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ABSTRACT OF THESIS 

 

Interactions of Copper Nanoparticles with the Microalgae, 

Chlamydomonas reinhardtii 

 

by 

 

Melissa Rae Spitzmiller 

 

Master of Science in Civil Engineering 

University of California, Los Angeles, 2012 

Professor Shaily Mahendra, Chair 

 

Over 1300 consumer products currently on the market contain nanoparticles (NPs); 

among them, metal-containing NPs constitute the largest class.  In this research, high-throughput 

spectrophotometric methods, microscopy, chemical analyses, and genetic studies were used to 

describe interactions between copper NPs and model freshwater microalga, Chlamydomonas 

reinhardtii. A newly-developed HTS algae viability assay was used to measure IC50 

concentrations of 20-25 mg/L Cu NPs for C. reinhardtii cells. While Cu NPs were toxic to algae 

at excess concentrations, these algae cells were able to utilize the copper as a nutrient under 

deficient conditions. The data indicate that NP toxicity was primarily due to release of copper 

ions, but ROS generation, heat and light responsive cellular systems, and osmotic burst were also 

likely mechanisms of Cu NP-mediated cell death. 
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INTRODUCTION 

Production and Use of Nanomaterials 

 In recent decades, nanomaterials have gained widespread use in the medical, electronic, 

and construction industries [1-4]. The properties unique to the nano-scale allow for the 

development of diverse technologies and increased effectiveness of already well-established 

materials and methods. To name a few, enhanced drug-delivery systems, real-time structural 

health sensors in “green” construction, and numerous consumer products such as sunscreen and 

children’s toys all utilize nanotechnology [1, 5, 6]. Figure 1 shows the increase in nanomaterial 

production over six years and helