnO nanomaterials (7). Titanium dioxide nanomaterial 

exposure produced a dose response mortality effect in Daphnia magna resulting in a LC50 

of 5.5 mg/L, but did not induce any behavioral or physiological changes at the lowest 

observable effect concentration for mortality (2 mg/L) determined from the 

aforementioned mortality study (8, 9). Zinc oxide nanomaterial exposure significantly 

increased mortality and decreased hatchability of zebrafish at 1 mg/L (10). Zebrafish also 

had an increased incidence of tissue ulceration beginning 72 hours post fertilization (hpf) 

and reaching 100% tissue ulceration by 108 hpf (10). Acute studies were conducted 

utilizing the Frog Embryo Teratogenesis Assay Xenopus (FETAX) to determine the 

effect of ZnO nanomaterial exposure. No mortality effect was observed with ZnO 

exposure, but there were significant malformations observed at 3.16 mg/L (11).  

 The aforementioned studies have all measured acute effects and to date there have 

been no published studies that describe the chronic toxicity of ZnO nanomaterials. 

Chronic studies are important tools to evaluate the effects of prolonged exposures to 

sublethal concentrations of a contaminant on an organism’s growth and maturation. 

Xenopus laevis is an excellent species to use for a metamorphosis-based bioassay, as this 

species has been well documented throughout metamorphosis (12). Several chronic 

studies have been conducted utilizing Xenopus laevis from egg or young larval stages to 

metamorphic completion. Ammonium perchlorate was found to inhibit metamorphosis 

indicated by a significantly reduced number of tadpoles completing tail resorption at 16 

µg/L and a complete lack of tadpoles completing metamorphosis at concentrations as low 

as 147 µg/L (13, 14). Two studies revealed atrazine, which has a reported 96 h lowest 

observable adverse effect concentration of 1.1 mg/L in Xenopus laevis, did not affect 

metamorphosis or growth at 25 µg/L in Xenopus laevis (15, 16). An acute test (96 h) of 

depleted uranium produced no significant mortality, malformation, or growth effect with 

exposure to the following range of depleted uranium concentrations 4.78 to 77.72 mg/L 

(26). Chronic exposure (64 d) to depleted uranium (13.1 to 54.3 mg/L) delayed 

metamorphosis and was attributed to increased tissue concentrations (0.98 to 2.82 mg/L) 

(17).    
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 The purpose of this study was to determine effects of ZnO nanomaterials on 

Xenopus laevis larvae through metamorphosis (NF stage 66). Acute 96 h studies were 

conducted to establish doses for the developmental study. A calculated total 

malformation EC15, 1.9 mg/L, was used to establish the highest dose (11). Doses for the 

developmental test were as follows: control, 0.125, 0.250, 0.500, 1, and 2 mg/L. Results 

of this study in combination with previously conducted acute studies could reveal 

ecological implications of ZnO nanomaterial release in aquatic ecosystems. Our results 

will also provide critical information to regulatory agencies and industry to determine the 

need for monitoring and regulation regarding ZnO nanomaterials. 

 

Methods and Materials 
 

Zinc oxide nanomaterials were ordered from Alfa Aesar (Ward Hill, MA). 

Average particle size (APS), surface area, and NanoTek® ZnO nanomaterials used in this 

project were 40-100 nm and 10-25 m2/g respectively. All FETAX salts were obtained 

from VWR (West Chester, PA): NaCl (100% purity), NaHCO3 (99-100% purity), KCl 

(100% purity), CaCl2 (99-100% purity), CaSO4
.2H2O (98-100% purity), and MgSO4 (99-

100% purity). For chemical analysis of water and tissue, trace metal grade nitric acid 

(70%) and hydrogen peroxide (30%) were obtained from Fisher Scientific (Fisher, 

Waltham, MA). Human chorionic gonadotropin (HCG) and L-cysteine (≥98%, from non-

animal source, cell culture) were obtained from Sigma-Aldrich (St. Louis, MO).  

 

Nanomaterial Solution Preparation 

 

Nanomaterial solutions were prepared in FETAX solution, referred to as FETAX. 

FETAX is a media used to culture Xenopus laevis larvae containing 625 mg NaCl, 96 mg 

NaHCO3, 30 mg KCl, 15 mg CaCl2, 60 mg CaSO4
.2H2O, and 75 mg MgSO4 per liter of 

deionized or distilled water. Dosing solutions were sonicated with Fisher Scientific 

Model 500 Sonic Dismembrator assembled with a disruptor horn (Fisher, Waltham, MA). 

A pulsed sonication mode was utilized (1 sec on, 0.5 sec off, 30 sec total time) with 40 % 
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amplitude, approximately 160 watts. The pulsed sonication was repeated until all 

particles were suspended and no longer precipitating from solution in the beaker, less 

than five min total. Each ZnO dosing solution was prepared by creating a concentrated 

solution in a 1 L beaker and diluting into the appropriate 208 L drum.  

 

Breeding 

 

Four mating pairs of Xenopus laevis adults were bred to increase the possibility of 

at least one pair of frogs would produce an adequate supply of viable embryos. A single 

mating pair’s embryos were used for the exposure. Males were injected with 250 IU of 

human chorionic gonadotropin (HCG) in the dorsal lymph sac, and females were injected 

with 750 IU HCG in the dorsal lymph sac to induce reproduction. Each mating pair was 

housed in a 37.9 L tank containing aerated FETAX solution and a coated mesh platform 

one inch above the bottom of the tank. The platform protected the eggs from the adults 

until time of collection.  

 

Embryo Collection 

 

Embryo collection began approximately 24 hours after HCG injection. 

Preparation of embryos for use in the FETAX began with dejellying the embryos. The 

embryos were dejellied with a 2% L-cysteine solution. A plastic transfer pipette was used 

to collect and transfer embryos to a Petri dish. Embryos were inspected with a 

stereoscope to identify viable embryos. Viable embryos are embryos that have been 

fertilized and are between stages 8 and 11 using Nieuwkoop and Faber stages (18). 

Unviable embryos were removed from the Petri dish with a 1 mL syringe.  

 

Dosing 

 

 Each concentration was tested in triplicate with 15 tadpoles in each replicate. 

Small 9.5 L tanks were used as exposure chambers. Each tank was labeled with 
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concentration, chemical, replicate identifier, and date of test. Nanomaterial solutions were 

pumped from 208 L drums to each tank. To begin the exposure, 6 L of dosing solution 

was placed in every tank. After the solution was added to each tank, at least 20 tadpoles 

were added. Tadpoles were transferred with plastic transfer pipettes.  Tadpoles were 

thinned to 15 after hatching was completed.  

 

Test Chamber and Set-Up 

 

The test set up included 18 exposure tanks, three temperature control tanks, six  

208 L drums, aeration (for each exposure tank and dosing drum), 2-3 tank heaters, 2-3 

thermometers, and a living stream reservoir used as a water bath. The living stream 

reservoir had a stand pipe keeping the level of water within the reservoir the same 

throughout the exposure period. Tap water was used to initially fill the reservoir 2/3 of 

the way full. This amount allowed the dosing tanks and temperature tanks to be 

submersed enough to maintain relatively constant temperature for the duration of 

exposure. The water in the reservoir was heated to 23±2 ºC. The dosing tanks were 

randomly arranged within in the reservoir. 

One drum was designated for each concentration. Each drum was aerated to aid 

water quality and mix solutions. A flow through system was used to replenish water. 

Every tank had a line running from a dose drum through a peristaltic pump, Cole Parmer 

Masterflex L/S Economy Variable-Speed Digital Drive. Each tank had an overflow spout 

at 6 L. The flow rate into each tank was 12.5 mL/min; which allowed for approximately 

18 L a day to be pumped through each tank.  

Tadpoles were fed a diet developed by Koss and Wakeford (19) for culturing 

Xenopus laevis tadpoles. The “tadpole cocktail” composed of 25% Nutrafin Max, 25% 

Aquamax Trout Chow, and 50% Nasco frog brittle pellets dry volume (19). Each of the 

above ingredients were ground to a fine powder and thoroughly mixed with water, 50% 

by volume. This mixture was fed daily to tadpoles beginning on day 5.  
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Observations 

 

 Water quality was monitored every other day. Water quality included the 

following: ammonia, temperature, conductivity, salinity, dissolved oxygen, and pH. 

Observations, including mortality and tank temperature, were conducted and recorded 

daily. Mortality was determined by lack of movement or response from external stimulus. 

Every five days body measurements were conducted to the nearest mm; these 

measurements included snout-vent length (SVL), total body length (TBL), hind-limb 

length (HLL), and stage. SVL is measured from the tip of the nose to the anal vent. TBL 

is measured from the tip of the nose to the tip of the tail. HLL is measure from the apex 

of the leg to the end of the toes. Stage was determined by Nieuwkoop and Faber table of 

development (18). Measurements (Stage, TBL, SVL, and HLL) from day 40, 45, and 46 

include measurements from stage 66 juveniles euthanized before the aforementioned 

measure days. Time to metamorphosis was also evaluated as a growth endpoint and was 

defined at the percentage of tadpoles that completed metamorphosis (NF stage 66). Time 

to metamorphosis was tracked from the first day tadpoles completed metamorphosis to 

the completion of the study. Malformations were also noted with body measurements and 

were determined using Bantle’s Atlas of Abnormalities: A Guide for the Performance of 

FETAX (20). Malformations and staging were identified using a Motic K series 

stereoscope.  

 

Euthanization and Storage 

 

Dead tadpoles were removed and stored in 10% buffered formalin. When tadpoles 

reached Nieuwkoop and Faber stage 66, they were removed from the tank, euthanized 

with MS-222 and stored in 10% buffered formalin. Stage 66 juveniles had TBL and HLL 

measured at time of euthanization. Removing tadpoles when they reach stage 66 ensured 

survival of smaller, less developed tadpoles since Xenopus laevis can be cannibalistic. 

The study was concluded when 90% of the control tadpoles reached stage 66. It is 

standard practice to conclude a Frog Embryo Teratogenesis Assay-Xenopus (FETAX 
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Assay) exposure when 90% of tadpoles reach stage 46 or at 96 h (21). At the end of the 

study, all remaining tadpoles and frogs were euthanized with MS-222 and stored in 10% 

formalin.  

 

Metal Cation Concentration  

 

Metal cation, Zn, concentration was determined in dosing solutions with flame 

atomic absorption spectroscopy (M Series AA Spectrometer, Thermo, Waltham, MA). 

Dosing solutions were acidified, to pH of 2, by adding 150 µL concentrated nitric acid to 

30 mL of sample. Concentration was determined before new solution was added and 24 

hours after the new solution was added. The analysis was conducted within 48 h of 

sample collection. 

 

Tissue Concentration 

 

Individual tadpoles were weighed to the nearest mg after freeze drying (FreeZone 

2.5, Labconco, Kansas City, MO) to obtain dry weight for analytical techniques. 

Tadpoles were composited in groups of 15 samples, five from each replicate. In addition 

to tadpole samples, one standard reference material (DOLT-4, NRC-CNRC, Ottawa, 

Ontario, Canada) and sample blank were processed with every 24 samples. Samples were 

acid digested using a modified EPA method 3050B. Tadpoles were pre-digested 

overnight using a 1:1 nitric acid solution. Concentrated nitric acid (5 mL per g dry 

weight) was added to the pre-digest solution and heated to 95 ºC for 1 h or until digest 

was liquid. An additional aliquot of nitric acid, half the initial amount of concentrated 

nitric, was added to the cooled digests. If brown fumes were generated an additional 

aliquot of nitric acid was added and digests were heated to 95 ºC without boiling for 2 h. 

Hydrogen peroxide was added after digests were cooled in an ice bath. Digests were 

returned to heat at 95 ºC for additional 2 h to complete digestion processes. Tissue digests 

were diluted to 25 mL (control through 0.5 mg/L samples) or 50 mL (1 and 2 mg/L 

samples) with 3% nitric acid. Flame atomic absorption spectroscopy was utilized to 
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determine Zn tissue concentration.  

 

Statistical Analyses  

 

 Differences in growth measurements were analyzed utilizing nested one-way 

analysis of variance (ANOVA) followed by Tukey Honestly Significant Differences test 

when significance was determined, p ≤ 0.05 ANOVA. Growth measurements were tested 

for variance at every measure day and the conclusion of the study. TBL and HLL of stage 

66 juveniles were tested for variance as well using the above methods. Mortality was 

analyzed using ANOVA and Tukey HSD multiple comparison test at the conclusion of 

the study. Zinc concentration in solution and Zn tissue concentration were analyzed with 

nested ANOVA and Tukey test as well to determine differences in Zn concentration 

between doses.  

 

Results 
 

Water Quality 

 

 Temperature and pH were within acceptable ranges, according to ASTM E1439-

98 (24 ± 2° C and pH = 6.5 - 9.0), throughout the entire study with averages of 23.6 ºC 

and 7.47 respectively (Table 3.1). Conductivity, ammonia, and dissolved oxygen are 

within ranges previously reported by other similar studies (15, 16, 17, 22).  

 

Metal Cation Concentrations 

 

 Zinc cation concentrations were lower than nominal predictions (amount of Zn in 

solution resulting from 100% dissolution of ZnO) and decreased over time in the 

following ZnO nanomaterial concentrations: 0.125, 0.25, and 2 mg/L (Table 3.2 and 

Figure 3.10). Both 0.25 and 0.5 mg/L had the highest nominal percent determined over 
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75%, while 0.125 and 1 mg/L were over 63% of nominal Zn concentration. Two mg/L 

had the lowest nominal percentage with just below 50% of the calculated nominal Zn 

concentration. The Zn concentrations in each nominal dose were significantly different 

from one another (p≤0.001). FETAX solution has been reported to contain less than 0.01 

mg/L Zn as determined by atomic absorption analysis when made with deionized distilled 

water (5) and our FETAX control contained 0.000 ± 0.001 mg/L Zn.  

 The decrease in Zn concentration over time could be attributed to the nature of 

ZnO nanomaterials. Zinc oxide nanomaterials had a tendency to precipitate out of 

solution. There was visible precipitation in tubing that ran from the drum through the 

pump to the tank and in the tanks themselves. It is also possible that ZnO nanomaterials 

were precipitating in the drum; this was not visibly seen as the drum was white.  

 

Concentration of Zinc in Tissue 

 

 Average dry weight for all tissue samples was 0.174 g ranging from as small as 

0.012 to 0.321 g. A total of four DOLT-4 (a standard reference material) samples were 

utilized for this test. DOLT-4 is reported to contain 116 ± 6 µg/g of Zn, and the average 

Zn concentration recovered from DOLT-4 in this study was 125.66 ± 4.20 µg/g. This is 

within an acceptable range of recovery. Zinc concentration in tissue increased in a dose 

response fashion with increasing concentration of ZnO nanomaterials (Table 3.3). 

Significant increases in Zn concentration in tissue were seen beginning at 0.5 mg/L ZnO 

when compared to control Zn tissue concentration (p≤0.001). Zinc concentration in tissue 

of tadpoles exposed to 0.25 mg/L Zn was approaching significant increase with a p-value 

of 0.086. The highest dose also had a significantly higher Zn concentration in tissue when 

compared to all other ZnO nanomaterial tested concentrations (p≤0.001) (Figure 3.11). 

 

Mortality 

 

 Exposure to ZnO nanomaterials induced an average mortality for all doses of 

14%. Three doses (0.125, 0.25, and 0.5 mg/L) induced an average mortality equal to or 
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less than 10%. Control and 1 mg/L exposed tadpoles had mortality of 12 and 11% 

respectively, each tank within these doses lost a maximum of 1 or 2 tadpoles. Control 

mortality of 12 ± 0.4% is comparable to other chronic Xenopus laevis studies (15, 16). A 

significant increase in mortality was observed at 2 mg/L, the highest tested concentration, 

with a mortality incidence of 40% (p=0.002). The mortality incidence at 2 mg/L was 

significantly higher than control treatment and remaining ZnO nanomaterial treatments 

(Figure 3.1).  

 Xenopus laevis mortality after day 4 constituted 97% of all mortality. Three 

exposures produced tadpole mortality before day 5, control, 0.125 mg/L, and 2 mg/L 

ZnO. In the remaining dosing concentrations, all tadpole mortality was observed after day 

5.  

 

Growth 

   

Nieuwkoop and Faber Stage 

 

 In general, all tadpoles increased in stage over time but there were variations in 

stage progression (Figure 3.2). On the first measure day (day 5), all tadpoles were at the 

same average stage of 50. By day 10 there was a difference in staging. Tadpoles in 0.125 

mg/L ZnO reached significantly higher stages on the following measure days: 10, 15, 20, 

30, and 35 (p≤0.002). Tadpoles exposed to 0.25 mg/L experienced significant increases 

in staging compared to control tadpoles on some measure days; day 10, 30, and 35 

(p≤0.014). On days 10 through 20, tadpoles with exposure to 0.5 mg/L ZnO reached 

significantly lower stages than control tadpoles (p<0.001). Beginning on day 25, stages 

were similar to control tadpoles for the remainder of the study. The high doses (1 and 2 

mg/L ZnO) had significantly lower average stages (p≤0.034) for the majority of the 

study, from day 10 to day 46, which indicated a slower progression of stages. At the 

conclusion of the study, tadpoles exposed to doses below 0.5 mg/L ZnO nanomaterials 

had average stages of 66, while 1 mg/L ZnO dosed tadpoles had an average stage of 65 

ranging from stage 60 to 66. The highest dose, 2 mg/L, had the lowest average staged 
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tadpoles at the conclusion of the study with an average stage of 56 ranging from stage 52 

to 64.  

 

Snout Vent Length (SVL)   

 

 SVL generally increased steadily to approximately stage 58 and then decreased 

slightly for a short time before platueaing (Figure 3.3). This pattern was evident for all 

concentrations except 2 mg/L, as tadpoles in this dose experience an increase in SVL for 

the entire study. Tadpoles exposed to 2mg/L ZnO also never achieved a peak SVL like 

other doses.  

 On the first measure day (day 5) there was no statistical differences in SVL 

measurements. On many timepoints after day 5, there were significant differerences in 

SVL, especially for organisms exposed to 2 mg/L ZnO. On days 10 to 46, 2 mg/L 

tadpoles were significantly shorter with respect to SVL than control tadpoles (p≤0.05). 

Two other doses had occurrences of tadpoles with significantly shorter SVLs at some 

time during the exposure (p≤0.004), 0.5 mg/L (day 10 and 15) and 1 mg/L (day 10 

through day 35). On day 10 and 20, 0.125 mg/L had significantly longer SVL than 

control (p<0.001). Exposures to 0.25 and 0.5 mg/L ZnO produced tadpoles with similar 

SVLs that were similar to control tadpole SVL for a majority of the study. The maximum 

average SVL that 1 mg/L reached was 23.5 ± 0.5 mm, which is 5 mm shorter than the 

longest average SVL control tadpoles achieved (27.5 ± 0.9 mm).  

 An additional method to evaluate the effect of ZnO nanomaterial on growth 

utilizing SVL was to graph SVL in relation to stage (Figure 3.4). When analyzing SVL in 

regards to stage, the data reveal that tadpoles exposed to 0.125 mg/L appear to be larger 

than controls. Tadpoles exposed to 1 and 2 mg/L ZnO nanomaterials appear to be smaller 

than controls when SVL is compared by stage (Figure 3.5).  
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Total Body Length (TBL) 

 

 TBL followed a similar trend in length as SVL in regard to achieving a peak 

length and then decreasing in TBL (Figure 3.6). TBL begins a steep decline after stage 

59/60. The decline visually appears to be steeper in TBL than SVL. TBL at stage 59/60 is 

on average 69 mm and drops to 22 mm by stage 66, whereas SVL is 27 mm at stage 58 

and drops to 22 mm by stage 66. From day 10 to day 46, TBL of tadpoles exposed to 2 

mg/L ZnO was significantly shorter than control TBL (p≤0.001). Two other doses had 

tadpoles with significantly smaller TBL for a short period of time; 0.5 mg/L on days 10 

through 20 and 1 mg/L from days 10 to day 46 (p≤0.023). On days 10, 15, and 35, TBL 

for tadpoles exposed to 0.125 mg/L ZnO were significantly longer than controls TBLs 

(p≤0.001). As seen with SVL, exposures to 0.25 and 0.5 mg/L ZnO resulted in tadpoles 

with similar TBL measurements as control TBL for majority of the study. The maximum 

average TBL control tadpoles reached was 68.9 ± 1.0 mm, while tadpoles exposed to 1 

mg/L ZnO achieved a maximum average of 61.2 ± 1.4 mm and 2 mg/L exposed tadpoles 

reached 41.0 ± 2.4 mm. 

 

Hind Limb Length (HLL) 

 

 HLL increased from initial appearance throughout the study (Figure 3.7). HLL 

could not be measured until at least day 20 as the hind limb was easier to visualize after 

stage 51/52. Tadpoles exposed to 2 mg/L ZnO did not have measurable hind limbs until 

the fifth measure day (day 25). Tadpoles exposed to 2 mg/L ZnO had significantly 

shorter hind limbs throughout the entire study in relation to control tadpoles (p<0.001). 

From day 20 to day 46, tadpoles experiencing 1 mg/L ZnO had significantly shorter hind 

limbs than control tadpoles (p<0.001). On days 20 through 30, tadpoles in 0.5 mg/L ZnO 

had HLLs significantly shorter than control tadpole HLL (p≤0.049). On days 20 through 

35, tadpoles exposed to 0.125 mg/L had significantly longer HLL than control tadpoles 

(p≤0.002). Tadpoles in 0.25 mg/L ZnO experienced similar HLL as control tadpoles for 

all measure days except day 25 where HLL of 0.25 mg/L exposed tadpoles had longer 
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HLL than control tadpoles (p=0.034). On days 40 through 46, tadpoles exposed to low 

doses of ZnO nanomaterials had similar HLL as control tadpoles.  

 

Time to Metamorphosis 

 

 Time to metamorphosis tracked the number of tadpoles completing 

metamorphosis over time (Figure 3.8). The first tadpoles to complete metamorphosis 

(stage 66) occurred on day 35 in the following concentrations: control (10%), 0.125 mg/L 

(25%) and 0.25 mg/L (4%). On day 37 and 39, at least one tadpole completed 

metamorphosis in 0.5 and 1 mg/L ZnO respectively. By the time 90% of control tadpoles 

completed metamorphosis, 0.125, 0.25, and 0.5 mg/L had all tadpoles complete 

metamorphosis. On day 42, tadpoles exposed to 0.5 mg/L ZnO surpassed the percent of 

control tadpoles that completed metamorphosis. Both 0.125 and 0.25 mg/L had 100% 

complete metamorphosis a minimum of 5 days before control reached above 90% 

completion. Tadpoles exposed to 1 mg/L only had 58% metamorphic completion, and no 

tadpoles achieved stage 66 in 2 mg/L. 

  

Stage 66 Juveniles 

 

 Body measurements for stage 66 juveniles revealed that 0.125 mg/L ZnO 

nanomaterial exposure juveniles had significantly longer TBL than stage 66 control 

juveniles (Figure 3.9). Control juveniles had an average TBL of 21 mm and 0.125 mg/L 

juveniles averaged 23 mm for TBL (p=0.001). Stage 66 juveniles from 0.25 and 0.5 mg/L 

had TBL approaching significance with p-values of 0.081 and 0.091 respectively. Control 

and 0.125 mg/L juveniles had slightly longer hind limbs, over 33 mm, than 0.25, 0.5, and 

1 mg/L juveniles with HLL of 31 mm. The HLL of juveniles exposed to 0.125 mg/L ZnO 

had significantly longer HLL than 0.25, 0.5 and 1 mg/L juveniles (p≤0.05).  
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Discussion 
 

 Previous studies have demonstrated that ZnO nanomaterials have increased 

mortality in crustaceans and zebrafish (10, 23). Daphnia magna experienced a 48 h LC50 

at 3.2 mg ZnO/L while Thamnocephalus platyurus had a 24 h LC50 with only 0.18 mg 

ZnO/L (23). Exposure of Zebrafish (Danio rerio) to ZnO nanomaterials induced a 96 h 

LC50 of 1.793 mg/L (10). Xenopus laevis exposed to ZnO nanomaterials in this study did 

not experience increasing mortality with increasing concentrations, with the exception of 

those exposed to the highest tested concentration, 2 mg/L ZnO. Chronic exposure of ZnO 

nanomaterials affected mortality more significantly than would be predicted from results 

of past acute ZnO nanomaterial exposures. Acute studies had no mortality effect at any 

tested concentration even concentrations as high as 31.6 mg/L ZnO (11); whereas this 

chronic exposure had a significant mortality effect (40%) at 2 mg/L ZnO nanomaterial 

exposure. An increase in mortality with chronic exposure could be due to delayed feeding 

of tadpole larvae. Tadpole larvae obtain nutrition by resorping their own yolk for the first 

3 to 4 days post-hatch (24, 25); thereafter, active uptake through filter feeding, tadpole 

larvae increases the possibility of ZnO nanomaterials reaching lethal body burden 

concentrations of Zn. A similar trend of increased mortality subsequent to day 4 occurred 

in a 7 day study evaluating the use of Xenopus laevis as a model for testing pollution of 

Zn (26). Mortality incidence increased on or after day 4 for all tested concentrations, 

including 5, 10, 15, and 20 mg/L (26). From day 3 to the conclusion of the study, 20 

mg/L exposure had no tadpoles survive, 15 mg/L had a mean less than 1 surviving 

tadpole, 10 mg/L had a mean of approximately 5 tadpoles surviving, and even 5 mg/L 

dropped from a mean of 12 tadpoles to a mean of approximately 9 tadpoles (26). The 

majority of all mortality took place after day 4 (~70%) similarly to the results of this 

exposure (~80%). Growth endpoints revealed ZnO nanomaterials affected 

metamorphosis of Xenopus laevis. Exposure to higher doses of ZnO nanomaterials 

induced negative effects on stage progression and growth of Xenopus laevis larvae 

throughout metamorphosis, while exposure to lower concentrations of ZnO nanomaterials 

induced increased stage progression and growth of Xenopus laevis larvae throughout 
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metamorphosis. These results support previous studies evaluating effects of Zn 

compounds on growth and/or metamorphosis. Exposure to Zn, ZnCl2 and ZnSO4, for 4 to 

7 days inhibited growth of Xenopus laevis tadpoles (26, 27, 28). Columbia spotted frog 

(Rana luteiventris) tadpoles exposed to Zn experienced a delay in metamorphic 

completion compared to control tadpoles (29, 30). Another insult to development with 

exposure to ZnO nanomaterials could occur with a reduction in a food source such as 

algae because exposure of ZnO nanomaterials inhibited growth of freshwater microalga 

(Pseudokirchneriella subcapitata) with 72 h EC50s ranging from 0.042 to 0.069 mg Zn/L 

(7, 31). None of these studies indicated that exposure to relatively low concentrations of 

Zn or ZnO nanomaterials increase metamorphic rate or positively influence growth as our 

study did. 

 Amphibians can experience accelerated metamorphic development due to stress 

and the principle of energy allocation (32). TBL of stage 66 juveniles does not support 

this reasoning as all ZnO nanomaterial doses with juveniles tended to have longer 

average TBL than control juveniles. Total body length measurements would indicate that 

ZnO improved growth. When an organism is forced to allocate resources to development 

to alleviate stress, the organism would tend to be smaller in size (33). As Zn is an 

essential nutrient that facilitates growth, it was expected that Zn would have a beneficial 

effect on TBL (34). Zinc is known to be involved in the synthesis of nucleic acids and 

enzymes and boosts the body’s immune response to infection (34, 35). For example, 1500 

to 2000 mg Zn/kg dietary ZnO improved post-weaning pig growth and feed response 

(36).  

 Zinc concentrations in our control whole-body samples were similar compared to 

other tissues from a variety of studies. Whole body zinc concentrations in rainbow trout 

were 32.57 ± 1.94 µg/g w.w. (37). Xenopus laevis whole body Zn concentration in tissue 

in our study was 22.08 ± 1.17 µg/g w.w. Several fish species in Yellowstone River Basin 

contained between 61.9 and 882 µg/g dry weight of Zn in liver samples (38), and control 

tadpoles in our study contained 120.58 ± 16.11 µg Zn/g dry weight total body samples. 

Zinc concentrations in tissue were significantly higher in 2 mg/L ZnO nanomaterial 

exposed tadpoles compared to all other doses and induced negative effects on growth and 
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survivability measurements throughout the study. This would indicate Zn concentrations 

in tissue exceeding 1300 µg Zn/g dry weight are detrimental to growth and 

metamorphosis.  

 Zinc concentration in Xenopus laevis could increase over time with continuous 

exposure to ZnO nanomaterials in solution. Uptake of Zn was evaluated in guppy fish by 

exposing fish to 10 mg/L Zn for 6 days, and there was an increase in Zn concentration in 

tissue from a background concentration of 91 ± 122 µg/g to a tissue concentration of 

1500 µg/g (39). The uptake of ZnO nanomaterials could be evaluated in future studies by 

sacrificing tadpoles at various time points to determine accumulation of Zn in various 

tissues throughout the study. By studying the accumulation of Zn in Xenopus laevis, it 

may be possible to determine how concentrations in tissue affect metamorphosis and 

explain how 0.5 mg/L ZnO exposed tadpoles began metamorphosis at a relatively slower 

rate than controls and surpassed control tadpoles around day 30 in respect to stage 

progression, SVL, and TBL.  

 Background concentrations of Zn in water with the addition of ZnO nanomaterials 

could increase Zn concentration to dangerous levels for aquatic organisms. Background 

concentrations for Zn in water bodies are reported to range from 1 to 40 µg/L (40) and 

the maximum acceptable toxicant concentration (MATC) for fathead minnows in hard 

water is 30 to 180 µg/L (35). With the addition of 0.5 mg/L ZnO nanomaterials to 

FETAX, moderately hard water media, increased the Zn concentration in solution to 305 

± 7 µg/L which is almost twice the higher end of fathead minnow MATC (180 µg/L). 

With the addition of 2 mg/L ZnO nanomaterials, Zn in solution reached 4 times the 

MATC.  

 Zinc oxide nanomaterials have shown negative effects on survival, growth, and/or 

malformation incidence of several aquatic organisms (zebra fish, African clawed frog, 

microalgae, and bacteria). So it is important to realize that ZnO nanomaterials could 

ultimately find their way to water bodies through industrial products and wastes as well 

as personal care product wash off to wastewater treatment or directly into surface water. 

A number of studies evaluating effects of ZnO nanomaterial exposure also evaluated the 

effects of ZnSO4, a water soluble Zn salt, exposure. This allowed for a comparison of 
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ZnO nanomaterial and Zn toxicity. In general, the toxicity caused by exposure to ZnO 

nanomaterials was similar to toxicity observed with exposure to ZnSO4 when comparing 

nominal concentrations of the Zn compounds, and many of these studies concluded that 

ZnO nanomaterial toxicity was due to soluble Zn released from ZnO (3, 7, 23, 31). ZnO 

nanomaterials in water results in higher concentrations of soluble Zn in the water column 

and Zn is known to be highly toxic to aquatic organisms at elevated concentrations (35). 

Higher levels of Zn exposure can cause mortality, while lower exposure concentrations 

cause malformation, effect olfactory senses, and affect growth and development which in 

turn can decrease survivability (26, 30, 31).  

 This study has shown that Xenopus laevis exposed to relatively higher 

concentrations (i.e. 1 and 2 mg/L) ZnO nanomaterials experienced an increase in 

mortality and slower development which resulted in smaller organisms. However, 

exposure to 0.125 mg/L of ZnO nanomaterials caused tadpoles to develop faster and with 

larger body size compared to control tadpoles. Therefore, we conclude ZnO 

nanomaterials released into aquatic ecosystems in high concentrations could have 

detrimental effects on aquatic organisms for instance amphibians. However control of 

ZnO release could provide important mechanisms reduce or eliminate detrimental effects 

of ZnO toxicity to aquatic vertebrates.  
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Tables and Figures 
 
Table 3.1: Water quality of dosing solutions characterized throughout the exposure.  

Water Qualitya 
Temperature (°C) 23.6  ± 0.05 
pH 7.47  ± 0.02 
Conductivity (µs/cm) 1740 ± 13        
Salinity (ppt) 0.97  ± 0.01 
NH (mg/L) 1.19  ± 0.08 
Un-ionized NH3 (mg/L) 0.02  ± 0.00 
Dissolved Oxygen (mg/L) 5.46  ± 1.89 

     a: reported as mean ± SE 

 

Table 3.2: Concentration of Zn in ZnO nanomaterial dosing solutions. 
 

  a: reported as mean ± SE  

ZnO Dose 
(mg/L) 

Calc. Zn 
(mg/L) 

Actual Zn 
(mg/L) a 

Range of 
Concentratio

n (mg/L) 

% 
Nominal 

Control >0.01 0.000 ± 0.001          0-0.0092 - 
0.125 0.1 0.067 ± 0.004 * 0.0164-0.0918 67.0 
0.25 0.201 0.159 ± 0.007 * 0.0843-0.2143 79.1 
0.5 0.402 0.305 ± 0.007 0.2493-0.3631 75.9 
1 0.804 0.513 ± 0.010 0.4284-0.6089 63.8 
2 1.607 0.799 ± 0.020 * 0.4894-1.0185 49.7 

  *: linear regression p≤ 0.05  
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Table 3.3: Concentration of Zn in Xenopus laevis whole body tissue samples from ZnO nanomaterial 
exposure.  

ZnO 
Dose 

 Tissue Zn          
Dry weight (µg/g)a 

 Tissue Zn          
Wet Weight (µg/g)a 

Control 120.58 ± 16.11 22.08 ± 1.17 
0.125 259.92 ± 26.88 50.86 ± 2.18 
0.25 417.82 ± 37.05 78.05 ± 2.62 
0.5 583.98 ± 47.33* 111.84 ± 2.93* 
1 732.72 ± 102.17* 124.96 ± 7.22* 
2 1910.85 ± 532.54* 172.56 ± 17.97* 

a: reported as mean ± SE  
*: p≤0.05 ANOVA and TukeyHSD. 
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Figure 3.1: Mortality of Xenopus laevis tadpoles induced by exposure of ZnO nanomaterial 
concentrations reported as mean percent mortality ± standard deviation for each nominal 
ZnO concentration. .   
*: p≤0.05 ANOVA and TukeyHSD. 
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Figure 3.2: Stage progression of Xenopus laevis tadpoles exposed to ZnO nanomaterials for 46 days. 

Data is reported as mean stage of tadpoles per nominal ZnO concentration per measure day.  
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Figure 3.3: Snout vent length of Xenopus laevis tadpoles exposed to ZnO nanomaterials for 46 days. 

Data is reported as mean snout vent length of tadpoles per nominal ZnO concentration per 
measure day.  
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Figure 3.4: The relationship between stage and snout vent length of Xenopus laevis with exposure to 

ZnO nanomaterials. Regression lines in order from top to bottom: 0.125 (dotted line), 0.5 
(dash-dot-dot line), 0.25 (short dash line), control (solid line), 1, (long dash), and 2 mg/L 
(dash-dot line). 
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Figure 3.5: The relationship between stage and snout vent length of control Xenopus laevis tadpoles 

(solid line) as well as 1 mg/L (dotted line) and 2 mg/L (dashed line) ZnO nanomaterial 
exposed tadpoles. 
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Figure 3.6: Total body length of Xenopus laevis tadpoles exposed to ZnO nanomaterials for 46 days. 

Data is reported as mean total body length of tadpoles per nominal ZnO concentration per 
measure day. 
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Figure 3.7: Hind limb length of Xenopus laevis tadpoles exposed to ZnO nanomaterials for 46 days. 

Data is reported as mean hind limb length of tadpoles per nominal ZnO concentration per 
measure day. 
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Figure 3.8: Percent of Xenopus laevis tadpoles to complete metamorphosis in each ZnO concentration 
from day 35 to completion of study, day 46.  
* No tadpoles completed metamorphosis. 
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Figure 3.9: Body measurements (mean ± standard error), total body length (TBL) and hind limb 
length (HLL), of stage 66 Xenopus laevis juveniles exposed to ZnO nanomaterials from 
embryo until metamorphic completion for each ZnO nominal concentration. 
*: p≤0.05 ANOVA and TukeyHSD. 

 **: no data (zero tadpoles completed metamorphosis) 
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Figure 3.10: Concentration of Zn in ZnO dosing solutions determined before and after new dosing 

solution was prepared for the duration of the exposure. 
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Figure 3.11: Concentration of Zn (mean ± standard error) in Xenopus laevis tissue determined after 
conclusion of the study.  
*: p≤0.05 ANOVA and TukeyHSD. 
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CHAPTER IV 

SUBCHRONIC AND CHRONIC DEVELOPMENTAL EFFECTS OF CUO 

NANOMATERIALS ON XENOPUS LAEVIS 
 

Shawna Nations, Monique Long, Mike Wages, Jaclyn Canas, Jonathan Maul, Chris 

Theodorakis, and George P. Cobb 

Department of Environmental Toxicology 

The Institute of Environmental and Human Health 

Texas Tech University 

Box 41163 Lubbock, TX 79409-1163 USA 

 

             Metal oxide nanomaterials, such as CuO, are mass produced 

for use in a variety of products like coatings and ceramics. Copper oxide 

nanomaterials exposure has proven to be toxic to many aquatic organisms 

with acute exposure, yet there is no information on the effect of prolonged 

exposure to CuO nanomaterial. Developmental toxicity of CuO 

nanomaterials was investigated by conducting a two week subchronic 

exposure and a long term developmental exposure throughout 

metamorphosis. The subchronic exposure caused mortality in all evaluated 

CuO nanomaterial concentrations, and significant growth effects occurred 

with 2.5 mg/L CuO exposure. Chronic developmental exposure of 0.3 

mg/L CuO nanomaterials caused significant mortality and affected the rate 

of metamorphosis by slowing stage progression. Exposure to lower 

concentrations of CuO nanomaterials induced increased stage progression 

and body measurements, indicating that low dose exposure can have 

beneficial effects on metamorphosis.  Tadpoles exposed to 0.15 mg/L CuO 

nanomaterials experienced similar stage progression and growth as control 

tadpoles for the majority of exposure.  

 

Abstract 
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Introduction 
 

 Metal oxide nanomaterials are among the most produced nanomaterials (1) and 

are used in many applications. Metal oxide nanomaterials can be used to remediate a 

wide variety of hazardous materials due to high surface area, enhanced interfacial 

reactivity, easy dispersability, and facile sorption kinetics (1). Some metal oxides 

nanomaterials, such as ZnO and CuO, have antimicrobial and antifungal properties which 

make them ideal for a variety of coating applications. NanoArc® CuO antimicrobial 

properties are active for extended periods of time even in harsh conditions (2, 3). 

NanoArc® CuO is utilized in wood preservation, textile fibers, marine antifouling, 

coatings, and thermoplastics to inhibit microbial and fungal growth (3). These CuO 

nanomaterials are also used in optical glass polishing, additives for ceramics processing 

and colorants and pigments for other materials (4).  

 Since commercial production capabilities of nanomaterials like CuO are in metric 

tons (3), it is important to investigate the toxicity of these materials, especially to aquatic 

organisms as products and wastes containing CuO nanomaterials can enter water bodies. 

Some metal oxide nanomaterials have exhibited toxicity to aquatic organisms. For 

example, ZnO nanomaterials exposure inhibited algal growth (5) and produced a 96-h 

LC50 of 1.793 mg/L in zebrafish (6). TiO2 nanomaterial exposure increased mortality of 

Daphnia magna with increasing TiO2 concentration (7). Copper oxide, ZnO and TiO2 

nanomaterials inhibited Pseudokirchneriella subcapitata, microalgae, growth (8). Copper 

oxide and ZnO nanomaterials were also toxic to bacteria Vibrio fischeri and crustaceans 

Daphnia magna and Thamnocephalus platyurus (9, 10).  

Copper oxide nanomaterials were relatively more toxic to P. subcapitata, V. 

fischeri, D. magna, and T. platyurus than bulk CuO, and CuO nanomaterial toxicity was 

due to soluble Cu ions (8, 9). Copper oxide nanomaterials transform to Cu2+ with a 

maximum transformation ratio of 97% at around 100-hr at a pH of 6.5 and 37°C (11). The 

reaction equation is as follows (11): 2H+ + CuO  H2O + Cu2+. Copper oxide 
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nanomaterial transformation ratio was larger than CuO microparticles (41%) due to 

increased reactivity from the increased surface area of nanomaterials (11). An increased 

transformation ratio from CuO nanomaterials to Cu2+ could explain the increased toxicity 

and Cu bioavalability than that of CuO microparticles (8, 9, 11). It was found that CuO 

nanomaterials released 141-fold more bioavailable Cu than bulk CuO (8). 

 Copper is an essential nutrient, needed for proper growth, reproduction, and 

function of several enzymes (2, 12, 13). Copper is required for collagen formation, 

protective coverings of nerves, defense mechanisms, bone strength, iron transport, and 

many other processes (2, 13). Copper becomes toxic to an organism when the 

concentration of Cu exceeds the organisms ability to maintain homeostasis. Symptoms of 

Cu toxicity can include irritation, nausea, abdominal pain, anemia, seizures, coma, shock, 

and even death (14).  

 Toxicity of Cu to Xenopus laevis has been evaluated in several acute studies. 

Copper exposure decreased embryo hatching, decreased survival, decreased body length, 

and increased occurrence of malformations (15, 16, 17). Copper induced LC50 values 

ranging from 0.680 to 1.400 mg/L, EC50 (deformations/abnormalities) values ranging 

from 0.100 to 0.950 mg/L, and LOELs ranging from 0.045 to 1.100 mg/L (16, 17). In one 

study, Cu exposure produced a maximum of 40% malformation in the highest dose 

tested, 0.5 mg/L (16). Acute effects of CuO nanomaterial exposure to Xenopus laevis 

tadpoles has been investigated in our lab in previous studies utilizing the Frog Embryo 

Teratogenesis Assay-Xenopus (FETAX). Copper oxide nanomaterials did not decrease 

embryo hatching or survival, but did significantly decrease snout vent length at 10 mg/L 

and total body length at 1000 mg/L as well as an increase in malformation incidence at 

1000 mg/L with 33.3 ± 8.8% malformation (18).  

  This study will provide critical information for sound decision-making regarding 

the possible risks of manufactured nanomaterials. Many supporters of nanotechnology 

believe that nanotechnology will change the world by revolutionizing products such as 

energy, pharmaceuticals, and intelligent materials. Many others liken nanomaterials to 

asbestos in regards to early warnings of health risks and yet it took 100 years to regulate 

asbestos (19, 20). In general, it is understood that nanotechnology may raise concerns 
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about safety and regulation of these novel materials and a balance between “innovation 

and precaution” must be met (19, 21). The purpose of this study is to determine the 

effects of CuO nanomaterial exposure to Xenopus laevis tadpoles throughout 

metamorphosis. To assess effects of exposure on metamorphosis, endpoints of this study 

included mortality, growth (body measurements), and time to complete metamorphosis. 

The combination of results from this study, our acute (18) and other chronic studies (22), 

as well as other toxicological studies focused on manufactured nanomaterials (5, 6, 7, 8, 

9, 10) will shape the evaluation process for nanomaterial safety and regulation by 

illuminating negative or positive effects nanomaterials may have on environmental and 

human health.  

 

Methods and Materials 
 

Copper oxide nanomaterials were ordered from Alfa Aesar (Ward Hill, MA). 

Average particle size (APS) and surface area of the NanoArc® CuO nanomaterials used 

in this project were 23-37 nm, 25-40 m2/g, respectively. All FETAX salts were obtained 

from VWR (West Chester, PA): NaCl (100% purity), NaHCO3 (99-100% purity), KCl 

(100% purity), CaCl2 (99-100% purity), CaSO4
.2H2O (98-100% purity), and MgSO4 (99-

100% purity). For chemical determinations, trace metal grade nitric acid (70%) and 

hydrogen peroxide (30%) were obtained from Fisher Scientific (Fisher, Waltham, MA). 

Human chorionic gonadotropin (HCG) and L-cysteine (≥98%), from non-animal source, 

cell culture) were obtained from Sigma-Aldrich (St. Louis, MO).  

 

Nanomaterial Solution Preparation 

 

Nanomaterial solutions were prepared in FETAX solution, referred to as FETAX. 

FETAX is a media used to culture Xenopus laevis larvae containing 625 mg NaCl, 96 mg 

NaHCO3, 30 mg KCl, 15 mg CaCl2, 60 mg CaSO4
.2H2O, and 75 mg MgSO4 per liter of 

deionized or distilled water. Exposure solutions were sonicated with Fisher Scientific 

Model 500 Sonic Dismembrator (Fisher, Waltham, MA), until all particles were 
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suspended and no longer visibly precipitating from solution as described in previous 

metal oxide nanomaterial chronic studies (22). For subchronic dosing solutions, each 

dose was prepared by creating a concentrated solution in a 1 L beaker and diluting into 

the appropriate 208 L drum. For the chronic CuO dosing solutions a 500 mg/L stock 

solution was produced and individual solutions were prepared by adding a specified 

amount of stock solution to a specified amount of FETAX solution. Dosing solutions for 

subchronic exposure incorporated the following concentrations: control (FETAX), 0.156, 

0.313, 0.625, 1.25, and 2.5 mg/L. Concentrations utilized in the chronic exposures were: 

control (FETAX), 0.01875, 0.0375, 0.075, 0.150, and 0.3 mg/L. The high dose for 

subchronic exposure was determined from the results of an acute study results. A 

malformation EC10 of 2.1 mg/L was determined from an acute study (18) and this value 

was used to set the high dose of 2.5 mg/L for the subchronic exposure. Results from the 

subchronic study were used to determine the high dose for chronic exposure. The highest 

subchronic dose without significantly greater mortality than controls (i.e. NOEC) was 

0.313 mg/L so a high dose of 0.3 mg/L was selected for the chronic exposure.  

 

Breeding and Embryo Collection 

 

Breeding procedures followed a modified ASTM E1439-98 method and 

previously established methods utilized within our lab (18, 22). Breeding for each 

exposure consisted of four Xenopus laevis mating pairs to increase the possibility of at 

least one pair of frogs producing an adequate supply of viable embryos. Males were 

injected with 250 IU of human chorionic gonadotropin (HCG) in the dorsal lymph sac, 

and females were injected with 750 IU HCG in the dorsal lymph sac to induce 

reproduction.  

Embryo collection began approximately 24 h after HCG injection and was 

conducted as described in previous studies (18, 22).  
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Dosing 

 

 Each concentration was tested in triplicate with 15 tadpoles in each replicate. 

Small 9.5 L tanks were used as exposure chambers. Each tank was labeled with 

concentration, chemical, replicate identifier, and date of test. Nanomaterial solutions were 

pumped from 208 L drums to each tank. To begin the exposure, 6 L of dosing solution 

was placed in every tank. After the solution was added to each tank, at least 20 tadpoles 

were added. Tadpoles were transferred with plastic transfer pipettes.  Tadpoles were 

thinned to 15 on day 5.  

 

Test Chamber and Set-Up 

 

Both subchronic and chronic exposures utilized a similar set up as previously 

conducted chronic ZnO nanomaterial exposure (22), and included 18 exposure tanks, 3 

temperature control tanks, 6 x 208 L drums, aeration (for each exposure tank and dosing 

drum), 2-3 tank heaters, 2 thermometers, and a living stream reservoir used as a water 

bath. The water in the reservoir was heated to 23±2 ºC. Dosing tanks were randomly 

arranged within the reservoir.   

The flow through system design for chronic ZnO nanomaterial exposure was 

utilized for both subchronic and chronic CuO exposures. One drum was designated for 

each exposure concentration. Each drum was aerated to aid water quality and mixing of 

solution. A peristaltic pump provided a flow rate of 12.5 mL/min to each tank; which 

pumped at approximately 18 L/day through each tank (22). Since each tank had an 

overflow spout at 6 L, this allowed 3 water exchanges per day  

Tadpoles in this exposure were fed the same diet consisting of a combination of 

Nutrafin®, trout chow, and frog brittle, developed by Koss and Wakeford, as tadpoles in 

the chronic ZnO nanomaterial exposure (22, 23). Beginning on day 5, tadpoles were fed 

daily and amounts increased as tadpoles developed.  
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Observations 

 

The following water quality parameters were monitored every other day: 

ammonia, temperature, conductivity, salinity, dissolved oxygen, and pH. Soluble Cu 

concentration was determined in subchronic and chronic exposures with flame atomic 

absorption spectroscopy and graphite furnace absorption spectroscopy respectively (M 

Series AA Spectrometer, Thermo, Waltham, MA). Dosing solutions were acidified, to pH 

of 2, by adding 150 µL concentrated nitric acid to 30 mL of sample. Concentrations were 

determined before new solution was added to test chambers and 24 h after the new 

solution was added.  

 Observations, including mortality and reservoir temperature, were conducted and 

recorded on a daily basis. Mortality was determined by lack of movement or response 

from external stimulus, such as touching the side of a tadpole with a transfer pipette. 

During the 14 d subchronic study there were 3 growth/measurement days, day 5, 10, and 

14, and included stage, snout vent length (SVL), and total body length (TBL). 

Measurements during the chronic exposure were conducted every 5 days and at the 

conclusion of the study to the nearest mm; including SVL, TBL, hind-limb length (HLL), 

and stage. SVL was measured from the tip of the nose to the anal vent while TBL was 

measured from the tip of the nose to the tip of the tail. HLL was measured from the apex 

of the leg to the end of the toes. Stage was determined using Nieuwkoop and Faber table 

(24). Time to metamorphosis was also evaluated as a growth endpoint for the chronic 

exposure and was tracked from the first day tadpoles completed metamorphosis to the 

completion of the study. Malformations were also noted with body measurements 

following published guidelines (25). Malformations and staging were identified using a 

Motic K series stereoscope. Measurements (Stage, TBL, SVL, and HLL) from day 40, 

45, and 47 in the chronic exposure include measurements from stage 66 juveniles 

euthanized before the aforementioned measure days. 
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Euthanization and Storage 

 

For both subchronic and chronic exposures, dead tadpoles were removed and 

stored in 10% buffered formalin. At the conclusion of the subchronic and chronic study, 

all remaining tadpoles were euthanized with MS-222 and stored in 10% formalin. In the 

chronic exposure, when tadpoles reached Nieuwkoop and Faber stage 66, they were 

removed from the tank, euthanized with MS-222 and stored in 10% buffered formalin. 

Stage 66 juveniles had TBL and HLL measured at time of euthanization. Since Xenopus 

laevis can be cannibalistic, removing tadpoles when they reach stage 66 ensured survival 

of smaller, less developed tadpoles. The study was concluded when 90% of the controls 

reached stage 66 (22, 26).  

 

Determination of Cu Concentration in Tissue 

 

The concentration of Cu in tissue was determined in the chronic exposure. 

Individual tadpoles were weighed to the nearest mg before and after drying. Tadpoles 

were freeze-dried (FreeZone 2.5, Labconco, Kansas City, MO) to obtain dry weight for 

analytical techniques. Each tested concentration was comprised of 15 samples, 5 from 

each replicate. Samples were acid digested and prepared in batches of 30 plus one 

standard reference material sample, DOLT-4, and sample blank as described in a 

previous study (34). Dry tissue samples were predigested overnight and then digested 

through a series of acid additions and H2O2 additions the following day over a period of 

approximately five hours. Tissue digests were cooled and diluted to 25 mL (control 

through 0.5 mg/L samples) or 50 mL (1 and 2 mg/L samples) with 3% nitric acid.  

 

Statistical Analyses  

 

 Growth responses, mortality, Cu concentration in tissue, and Cu concentration in 

solution were analyzed utilizing nested analysis of variance (ANOVA) followed by 

Tukey Honestly Significant Differences test when significance was determined, p ≤ 0.05 
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ANOVA. Growth measurements were tested for variance at every measure day and the 

conclusion of the study. Mortality in the subchronic test was also analyzed to determine 

LC50s using probit analysis.  

  

Results 
 

Subchronic 

 

 Initial trial of chronic study produced significant mortality in several doses, so 

this trial was shortened in duration and completed as a subchronic exposure. The lowest 

observed effect concentration (LOEC) for mortality during this CuO nanomaterial 

exposure was 0.625 mg/L CuO and the no observed effect concentration (NOEC) for 

mortality was 0.313 mg/L CuO.   

 

Water Quality and Metal Cation Concentration 

  

 Temperature and pH were within acceptable ranges, according to ASTM E1439-

98 (24 ± 2° C and pH = 6.5 - 9.0), throughout the entire study with averages of 23.7 ºC 

and 8.01 respectively (Table 4.1). Conductivity, ammonia, and dissolved oxygen were 

within ranges previously reported by other similar studies (27, 28, 29, 30). Copper 

concentration in solution was lower than nominal calculations (amount of Cu in solution 

resulting from 100% dissolution of CuO). The overall percent nominal determined in 

dosing solutions ranged from 14.0 to 42.3% with the lowest percentages found in the 

highest exposure groups (Table 4.2). Copper concentration in the following dosing 

solutions was significantly higher than copper in FETAX control solution: 0.313, 0.625, 

1.25, and 2.5 mg/L CuO (p≤0.04). FETAX solution has been reported to contain less than 

0.04 mg/L Cu as determined by atomic absorption analysis when made with deionized 

distilled water (25). Our FETAX control contained 0.009 ± 0.002 mg/L Cu. 
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Mortality 

  

 During these tests, CuO nanomaterial concentrations induced mortality in all 

tested doses. A 14-d LC50 was calculated to be 0.44 mg/L CuO nanomaterial (Figure 4.1). 

The control dose group manifested a 2.2 ± 2.2% mortality, and all doses exposed to CuO 

nanomaterials induced a minimum of 11.1% mortality (Figure 4.2). Tadpoles exposed to 

0.313 mg/L CuO experienced the lowest mortality incidence among CuO exposed 

tadpoles. Three doses (0.625, 1.25, and 2.5 mg/L) induced significantly higher mortality 

compared to control tadpoles, 65.1 ± 18.4% (p=0.01), 85.1 ± 12.1% (p=0.002), and 87.2 

± 6.9% (p=0.001) respectively. High doses all had one replicate with 100% mortality. 

Two of the high doses, 0.625 and 2.5 mg/L, lost one replicate each on day 8, while 1.25 

mg/L lost one replicate on day 12. Mortality increased with increasing concentrations of 

CuO nanomaterials.  

 Mortality was also affected by duration of exposure (Figure 4.3). There was an 

increase in mortality following day 4, as all mortality occurred after day 4. On day 5, the 

highest doses induced at least 40% mortality and mortality increased over time for these 

doses. The LC50 on day 5 was 1.25 mg/L CuO and decreased steadily over time to 

produce a LC50 of 0.44 mg/L CuO by day 13 (Figure 4.4). 

 

Growth 

  

 The LOEC for developmental stage was the lowest tested concentration; therefore 

a true LOEC of CuO nanomaterial was not determined. The LOEC for SVL and TBL 

during this CuO nanomaterial exposure was 0.313 mg/L, and the NOEC for SVL and 

TBL was 0.156 mg/L. 

 

Nieuwkoop and Faber Stage 

 

 Tadpole stage increased in a dose dependent fashion over time (Figure 4.5). On 

day 5, 0.625, 1.25, and 2.5 mg/L exposed tadpoles reached significantly lower stages than 
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controls as well as the other two CuO nanomaterial doses (p<0.001). On day 10, all 

tadpoles dosed with CuO nanomaterials with exception of 0.156 mg/L tadpole were 

significantly less developed than control tadpoles (p≤0.001). By day 14, all tadpoles 

exposed to any CuO nanomaterial solution experienced significantly lower stages than 

control tadpoles (p<0.001).  All CuO nanomaterial concentrations tested negatively 

affected stage progression compared to controls over time.  

 

Snout Vent Length (SVL) 

 

 SVL increased throughout the exposure interval for all concentrations, but with 

slower growth occurring as CuO concentration increased (Figure 4.6). On day 5, control 

tadpoles had significantly longer SVL compared to all other concentrations (p<0.001). By 

day 10, the only tadpoles with similar SVLs as control tadpoles were tadpoles exposed to 

0.313 mg/L. Tadpoles exposed to 0.156 and 0.625 mg/L experienced significantly longer 

SVL than control tadpoles (p≤0.009). Tadpoles exposed to 1.25 and 2.5 mg/L CuO had 

significantly shorter SVLs than all other tadpoles on day 10 (p<0.001). At the conclusion 

of the study (day 14), tadpoles exposed to 0.156 and 0.625 mg/L achieved similar SVL 

relative to controls, while the remaining concentrations produced tadpoles with 

significantly shorter SVLs (p≤0.008). On day 14 as on day 10, tadpoles exposed to high 

concentrations of CuO nanomaterials were significantly shorter than all other tadpoles 

(p<0.001).  

 

Total Body Length 

 

 TBL also increased throughout the exposure for all concentrations (Figure 4.7). 

There was significant difference in TBL on day 5 between control tadpoles and tadpoles 

exposed to 0.625, 1.25, and 2.5 mg/L CuO (p≤0.009). However, by day 10, tadpoles 

experiencing 0.1563 and 0.313 mg/L CuO were significantly longer than control tadpoles 

in regards to TBL (p≤0.031), while higher CuO doses, 1.25 and 2.5 mg/L, were 

significantly shorter than control tadpoles (p<0.001). At the conclusion of the study (day 
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14), tadpoles exposed to 0.313, 1.25, and 2.5 mg/L CuO were significantly shorter than 

control tadpoles (p<0.001), while 0.156 mg/L CuO tadpoles were significantly longer 

than controls (p=0.007).  

  

Chronic 

 

Water Quality and Metal Cation Concentration 

 

 Temperature and pH were within acceptable ranges, according to ASTM E1439-

98 (24 ± 2° C and pH = 6.5 - 9.0), throughout the entire study with averages of 23.1 ºC 

and 7.71 respectively (Table 4.3). Conductivity, ammonia, and dissolved oxygen are 

within ranges previously reported (27, 28, 29, 30). Copper concentrations were lower 

than nominal predictions or the amount of Cu in solution resulting from 100% dissolution 

of CuO (Table 4.4). The three highest dosing solutions (0.075, 0.150, and 0.3 mg/L) had 

significantly higher soluble Cu concentration (0.013, 0.022, and 0.045 mg/L Cu 

respectively) than control dosing solutions (p≤0.001). All concentrations contained 

significantly lower Cu concentration than 0.15 and 0.3 mg/L CuO (p≤0.002). 

Concentrations of Cu in solution remained relatively constant throughout the exposure. 

FETAX solution has been reported to contain less than 0.04 mg/L Cu as determined by 

atomic absorption analysis when made with deionized distilled water (25). Our FETAX 

control sample contained 0.001 ± 0.000 mg/L Cu.  

 

Mortality 

 

 Control dose had no mortality throughout the exposure. All CuO nanomaterial 

exposures caused mortality, with only the highest concentration, 0.3 mg/L, inducing 

significantly higher mortality than controls with a mortality incidence of 15.6 ± 2.6% 

(p=0.04) (Figure 4.8). All mortality occurred within 18 days of exposure. One organism 

died before day 5, in the 0.3 mg/L CuO exposure group. Mortality increased in all CuO 

nanomaterial concentrations (0.01875, 0.0375, 0.75, 0.15, and 0.3 mg/L) after day 4.  
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Growth 

  

Nieuwkoop and Faber Stage 

 

 All tadpoles increased staging throughout the exposure regardless of CuO 

nanomaterials concentration, but there was some variation on stage progression due to 

concentration exposure (Figure 4.9). Tadpoles exposed to 0.3 mg/L CuO obtained 

significantly lower stages than controls on every measure day (p≤0.013). Control 

tadpoles and 0.15 mg/L CuO exposed tadpoles experienced similar stage progression for 

the entire study with exceptions of day 10 and 15. Tadpoles treated with low doses of 

CuO nanomaterials had at least three measure days with significantly increased staging 

compared to control tadpoles (p≤0.038). Tadpoles in 0.075 CuO nanomaterial solution 

achieved significantly higher staging on day 5 and days 15 to 40 (70% of measure days) 

indicating faster stage progression than control tadpoles (p≤0.016).  

 

Snout Vent Length (SVL) 

 

 SVL generally increased steadily to approximately stage 58 and then decreased 

slightly for a short time before platueaing (Figure 10). All tadpoles excluding 0.3 mg/L 

tadpoles reached a maximum SVL on day 30, and 0.3 mg/L tadpoles reached their 

maximumSVL on day 35. Control, 0.01875, 0.0375, 0.075, and 0.15 mg/L had a 

maximum SVL average of 28 mm ranging from 27 to 29 mm, while 0.3 mg/L tadpoles 

had a maximum  SVL of 26 mm. On days 5 through 30, tadpoles exposed to 0.3 mg/L 

had significantly shorter SVL than all other doses (p≤0.001).  For three measure days 

early in the study (day 10, 15, 20), tadpoles dosed with 0.15 mg/L CuO were significantly 

shorter than controls (p≤0.023) but for the remainder of the exposure, 0.15 mg/L CuO 

tadpoles and control tadpoles had similar SVLs. The low dose exposures caused 

significant increases in SVL compared to control SVL on at least three measure days 
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(p≤0.036). Tadpoles exposed to 0.0375 and 0.075 mg/L CuO nanomaterials completed 

the study with significantly longer SVLs than control tadpoles (p≤0.010).  

 SVL was further evaluated in relation to stage to determine the effect of CuO 

nanomaterial on growth of Xenopus laevis tadpoles throughout metamorphosis. Tadpoles 

exposed to 0.01875, 0.0375, and 0.075 mg/L CuO appeared to be larger than control 

tadpoles (Figure 4.11), while tadpoles exposed to 0.3 mg/L CuO appear to be smaller 

than control organisms throughout development (Figure 4.12).  

 

Total Body Length 

 

 TBL followed a similar trend in length as SVL in regard to achieving a zenith or 

peak length and then decreasing in TBL (Figure 4.13). Tadpoles from all concentrations 

excluding 0.3 mg/L reached the maximum TBL on day 30, and 0.3 mg/L tadpoles 

reached their maximum TBL on day 35. The average maximum TBL for all 

concentrations less than 0.150 mg/L was 74 mm ranging from 71 to 77 mm, while 

tadpoles exposed 0.3 mg/L had a maximum TBL of 65 mm. On days 10 through 30, 

tadpoles exposed to 0.3 mg/L attained significantly shorter TBLs than all other tadpoles 

in the exposure (p<0.001), and on days 40 through 47, 0.3 mg/L tadpoles were longer 

than all other tadpoles in the exposure (p<0.001). This disparity in TBL at the conclusion 

of the study can be explained by the difference in staging; as tadpoles complete 

metamorphosis the tail resorbs, thereby shortening TBL. Tadpoles from 0.3 mg/L CuO 

treatments had lower average staging than all other tadpoles on the last three measure 

days. Tadpoles exposed to low doses of CuO nanomaterials experienced a few time 

points with increased TBL compared to control tadpoles: 0.01875 mg/L (days 10, 20, and 

25), 0.0375 mg/L (days 10, 20, and 25), and 0.075 mg/L (days 10 through 30). 

 

Hind Limb Length 

 

 HLL increased throughout the exposure beginning with day 15 (Figure 4.14). On 

day 15, tadpoles exposed to 0.3 mg/L did not have measurable hind limbs, and tadpoles 
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exposed to 0.150 mg/L had significantly shorter hind limbs than all other concentrations 

(p<0.001). Beginning on day 20, tadpoles from all exposures had significantly longer 

hind limbs than 0.3 mg/L tadpoles, and this trend continued for the duration of the study 

(p<0.001). Tadpoles exposed to 0.01875 mg/L CuO achieved HLL significantly longer 

than control tadpoles from day 15 to day 30 (p≤0.002). Both 0.0375 and 0.075 mg/L CuO 

tadpoles attained significantly longer HLL than controls on several time points 

throughout the study, days 20 through 35 and days 15 through 40 respectively, and at the 

conclusion of the study (p≤0.050). Control tadpoles and 0.15 mg/L CuO tadpoles had 

similar HLL beginning on day 20 throughout the exposure.  

 

Time to Metamorphosis 

 

 The first tadpoles completing metamorphosis occurred on day 35 (Figure 4.15). 

One tadpole completed metamorphosis on day 35 in 0.01875 mg/L CuO. Over the next 

two days, both 0.0375 and 0.075 mg/L had tadpoles complete metamorphosis. On day 38, 

control and 0.150 mg/L CuO had tadpoles begin to complete metamorphosis. The high 

dose, 0.3 mg/L, produced stage 66 juveniles on day 41. Tadpoles exposed to 0.01875 

mg/L had over 90% complete metamorphosis by day 44, and 0.075 mg/L tadpoles had 

over 90% metamorphic completion on day 45. At the conclusion of the study, control, 

0.01875, 0.075, and 0.150 mg/L had over 90% of tadpoles complete metamorphosis. The 

other two CuO nanomaterial exposures, 0.0375 and 0.3 mg/L, had 89 and 39%, 

respectively, complete metamorphosis. Significantly fewer tadpoles completed 

metamorphosis (39%) in 0.3 mg/L exposures as compared to controls and all other doses 

as well (p≤0.001).  

 

Stage 66 Juveniles 

  

 TBL of stage 66 juveniles dosed with CuO nanomaterials were significantly 

different from control juvenile TBL (Figure 4.16). All tadpoles in solution containing less 

than 0.15 mg/L CuO achieved significantly longer TBL than control juveniles (p≤0.04) 
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while 0.3 mg/L juvenile TBL was significantly shorter than control juveniles (p=0.001). 

Tadpoles exposed to 0.3 mg/L CuO had significantly shorter TBL when compared to all 

other CuO exposures of 0.01875, 0.0375, 0.075, and 0.150 mg/L (p≤0.001). Juveniles 

exposed to 0.3 mg/L had significantly shorter HLLs than all other tadpoles within this 

CuO exposure (p<0.001). Juveniles exposed to 0.0375 and 0.075 mg/L CuO achieved 

significantly longer HLL compared to controls (p≤0.02). HLL for juveniles exposed to 

0.01875 mg/L were approaching significantly longer HLL compared to controls with p-

value of 0.085. 

 

Cu Concentration in Tissue 

 

 Average dry weight for all tissue samples was 0.254 g ranging from as small as 

0.099 to 0.428 g. A standard reference material, DOLT-4, was analyzed with every 30 

samples, therefore a total of three DOLT-4 samples were utilized for this test. Copper 

concentration in DOLT-4 is 31.2 ± 1.1 µg/g, and the average Cu concentration recovered 

from DOLT-4 was 32.95 ± 0.96 µg/g. This represents 106 ± 2% recovery and is well 

within an acceptable recovery range with better precision than guaranteed. Copper 

concentration in tissue increased with increasing concentration of ZnO nanomaterials 

(Table 4.5 or Figure 4.17). The 214.98 ± 38.87 ug/g Cu uptake in frogs from 0.3 mg/L 

CuO nanomaterial exposures represents a significant increase in Cu body burden as 

compared to control tissue concentration (p<0.001). The highest dose also had a 

significantly higher Cu concentration in tissue when compared to all other tested 

concentrations (p<0.001). 

 

Discussion 
 

Copper oxide nanomaterial exposure induced significant mortality in both 

subchronic and chronic exposures while acute 4-d exposure to CuO nanomaterials 

produced little to no mortality (18). The greatest mortality with acute CuO nanomaterial 

exposure was 3.33% in 0.1 and 1 mg/L CuO.  Subchronic exposure to 1.25 mg/L CuO 
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nanomaterial induced 85% mortality (18). The 14 d subchronic exposure of 1.25 mg/L 

produced 25 times more mortality than the acute exposure of 1 mg/L. The highest 

subchronic concentration, 2.5 mg/L, was approximately the 96-h EC10, 2.1 mg/L, and 

produced 87% mortality. The increase in mortality after day 4 could be attributed to the 

fact that Xenopus laevis tadpoles feed from their yolk for the first 3 to 4 days post-hatch 

(31, 32). It appears that CuO nanomaterials become lethal to Xenopus laevis tadpoles 

when they begin to actively filter feed from their environment. This is further supported 

by mortality results from chronic CuO nanomaterial exposure. From day 5 to the 

conclusion of the study, day 47, 94.7% of total mortality occurred. The LC50 for 

subchronic exposure to CuO nanomaterials decreased with increased duration of 

exposure (Figure 4). Our results are similar to another amphibian species’, Bufo 

arenarum, mortality pattern caused by exposure to Cu in the form of CuCl2 solution. Bufo 

arenarum embryos experienced increased mortality over a 7 day exposure to Cu and 

induced a reduction from a 24-168 h LC90 of 0.155 mg Cu/L to a 46-168 h LC90 of 0.105 

mg Cu/L (33). The Bufo data indicate that increasing exposure duration can decrease the 

amount of Cu needed to negatively affect an organism. Columbian spotted frogs exposed 

to cadmium induced a similar pattern as described above with decreasing LC50s over time 

with a 24h LC50 of 22.49 mg/L to a 96h LC50 of 15.81 mg/L (34). 

Mortality from comparable concentrations in subchronic (0.313 mg/L) and 

chronic (0.3 mg/L) exposures were similar, 11.1 ± 8.0% and 15.6 ± 2.6% respectively. 

Tadpoles exposed to ~0.3 mg/L CuO nanomaterials subchronically and chronically 

experienced a similar increase in mortality over time and reached a plateau between days 

12 and 15 (Figure 16). It would appear that within two weeks of ~0.3 mg/L CuO 

nanomaterial exposure Xenopus laevis tadpoles acclimate to the amount of Cu in 

solution.  Metal acclimation or tolerance is achieved with three possible mechanisms; 

uptake and elimination rate modifications, ability to bind or sequester metals, and 

decrease enzyme sensitivity (35). Fish have been shown to reduce uptake of metals by 

altering gill properties, i.e. thickening of lamellar and filamental epithilia (36). Organisms 

can sequester or bind metals with metallothioneins so that the bioavailable fraction of 

metal is reduced within the organism (35, 36). Several studies have shown that aquatic 
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organisms, such as algae, fish, and amphibians, can develop tolerance to metals following 

low dose exposure (33, 35, 37, 38). Bufo arenarum embryos reduced Cu concentration by 

25% when acclimated with low dose Cu exposure followed by exposure to toxic 

concentrations indicating that these tadpoles have increased elimination or excretion of 

Cu from the body or reduced uptake of Cu (33). Rainbow trout acclimated to Cu for 56 d 

at 0.0357 mg/L experienced a decreased sensitivity (20% mortality) to Cu when 

compared to control trout (80% mortality) (38). All trout exposed to Cu did experience a 

significant increase in Cu tissue concentration, indicated that trout may sequester or bind 

Cu to reduce toxicity to the organism (37, 38). Xenopus laevis tadpoles experienced 

increasing tissue concentration with increased CuO nanomaterial exposure, so it is 

possible that Xenopus laevis utilize a binding/sequestering mechanism to increase 

tolerance to Cu. It is likely that these mechanisms involve stress proteins such as heat 

shock proteins and metallothioneins (33). 

Copper concentration in Xenopus laevis tissue was similar to Cu concentrations in 

tissues from a variety of other species. Whole fish tissue generally contains 1 to 2 µg/g of 

Cu (12). Our control tadpole whole body tissue samples contained 3.63 ± 0.13 µg/g wet 

weight, which is similar to above whole fish tissue concentrations of Cu. Copper 

concentrations in fish liver in the Yellowstone River Basin ranged from 7.4 to 229 µg/g 

dry weight at different sites along the river basin (39). Tilapia whole body tissue 

concentrations of Cu ranged from 1.7 to 10.54 µg/g dry weight and Mugil whole body 

tissue concentration of Cu ranged from 4.9 to 12.3 µg/g dry weight (40). River toads 

from east Malaysia had Cu tissue concentrations of 46 µg/g dry weight (41) Copper 

concentrations of our control tadpole whole body was 17.31 ± 0.71 µg/g dry weight, 

which is slightly higher than tilapia and mugil whole body tissue concentration but lower 

than east Malaysian river toads. 

Growth and metamorphosis were affected by CuO nanomaterial exposure. In both 

Cu subchronic and chronic exposures, tadpoles exposed to 0.3 mg/L and higher had 

slower stage progression and smaller body measurements than control tadpoles. Exposure 

to 0.3 mg/L CuO caused tadpoles to be smaller throughout development (Figure 4.12). 

Chronic exposure to 0.3 mg/L CuO also increased the amount of time required to 
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complete metamorphosis and produced significantly smaller juveniles than controls. EPA 

Ecotox database has a reported no observable effect level at 0.050 mg Cu/L (utilizing 

copper salts for the source of Cu) regarding tail resorption (17).  Our study found that 0.3 

mg/L CuO nanomaterials or measured 0.0452 ± 0.0048 mg/L Cu significantly reduced 

stage progression therefore negatively affecting tail resorption. The concentration of CuO 

nanomaterials that least affected stage progression throughout this study was 0.15 mg/L. 

Exposure to metals, such as Cu, have proven to negatively affect tadpole development by 

increasing the amount of time to complete metamorphosis and reduce size and weight of 

metamorphs (42, 44). The increased time to complete metamorphosis could be 

contributed to a tadpole increasing metal metabolic processes and leaving little energy for 

growth processes which also produces smaller juveniles (15, 42). Smaller, stressed 

organisms due to metal exposure may experience reduced survival because of inability to 

compete for food and changes in predator response due to metals affecting olfactory 

senses (15, 42, 44).  

In contrast to CuO nanomaterials negatively affecting growth, it appears that low 

level exposure to CuO nanomaterials can positively affect metamorphosis and growth. 

Throughout the chronic exposure tadpoles in relatively lower doses of CuO 

nanomaterials (0.01875. 0.0375, and 0.075 mg/L) experienced accelerated stage 

progression along with larger body measurements than control tadpoles (Figure 4.11). 

Tadpoles exposed to 0.075 mg/L CuO achieved the fastest stage progression along with 

some of the largest body measurements in this exposure. This “positive” affect on TBL 

and HLL could be due to the fact that Cu is an essential nutrient the body uses for growth 

(2, 13). Another study conducted in our lab found that low dose exposure to ZnO 

nanomaterials (0.125 mg/L) induced similar increased stage progression and larger body 

measurements in Xenopus laevis (22).  

Increasing exposure to CuO nanomaterials increased exposure to Cu as the CuO 

nanomaterials dissolve, as discussed previously. All CuO concentrations in the 

subchronic study produced Cu concentrations higher than freshwater quality criteria 

continuous exposure of 0.009 mg/L, while the three highest CuO nanomaterial 

concentrations in the chronic exposure exceeded 0.009 mg/L (44). Copper concentrations 
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in solution above 0.100 mg/L caused over 60% mortality with subchronic exposure and 

chronic exposure to 0.0452 ± 0.0048 mg Cu/L resulted in 15.6% mortality. This supports 

the protectiveness of the 0.009 mg/L criteria for Xenopus laevis tadpoles survival and 

growth.  

 As discussed previously, the introduction of CuO nanomaterials in an aquatic 

environment can raise the amount of Cu, and possibly raise the Cu concentration to levels 

that can negatively impact the aquatic ecosystem. Copper is an essential nutrient that is 

also toxic at relatively high concentrations to aquatic organisms (37, 45). Exposure to Cu 

inhibits growth of various green algae with 72-h EC50 ranging from 0.047 to 0.079 mg/L 

and reduced biomass with a 72-h EC50 of 0.035 mg/L (41). Fresh water invertebrates are 

also affected by exposure to Cu, and Cu exposure resulted in 48-h L(E)C50s ranging from 

0.005 mg/L for daphnid species to 5.300 mg/L for an ostracod (41). Fresh water fish have 

96-h LC50s ranging from 0.00258 to 7.340 mg/L with exposure to Cu (41). Amphibians 

such as the Xenopus laevis and Bufo melanostictus have 48-h LC50s of 1.700 and 0.446 

mg Cu/L, and bufo also has a 96-h LC50 of 0.446 µg/L (41). Copper exposure can affect 

aquatic organisms at concentrations as low as 0.00258 mg/L which is lower than the fresh 

water quality criteria continuous exposure of 0.009 mg/L and much lower than human 

consumption of water and organisms from water source of 1.300 mg/L (44). The 

introduction of CuO nanomaterials in the environment could increase Cu concentrations 

to levels that will adversely affect aquatic flora and fauna.  

 Copper oxide nanomaterial exposure was lethal to Xenopus laevis tadpoles 5 days 

after post hatch with exposure to CuO nanomaterials regardless of concentration, and 

induced significant mortality at concentrations of 0.625 mg/L for the subchronic study 

and 0.3 mg/L for the chronic study. Copper oxide nanomaterial exposure also increased 

the amount of time required to complete metamorphosis, which can be detrimental on 

survivorship of tadpoles (15). In contrast, tadpoles that were exposed to low CuO 

nanomaterial concentrations completed metamorphosis faster and were larger than 

control organisms as measured by TBL and HLL, indicating that low doses of CuO 

nanomaterials provided an optimal amount of Cu in solution to aid in growth. Completing 

metamorphosis faster and with a larger body size is beneficial because small body size 
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can increase the risk of predation, inability to compete for food, and reduced survival 

rates (15). In conclusion, CuO nanomaterials exposure induced toxic and beneficial 

effects on mortality, growth, and metamorphosis. Therefore it is important to examine the 

effects of CuO nanomaterials on a variety of organisms due to variable toxicity of Cu 

exposure to different species of organisms to determine the effect that CuO nanomaterials 

will have on an ecosystem. An additional study is being conducted aimed at investigating 

acute and chronic toxicity of CuO nanomaterials on fathead minnows (Pimephase 

promelas). The combination of fish and amphibian results will provide a better picture of 

environmental risks associated with increased production and use of CuO nanomaterials.   

 This study has revealed that exposure to high concentrations of CuO 

nanomaterials (0.3-2.5 mg/L) can negatively affect amphibians by decreasing 

survivability as well as inducing physiological stresses which can produce smaller 

organisms. Our study has shown that exposure to relatively lower concentrations of CuO 

nanomaterials (0.01875-0.15 mg/L) can also benefit amphibian development and allow 

tadpoles to complete metamorphosis faster and with larger body sizes than control 

organisms. In conclusion, CuO nanomaterials can be toxic to a variety of aquatic 

organisms including Xenopus laevis and release of CuO nanomaterials should be 

controlled to reduce the risk of damaging aquatic ecosystems.  
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Tables and Figures 
 

Table 4.1: Water quality parameters for subchronic CuO nanomaterial exposure. 

Water Qualitya

Temperature (°C) 23.69 ± 0.04 
pH 8.01 ± 0.04 
Conductivity (µs/cm) 1867 ± 29 
Salinity (ppt) 0.96 ± 0.02 
NH (mg/L) 0.1 ± 0.04 

Un-ionized NH3 (mg/L) 0.01 ± 0.00 
Dissolved Oxygen (mg/L) 4.93 ± 0.07 

a: values reported as mean ± SE 
 

Table 4.2: Concentration of Cu in subchronic CuO nanomaterials dosing solutions. 

CuO Dose 
(mg/L) 

Calc. Cu 
(mg/L) 

Actual Cu 
(mg/L) a 

% 
Nominal 

Control >0.04 0.009 ± 0.002 - 
0.156 0.125 0.053 ± 0.005 42.3 
0.313 0.25 0.071 ± 0.006 28.3 
0.625 0.499 0.144 ± 0.012* 28.8 
1.25 0.999 0.203 ± 0.016* 20.3 
2.5 1.997 0.280 ± 0.033* 14.0 

a: values reported as mean ± SE 
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
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Table 4.3: Water quality parameters for chronic CuO nanomaterial exposure.  

Water Qualitya 
Temperature (°C) 23.3  ± 0.11 
pH 7.71  ± 0.04 
Conductivity (µs/cm) 1779 ± 37 
Salinity (ppt) 0.90  ± 0.00 
NH (mg/L) 0.60  ± 0.11 

Un-ionized NH3 (mg/L) 0.03  ± 0.01 
Dissolved Oxygen (mg/L) 4.34  ± 0.08 

a: values reported as mean ± SE 

 
Table 4.4: Concentration of Cu in chronic CuO nanomaterial dosing solutions. 

CuO Dose 
(mg/L) 

Calc Cu (mg/L) Actual Cu (mg/L) a % Nominal 

Control <0.004 0.001 ± 0.000 - 
0.01875 0.01498 0.005 ± 0.000 30.8 
0.0375 0.02996 0.007 ± 0.000 24.3 
0.075 0.05992 0.013 ± 0.001* 22.0 
0.15 0.11984 0.022 ± 0.001* 18.4 
0.3 0.23967 0.045 ± 0.003* 18.9 

a: values reported as mean ± SE 
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
 



Texas Tech University, Shawna Nations, May 2009 

 
 
Table 4.5: Concentration of Cu in tissue of Xenopus laevis tadpoles/juveniles chronically exposed to 
CuO nanomaterials. 

CuO 
Dose 

 Tissue Cu          
Dry weight (µg/g)a 

 Tissue Cu          
Wet Weight (µg/g)a

Control 17.31 ± 0.71 3.63 ± 0.12 
0.01875 29.93 ± 1.23 6.40 ± 0.32 
0.0375 45.61 ± 2.37 9.63 ± 0.49 
0.075 50.67 ± 4.78 10.64 ± 0.98 
0.15 70.98 ± 5.12 15.07 ± 0.98 
0.3 218.18 ± 38.87* 36.27 ± 5.28* 

a: values reported as mean ± SE 
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
 

 
Figure 4.1: Probit analysis of Xenopus laevis mortality data to determine a 14-d LC50 for CuO 

nanomaterial exposure. 
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Figure 4.2: Percent mortality induced by 14 d exposure to CuO nanomaterials.  
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*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
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Figure 4.3: Induction of mortality in Xenopus leavis tadpoles by day due to subchronic (14 d) CuO 

nanomaterial exposure. Data is reported as mean per nominal CuO concentration per day 
from day 4 to day 14. 
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Figure 4.4: LC50 values for mortality Xenopus laevis tadpoles from days 5 to 14 with exposure to CuO 
nanomaterials. 
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Figure 4.5: Stage progression of Xenopus laevis tadpoles exposed to CuO nanomaterials for 14 d 

reported for each nominal concentration. 
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Figure 4.6: Snout vent length growth of Xenopus laevis tadpoles exposed to CuO nanomaterials for 

14 d reported for each nominal CuO concentration. 
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Figure 4.7: Total body length growth of Xenopus laevis tadpoles exposed to CuO nanomaterials for 

14 d reported for each nominal CuO concentration. 
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Figure 4.8: Percent mortality of Xenopus laevis tadpoles induced by chronic exposure to CuO 
nanomaterials reported as mean percent mortality ± standard deviation for each nominal 
CuO concentration.  
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
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Figure 4.9: Stage progression of Xenopus laevis tadpoles exposed to CuO nanomaterials for 47 d. 

Data is reported as mean stage of tadpoles per nominal CuO concentration per measure day. 
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Figure 4.10: Snout vent length development of Xenopus laevis tadpoles exposed to CuO 

nanomaterials for 47 d. Data is reported as mean snout vent length of tadpoles per nominal 
CuO concentration  per measure day. 
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Figure 4.11: The trend of Xenopus laevis tadpole growth in terms of snout vent length with respect to 

stage. The solid line is the polynomial regression for control tadpoles and the gray lines are 
the polynomial regression for 0.0375, 0.01875, and 0.075 mg/L CuO tadpoles bottom to top. 
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Figure 4.12: The trend of Xenopus laevis tadpole growth in terms of snout vent length with respect to 

stage. The solid line is the polynomial regression for control tadpoles and the dotted line is 
the polynomial regression for 0.3 mg/L CuO tadpoles. 
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Figure 4.13: Total body length development of Xenopus laevis tadpoles exposed to CuO 

nanomaterials for 47 d. Data is reported as mean total body length of tadpoles per nominal 
CuO concentration per measure day.  
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Figure 4.14: Hind limb length development of Xenopus laevis tadpoles exposed to CuO 

nanomaterials. Data is reported as mean hind limb length of tadpoles per nominal CuO 
concentration per measure day.  
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Figure 4.15: Percent of CuO nanomaterial exposed Xenopus leavis tadpoles to complete 

metamorphosis from day 35 to day 47 for each nominal CuO concentration. 
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Figure 4.16: Body measurements (mean ± standard error), total body length (TBL) and hind limb 
length (HLL), of stage 66 Xenopus laevis juveniles exposed to CuO nanomaterials from 
embryo until metamorphic completion for each nominal CuO concentration.  
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
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Figure 4.17: Cu concentration in tissue of Xenopus laevis tadpoles exposed to CuO nanomaterials for 
47 days reported as mean ± standard error for each nominal CuO concentration.  
*: ANOVA and TukeyHSD p-value ≤ 0.05 compared to controls. 
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Figure 4.18: Percent total Xenopus laevis mortality of 0.313 mg/L CuO subchronic and 0.3 mg/L CuO 

chronic exposure over time. Subchronic exposure was 14 days and all chronic mortality for 
0.3 mg/L CuO occurred within 15 days of exposure.  
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CHAPTER V 
SUMMARY AND CONCLUSIONS 

 

 The objective of this thesis project was to assess the effects of metal oxide 

nanomaterial exposure on Xenopus laevis tadpoles during sensitive developmental 

processes such as organogenesis and metamorphosis. The Frog Embryo Teratogenesis 

Assay-Xenopus (FETAX) was utilized to assess acute toxicity of metal oxide 

nanomaterials during organogenesis. To assess the developmental affects of metal oxide 

nanomaterial exposure, a chronic exposure of Xenopus laevis from embryos to juvenile 

frogs was utilized. Doses for the chronic tests were determined from acute malformation 

data; the highest chronic doses were no higher than a malformation EC10.  

 Several metal oxide nanomaterials, TiO2, Fe2O3, ZnO, and CuO, were evaluated 

with the FETAX assay (Chapter 2). Titanium dioxide and Fe2O3 produced little to no 

effect on hatchability, mortality, malformation, or growth at concentrations below 1000 

mg/L. Titanium dioxide and Fe2O3 were considered non-toxic to Xenopus laevis tadpoles 

based on the observations in this study. Our TiO2 toxicity data supports results of several 

previously published studies concluding that TiO2 nanomaterials are non-toxic at the 

concentrations evaluated. Other studies evaluating the effect of TiO2 on aquatic 

organisms determined that neither bulk form nor nano form of TiO2 were toxic to bacteria 

(Vibrio fischeri), crustaceans (Daphnia magna or Thamnocephalus platyurus) and 

zebrafish (Danio rerio) (1,2, 3, 4). We conclude that TiO2 nanomaterials are not harmful 

to a variety of aquatic organisms at the concentrations and sizes investigated by the 

studies described above as well as our concentrations and size of nanomaterial. We found 

no aquatic toxicity data for Fe2O3 nanomaterials; therefore our study is one of the first to 

investigate Fe2O3 nanomaterial toxicity on an aquatic organism. We found that Fe2O3 

nanomaterials induced no negative effects on Xenopus laevis in an acute application with 

the tested concentrations ranging from 0.001 to 1000 mg/L in log dose intervals.  

Zinc oxide nanomaterials have proven to be toxic to aquatic organisms (Table 

5.1). In studies involving bacteria (Vibrio fischeri), crustaceans (Daphnia magna and 

Thamnocephalus platyurus), and zebrafish (Danio rerio), ZnO nanomaterials were 
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determined to be toxic (3, 4, 5). In our study, ZnO nanomaterials produced no effect on 

mortality or hatchability but did increase the incidence of malformation and inhibited 

growth of Xenopus laevis tadpoles. Malformation incidence in Xenopus laevis increased 

with increasing concentration on ZnO nanomaterials producing an EC50 of 10.26 mg/L 

ZnO. Growth was inhibited at exposures of 10 and 31.6 mg/L. Zinc oxide nanomaterials 

can be considered harmful to aquatic organisms at concentrations ranging from 0.18 

mg/L to over 10 mg/L, which are similar to bulk ZnO toxicity.   

Copper oxide nanomaterials are toxic in some aquatic organisms (Table 5.2). It 

has been determined that CuO nanomaterials are more toxic than bulk CuO (3, 5).  

Heinlaan et al. determined CuO nanomaterials to be harmful to bacteria and crustaceans 

as our study determined CuO nanomaterial exposure to be potentially harmful to Xenopus 

laevis (3). In our CuO exposure, CuO did not affect mortality or hatchability of Xenopus 

laevis tadpoles. Exposure to 1000 mg/L CuO caused a significant increase in 

malformations, 33%, and negatively influenced growth as measured by snout vent length 

at concentrations as low as 10 mg/L. However, total body length was not affected until 

concentrations reached 1000 mg/L. Overall, CuO nanomaterials are harmful if not toxic 

to aquatic organisms at concentrations ranging from 0.71 to 204 mg/L.  

All of these studies including ours found ZnO nanomaterials to be the most toxic 

metal oxide nanomaterial tested on these aquatic organisms (3, 4, 5). The toxicity pattern 

for bacteria, crustaceans, microalgae, and amphibians was determined to be TiO2 < CuO 

< ZnO (3, 5, 6). Zebrafish experienced a similar pattern with TiO2 and ZnO (4).  

Chronic toxicity was evaluated for ZnO and CuO nanomaterials due the effects 

observed with acute exposure (Chapters 3 and 4). Prolonged exposure to ZnO and CuO 

nanomaterials significantly increased mortality and negatively affected growth of 

Xenopus laevis tadpoles at higher concentrations. Exposure to 2 mg/L ZnO significantly 

increased mortality to 39%. Even with the increase in mortality from the acute exposure 

there was insufficient data to determine an LC50 concentration. Concentrations of 1 and 2 

mg/L ZnO inhibited stage progression and growth as measured by snout vent length, total 

body length, and hind limb length. Exposure as low as 0.3 mg/L CuO significantly 

increased mortality with 15.6%, while subchronic exposures of 0.625 mg/L CuO 
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experienced 65% mortality. A 14 d LC50, 0.44 mg/L CuO, was determined from the 

subchronic exposure mortality data. This LC50 falls within reported LC50 range for a 96 h 

of Cu, 0.15-1.08 mg/L, for Xenopus laevis (7). Concentrations of 0.3 mg/L and higher of 

CuO nanomaterials also inhibited stage progression and growth. Exposure to Cu has 

reported to inhibit tail resorption in Xenopus laevis at concentrations above 0.050 mg/L 

Cu (7). Columbian spotted frogs have also experienced delayed metamorphosis when 

exposed to metals (8, 9).  

However, relatively lower concentrations of ZnO and CuO nanomaterials 

appeared to beneficially increase stage progression and produce larger tadpoles and 

juveniles. Concentrations of 0.125 mg/L ZnO and 0.075 mg/L CuO seemed to provide an 

optimal amount of their respective essential nutrient, Zn or Cu, to aid in growth and 

metamorphosis. ZnO has shown to have a positive influence on post-weaning pig growth 

when added to their diet, supporting that exposure to ZnO can be beneficial to growth of 

an organism (10).  

As discussed in chapters 2, 3, and 4 Xenopus laevis tadpoles begin to eat around 

day 3 or 4 and subsequently there was an increase in malformations and mortality. This 

indicates that as the tadpoles begin to filter feed from their environment and 

nanomaterials are introduced to the interior of the animal that toxicity increases.  

Heinlaan et al. determined that “intimate contact between the cell and nanomaterial” 

seems to be more important than the possibly of nanomaterials entering the cell to cause 

toxicity, for example when nanomaterials are within the gut there may be a change in the 

“microenvironment” especially with nanomaterial-organism interaction (3). Efficient 

uptake of nanomaterials in the gastrointestinal (GI) tract is increased compared to larger 

particles and nanomaterials penetrate throughout the submucosal layers while larger 

particles stay in the epithelial lining (11). The efficient uptake of nanomaterials in the GI 

could explain the increase in gut malformations after day 3 and continued uptake in the 

gut for chronic exposures could explain the increase in mortality after day 4. This 

hypothesis is further supported by the fact that particles less than 20 µm can move into 

the blood stream because they can pass through the intestinal barrier (12). Another 

possible increase in mortality after day 4 could be attributed to ultrafine particles crossing 
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pulmonary epithelial barrier to end up in the bloodstream as Xenopus laevis gills develop 

after stage 47 (13, 14).  

Currently there is a lack of information and knowledge on the effect of extended 

nanomaterial exposure. Our chronic ZnO and subchronic and chronic CuO studies are the 

first of their kind and revealed the necessity of internalization of metal oxide 

nanomaterials to cause profound toxic effects such as mortality and reduced development 

on Xenopus laevis.  It would be beneficial to study the effects of prolonged exposure 

(>5d) to TiO2 and Fe2O3 to Xenopus laevis as well to determine if ingestion of these 

nanomaterials will induce toxic effects. 

 Toxicity of TiO2, CuO, and ZnO nanomaterials have been evaluated for bacteria, 

microalgae, macroinvertebrates, and vertebrates and varying levels of toxicity have been 

determined to exist among these organisms (Table 5.3). Preparation of nanomaterial 

solution and size of nanomaterials can play an integral part in toxicity of a nanomaterial 

to an organism as described by Lovern and Klaper with TiO2 and fullerene nanomaterials 

and not all studies provide descriptions of solution preparation; therefore making it 

difficult to compare toxicity (1). Even so, conclusions can be drawn from the cumulative 

toxicity data discussed within this thesis. Iron oxide, Fe2O3, nanomaterials have proven to 

be acutely non-toxic to Xenopus laevis. Overall TiO2 nanomaterials appear to be 

relatively non-toxic to aquatic organisms. Data from these studies indicate that CuO 

nanomaterials can be toxic to a variety of aquatic organisms and have shown to have an 

increased toxicity compared to bulk CuO; therefore further investigation is needed to 

better determine the necessity of regulation for this particular material and consider it 

toxic. Data from these studies indicate ZnO nanomaterials are toxic to a variety of aquatic 

organisms and ZnO nanomaterials exhibit similar toxicity as bulk ZnO; therefore at this 

time ZnO nanomaterials should be viewed as toxic compounds that should be regulated. 

Nanomaterials need to be evaluated on a case by case basis to determine the differences 

in toxicity due decreasing size and increasing surface area and reactivity. Caution should 

be utilized in release of nanomaterials into the environment until certain questions and 

concerns pertaining to environmental and human health are addressed.  
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Tables 
 

Table 5.1: Acute toxicity of bulk and nano-sized ZnO in aquatic organisms. 

Organism Effect Endpoint Nano 
(mg/L) 

 Bulk 
(mg/L) 

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50 
(Cuvette) 4.8 4.3 

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50 
(Microplate) 3.8 3.9 

Vibrio fischerib Inhibition of 
luminescence 30 min EC50 1.9 1.8 

Vibrio fischerib Growth  MIC1 100 200 

Pseudokirchneriell
a subcapitatac Growth  72h IC50 0.042 0.037 

Daphnia magnab Mortality 48h LC50 3.2 8.8 
Thamnocephalus 

platyurusb Mortality 48h LC50 0.18 0.24 

Danio reriod Mortality 96h LC50 1.793 1.55 

Danio reriod Hatching 84h EC50 2.065 2.066 

Xenopus laevis Malformation 96h ZnO EC50      
96 h CuO EC10 

10.3 nt3 

Xenopus laevis Growth  96h MCIG2 10 nt3 

1: Minimum Inhibitory Concentration (lowest tested concentration of compound that totally inhibits 
growth) 
2: Minimum Concentration to Inhibit Growth (lowest tested concentration of compound that significantly 
inhibits growth) 
3: nt = not tested 

 
a: Mortimer et al.  
b: Heinlaan et al.  
c: Aruoja et al.  
d: Zhu et al.  
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Table 5.2: Acute toxicity of bulk and nano-sized CuO to aquatic organisms. 

Organism Effect Endpoint Nano 
(mg/L)

 Bulk 
(mg/L) 

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50  
(Cuvette) 68.1 3894 

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50 
(Microplate) 204 4208 

Vibrio fischerib Inhibition of 
luminescence 30 min EC50  79 3811 

Vibrio fischerib Growth  MIC1 200 20000 

Pseudokirchneriella 
subcapitatac Growth  72h IC50 0.71 11.5 

Daphnia magnab Mortality 48h LC50 3.2 165 
Thamnocephalus 

platyurusb Mortality 48h LC50 2.1 95 

Danio reriod Mortality 96h LC50 nt3 nt3 

Danio reriod Hatching 84h EC50 nt3 nt3 

Xenopus laevis Malformation 96h EC10 2.1 nt3 

Xenopus laevis Growth  96h MCIG2 10 nt3 

1: Minimum Inhibitory Concentration (lowest tested concentration of compound that totally inhibits 
growth) 
2: Minimum Concentration to Inhibit Growth (lowest tested concentration of compound that significantly 
inhibits growth) 
3: nt = not tested 

 
a: Mortimer et al.  
b: Heinlaan et al.  
c: Aruoja et al.  
d: Zhu et al.  
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Table 5.3: Acute toxicity of metal oxide nanomaterials (ZnO, CuO, TiO2, and Fe2O3) on aquatic organisms. 

Organism Effect Endpoint
ZnO 

(mg/L) 
CuO 

(mg/L)
TiO2 

(mg/L) 
Fe2O3
(mg/L)

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50  
(Cuvette) 

4.8 68.1 nt3 nt3 

Vibrio fischeria Inhibition of 
luminescence 

30 min EC50 
(Microplate) 

3.8 204 nt3 nt3 

Vibrio fischerib Inhibition of 
luminescence 30 min EC50 1.9 79 >20000 nt3 

Vibrio fischerib Growth MIC1 100 200 >20000 nt3 

Pseudokirchneriella 
subcapitatac Growth 72h IC50 0.042 0.71 5.83 nt3 

Daphnia magnab Mortality 48h LC50 3.2 3.2 ~20000 nt3 

Thamnocephalus 
platyurusb 

Mortality 48h LC50 0.18 2.1 >20000 nt3 

Danio reriod Mortality 96h LC50 1.793 nt3 no effect nt3 

Danio reriod Hatching 84h EC50 2.065 nt3 no effect nt3 

Xenopus laevis Malformation 96h EC50 10.3 >1000 >1000 >1000

Xenopus laevis Malformation 96h EC10 1.3 2.1 >1000 >1000

Xenopus laevis Growth 96h MCIG2 10 10 1000 1000 

1: Minimum Inhibitory Concentration (lowest tested concentration of compound that totally inhibits 
growth) 

2: Minimum Concentration to Inhibit Growth (lowest tested concentration of compound that significantly 
inhibits growth) 

3: not tested      
a: Mortimer et al.  
b: Heinlaan et al.  
c: Aruoja et al.  
d: Zhu et al.  
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Table A.1: Percent of tadpoles that completed metamorphosis on major time points from day 35 to conclusion of 
study. 
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Table A.2: Stage mean ± standard error for each measure day per dose. 

 Dose      

Day Control 0.125 0.25 0.5 1 2 

5 50.0 ± 0.0 50.0 ± 0.0 50.0 ± 0.0 50.0 ± 0.0 50.0 ± 0.0 50.0 ± 0.0 

10 51.4 ± 0.1 51.9 ± 0.1*** 51.7 ± 0.1* 50.3 ± 0.1*** 50.0 ± 0.0*** 50.0 ± 0.0 

15 52.8 ± 0.1 53.3 ± 0.1*** 52.9 ± 0.1 52.0 ± 0.1*** 51.0 ± 0.0*** 50.0 ± 0.0 

20 55.6 ± 0.1 56.2 ± 0.1** 55.9 ± 0.1 55.0 ± 0.1*** 53.0 ± 0.2*** 51.0 ± 0.1 

25 57.8 ± 0.1 58.1 ± 0.2 58.0 ± 0.1 57.6 ± 0.1 55.2 ± 0.3*** 50.9 ± 0.2 

30 59.8 ± 0.2 60.9 ± 0.3** 60.8 ± 0.2** 59.3 ± 0.2 56.5 ± 0.3*** 51.8 ± 0.3 

35 62.6 ± 0.3 64.4 ± 0.2*** 63.6 ± 0.2* 62.5 ± 0.2 59.7 ± 0.4*** 53.0 ± 0.4 

40 65.2 ± 0.3 65.9 ± 0.1 65.9 ± 0.0 65.0 ± 0.2 62.1 ± 0.5*** 54.3 ± 0.5 

45 65.7 ± 0.2 66.0 ± 0.0 66.0 ± 0.0 66.0 ± 0.0 64.4 ± 0.3* 55.4 ± 0.8 

46 65.8 ± 0.2 66.0 ± 0.0 66.0 ± 0.0 66.0 ± 0.0 64.7 ± 0.3** 56.2 ± 0.8 
 p-value legend (dose:control) 
 *:  0.05-0.01 
 **: 0.01-0.001 
 ***: 0.001-0 
 
Table A.3: Snout vent length mean ± standard error for each measure day per dose. 

 Dose      

Day Control 0.125 0.25 0.5         1 2 

5 5.0 ± 0.0 5.0 ± 0.0 5.0 ± 0.0 5.0 ± 0.0 5.0 ± 0.0 5.0 ± 0.0 

10 8.7 ± 0.2 10.4 ± 0.2*** 9.2 ± 0.2 7.2 ± 0.1*** 6.7 ± 0.1*** 5.1 ± 0.1*** 

15 15.5 ± 0.3 16.3 ± 0.8 16.6 ± 0.3 13.7 ± 0.3** 10.1 ± 0.2*** 7.2 ± 0.3*** 

20 22.0 ± 0.5 24.5 ± 0.5*** 24.0 ± 0.6** 21.1 ± 0.4 15.6 ± 0.4*** 8.3 ± 0.3*** 

25 27.5 ± 0.9 28.3 ± 0.5 28.0 ± 0.4 26.4 ± 0.4 20.0 ± 0.7*** 10.6 ± 0.5*** 

30 26.3 ± 0.4 25.5 ± 0.6 25.6 ± 0.5 26.7 ± 0.3 23.2 ± 0.6*** 12.9 ± 0.6*** 

35 22.7 ± 0.5 21.6 ± 0.4 21.2 ± 0.4 23.6 ± 0.5 23.5 ± 0.5*** 14.1 ± 0.7*** 

40 21.1 ± 0.3 22.2 ± 0.2 21.8 ± 0.3 21.8 ± 0.3 22.3 ± 0.4 16.8 ± 0.9*** 

45 21.1 ± 0.3 22.3 ± 0.2 21.9 ± 0.3 21.8 ± 0.2 20.9 ± 0.4 16.9 ± 0.9*** 

46 21.5 ± 0.6 22.3 ± 0.2 21.9 ± 0.8 21.8 ± 0.2 20.9 ± 0.5 19.5 ± 1.0* 
 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
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Table A.4: Total body length mean ± standard error for each measure day per dose. 

 Dose      

Day Control 0.125 0.25 0.5 1 2 

5 11.7 ± 0.1 11.9 ± 0.0 11.9 ± 0.1 11.8 ± 0.1 11.6 ± 0.1*** 11.4 ± 0.1 

10 21.1 ± 0.3 24.3 ± 0.3*** 22.6 ± 0.3* 17.6 ± 0.5*** 16.0 ± 0.2*** 13.0 ± 0.2*** 

15 39.2 ± 0.7 44.0 ± 0.8*** 40.9 ± 0.7 33.5 ± 0.6*** 24.6 ± 0.7*** 16.0 ± 0.7*** 

20 55.6 ± 1.2 58.9 ± 1.4 58.0 ± 0.8 51.5 ± 0.8* 36.8 ± 1.2*** 19.7 ± 0.8*** 

25 65.2 ± 1.1 68.1 ± 1.1 67.5 ± 0.9 62.9 ± 0.7 49.5 ± 1.4*** 24.9 ± 1.1*** 

30 68.9 ± 1.0 68.5 ± 1.4 69.5 ± 0.9 68.7 ± 1.0 58.6 ± 1.7*** 30.4 ± 1.5*** 

35 52.6 ± 2.7 33.7 ± 3.0*** 40.5 ± 2.8** 57.2 ± 2.4 61.2 ± 1.4* 35.7 ± 2.2*** 

40 26.6 ± 2.2 22.4 ± 0.2 21.9 ± 0.3 27.6 ± 0.2 42.8 ± 2.8*** 39.6 ± 2.0*** 

45 22.9 ± 1.9 22.3 ± 0.2 21.9 ± 0.3 21.8 ± 0.2 33.4 ± 2.8*** 42.9 ± 1.9*** 

46 22.6 ± 1.6 22.3 ± 0.2 21.9 ± 0.8 21.8 ± 0.2 31.1 ± 2.6*** 41.0 ± 2.4*** 

 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
Table A.5: Hind limb length mean ± standard error for each measure day per dose. 

 Dose      

Day Control 0.125 0.25 0.5 1 2 

20 4.2 ± 0.2 5.1 ± 0.2*** 4.2 ± 0.2 2.7 ± 0.1*** 1.8 ± 0.1***   

25 8.2 ± 0.4 10.5 ± 
0.5*** 9.5 ± 0.3* 7.0 ± 0.3* 3.6 ± 0.3*** 1.5 ± 0.2*** 

30 19.2 ± 1.0 23.5 ± 1.0** 21.9 ± 0.7 15.3 ± 
0.6** 8.8 ± 0.7*** 3.0 ± 0.2*** 

35 27.0 ± 0.9 31.1 ± 0.6** 27.8 ± 0.7 24.3 ± 0.7 16.4 ± 1.4*** 3.8 ± 0.6*** 

40 31.9 ± 0.9 33.5 ± 0.4 31.1 ± 0.5 31.2 ± 0.6 23.6 ± 1.4*** 5.1 ± 1.1*** 

45 32.5 ± 0.7 33.5 ± 0.4 31.2 ± 0.5 31.9 ± 0.4 27.6 ± 0.9*** 9.7 ± 1.9*** 

46 32.5 ± 0.6 33.5 ± 0.4 31.2 ± 0.5 31.9 ± 0.4 27.6 ± 0.9*** 10.2 ± 2.0*** 

 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
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APPENDIX B 
SUPPORTING DATA FOR CHRONIC CUO NANOMATERIAL STUDY 

 
Table B.1: Percent of tadpoles that completed metamorphosis on major time points from day 35 to 
conclusion of study. 

Day Control 0.01875 0.0375 0.75 0.15 0.3 
35 0.00 ± 0.00 2.08 ± 2.08 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

36 0.00 ± 0.00 2.08 ± 2.08 0.00 ± 0.00 2.08 ± 2.08 0.00 ± 0.00 0.00 ± 0.00 

37 0.00 ± 0.00 10.42 ± 5.51 8.61 ± 2.36 31.81 ± 3.14 0.00 ± 0.00 0.00 ± 0.00 

38 13.33 ± 10.18 29.31 ± 12.55 31.81 ± 3.14 46.81 ± 1.81 8.75 ± 2.29 0.00 ± 0.00 

39 28.89 ± 12.37 35.69 ± 12.42 38.19 ± 5.93 59.58 ± 5.42 8.75 ± 2.29 0.00 ± 0.00 

41 53.33 ± 19.25 74.31 ± 6.62 72.22 ± 7.73 78.89 ± 5.31 45.69 ± 11.59 4.74 ± 3.08 

47 93.33 ± 6.67 93.47 ± 3.85 89.31 ± 5.57 93.75 ± 3.61 93.47 ± 0.14 38.53 ± 8.85 
 

Table B.2: Stage mean ± standard error for each measure day per subchronic CuO nanomaterial dose. 
 Dose      

Day Control 0.156 0.313 0.625 1.25 2.5 

5 50.0 ± 0.0 50.0 ± 0.0 50.0 ± 0.0 47.6 ± 0.1*** 47.0 ± 0.0*** 47.0 ± 0.0*** 

10 51.0 ± 0.1 50.9 ± 0.0 50.6 ± 0.1** 50.5 ± 0.2*** 47.8 ± 0.3*** 48.0 ± 0.0*** 

14 52.2 ± 0.1 51.6 ± 0.1*** 51.0 ± 0.1*** 51.1 ± 0.1*** 48.6 ± 0.5*** 48.6 ± 0.4*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
Table B.3: Snout vent length mean ± standard error for each measure day per subchronic CuO 

nanomaterial dose. 
 Dose      

Day Control 0.156 0.313 0.625 1.25 2.5 

5 5.0 ± 0.0 4.6 ± 0.1*** 4.5 ± 0.1*** 4.2 ± 0.0*** 4.0 ± 0.0*** 4.0 ± 0.0*** 

10 7.5 ± 0.2 8.2 ± 0.1** 7.9 ± 0.1 8.1 ± 0.2** 4.3 ± 0.2*** 4.3 ± 0.1*** 

14 11.1 ± 0.2 11.5 ± 0.2 10.3 ± 0.2** 10.3 ± 0.2 6.1 ± 0.8*** 5.3 ± 0.5*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
 



Texas Tech University, Shawna Nations, May 2009 
 

133 
 

Table B.4: Total body length mean ± standard error for each measure day per subchronic CuO 
nanomaterial dose. 

 Dose      

Day Control 0.156 0.313 0.625 1.25 2.5 

5 11.5 ± 0.1 11.0 ± 0.1 11.6 ± 0.1 10.9 ± 0.2** 10.9 ± 0.1** 10.8 ± 0.1** 

10 17.7 ± 0.4 18.8 ± 0.3*** 18.4 ± 0.2*** 18.8 ± 0.5 11.3 ± 0.7*** 11.6 ± 0.4*** 

14 27.4 ± 0.6 29.8 ± 0.6*** 25.4 ± 0.7*** 26.1 ± 0.6 15.2 ± 2.0*** 14.0 ± 1.1*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
Table B.5: Stage mean ± standard error for each measure day per chronic CuO nanomaterial dose. 
 Dose      

Day Control 0.01875 0.0375 0.075 0.15 0.3 

5 48.1 ± 0.1 48.4 ± 0.1 48.6 ± 0.1*** 48.9 ± 0.0*** 48.9 ± 0.1*** 47.8 ± 0.1* 

10 50.1 ± 0.0 50.4 ± 0.1* 50.0 ± 0.0 50.0 ± 0.0 49.3 ± 0.1*** 48.5 ± 0.1*** 

15 52.9 ± 0.1 53.5 ± 0.1** 53.2 ± 0.1 53.7 ± 0.1*** 51.7 ± 0.2*** 49.8 ± 0.2*** 

20 54.8 ± 0.1 55.2 ± 0.1 55.2 ± 0.1 55.4 ± 0.1** 54.6 ± 0.2 51.8 ± 0.2*** 

25 56.9 ± 0.1 57.4 ± 0.1* 57.2 ± 0.1 57.6 ± 0.1** 56.6 ± 0.1 53.4 ± 0.2*** 

30 58.7 ± 0.2 59.3 ± 0.3 59.5 ± 0.2* 60.2 ± 0.2*** 58.2 ± 0.1 55.5 ± 0.2*** 

35 61.0 ± 0.3 62.4 ± 0.3** 62.5 ± 0.3** 63.2 ± 0.2*** 61.4 ± 0.3 57.8 ± 0.3*** 

40 64.1 ± 0.3 65.1 ± 0.2 65.1 ± 0.2 65.4 ± 0.2* 64.2 ± 0.3 60.7 ± 0.4*** 

45 65.7 ± 0.1 65.9 ± 0.1 65.8 ± 0.1 65.9 ± 0.0 65.7 ± 0.1 62.2 ± 0.4*** 

47 65.9 ± 0.1 66.0 ± 0.0 66.0 ± 0.0 66.0 ± 0.0 65.9 ± 0.0 64.1 ± 0.3*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
 
 
 
 
 
 
 
 
 



Texas Tech University, Shawna Nations, May 2009 
 

134 
 

Table B.6: Snout vent length mean ± standard error for each measure day per chronic CuO nanomaterial 
dose. 

 Dose      

Day Control 0.01875 0.0375 0.075 0.15 0.3 

5 5.2 ± 0.1 5.6 ± 0.1*** 5.4 ± 0.1 5.3 ± 0.1 5.2 ± 0.1 4.7 ± 0.1*** 

10 9.2 ± 0.2 10.5 ± 0.2*** 9.8 ± 0.2 10.0 ± 0.2* 8.4 ± 0.2* 7.3 ± 0.2*** 

15 15.4 ± 0.2 16.2 ± 0.3 15.9 ± 0.3 17.5 ± 0.3*** 13.0 ± 0.3*** 9.2 ± 0.2*** 

20 20.4 ± 0.4 22.8 ± 0.5*** 22.2 ± 0.4** 23.2 ± 0.3*** 18.5 ± 0.5** 12.1 ± 0.3*** 

25 23.9 ± 0.7 27.1 ± 0.5*** 25.7 ± 0.7 27.2 ± 0.3*** 23.8 ± 0.4 16.3 ± 0.5*** 

30 27.3 ± 0.4 29.0 ± 0.3*** 28.3 ± 0.4 28.0 ± 0.4 28.0 ± 0.3 21.5 ± 0.5*** 

35 25.6 ± 0.5 24.8 ± 0.5 25.0 ± 0.5 24.6 ± 0.6 25.9 ± 0.5 24.0 ± 0.3 

40 23.0 ± 0.4 23.0 ± 0.2 23.3 ± 0.3 23.4 ± 0.2 23.5 ± 0.4 23.9 ± 0.4 

45 22.2 ± 0.2 23.1 ± 0.2 23.5 ± 0.2** 23.3 ± 0.2* 23.0 ± 0.2 22.6 ± 0.4 

47 22.2 ± 0.2 23.0 ± 0.2 23.4 ± 0.2** 23.3 ± 0.2* 23.1 ± 0.2 21.8 ± 0.3 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
 
Table B.7: Total body length mean ± standard error for each measure day per chronic CuO nanomaterial 

dose. 
 Dose      

Day Control 0.01875 0.0375 0.075 0.15 0.3 

5 12.7 ± 0.1 13.1 ± 0.1 13.4 ± 0.1 13.3 ± 0.1 13.0 ± 0.1 12.5± 0.1 

10 21.5 ± 0.7 25.6 ± 0.4*** 28.8 ± 0.6* 24.7 ± 0.5*** 20.3 ± 0.7 17.7 ± 0.5*** 

15 36.3 ± 0.6 38.4 ± 0.9 38.3 ± 0.8 42.6 ± 0.9*** 31.0 ± 0.8*** 23.1 ± 0.6*** 

20 50.9 ± 1.0 56.8 ± 0.9*** 56.1 ± 1.0*** 58.7± 0.7*** 45.0 ± 1.2*** 29.7 ± 0.7*** 

25 62.8 ± 1.3 68.8 ± 1.8* 69.2 ± 1.1** 71.4 ± 0.8*** 62.0 ± 1.2 39.0 ± 1.6*** 

30 72.2 ± 1.3 76.0 ± 0.8 75.5 ± 1.1 76.9 ± 0.7* 70.8 ± 0.9 54.1 ± 1.4*** 

35 65.6 ± 2.1 59.5 ± 3.2 60.8 ± 3.4 48.0 ± 3.6*** 68.9 ± 2.0 64.8 ± 1.0*** 

40 37.1 ± 3.1 28.2 ± 2.1 30.1 ± 2.6 27.9 ± 1.9 36.5 ± 3.1 57.1 ± 2.4*** 

45 24.2 ± 1.2 24.1± 1.1 24.8 ± 1.2 23.5 ± 0.3 24.9 ± 1.2 41.9 ± 3.0*** 

47 22.6 ± 0.4 23.3 ± 0.4 23.7 ± 0.3 23.3 ± 0.2 23.3 ± 0.2 36.1 ± 2.8*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
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Table B.8: Hind limb length mean ± standard error for each measure day per chronic CuO nanomaterial 

dose. 
 Dose      

Day Control 0.01875 0.0375 0.075 0.15 0.3 

15 1.9 ± 0.1 2.3 ± 0.1*** 2.0 ± 0.1 2.3 ± 0.1*** 1.1 ± 0.1***  

20 3.3 ± 0.1 4.0 ± 0.1** 3.9 ± 0.1* 4.2 ± 0.1*** 2.9 ± 0.1*** 1.4 ± 0.1*** 

25 6.1 ± 0.3 7.6 ± 0.3** 7.6 ± 0.3* 8.8 ± 0.3*** 5.8 ± 0.3 2.9 ± 0.2*** 

30 12.8 ± 0.6 18.4 ± 0.8*** 17.9 ± 0.8** 21.4 ± 0.9*** 15.1 ± 1.6 5.6 ± 0.4*** 

35 25.8 ± 1.4 29.5 ± 0.8 30.2 ± 1.0* 32.1 ± 0.5*** 25.1 ± 1.0 12.5 ± 
1.0*** 

40 32.5 ± 0.6 34.5 ± 0.5 35.1 ± 0.5 35.9 ± 0.2** 33.8 ± 0.5 21.6 ± 
1.3*** 

45 34.8 ± 0.3 35.9 ± 0.2 36.5 ± 0.3 36.3 ± 0.3 35.5 ± 0.3 27.2 ± 
0.8*** 

47 34.9 ± 0.3 36.0 ± 0.2 36.5 ± 0.3* 36.4 ± 0.3* 35.7 ± 0.3 30 ± 0.6*** 
p-value legend (dose:control) 
*:  0.05-0.01 

 **: 0.01-0.001 
 ***: 0.001-0 
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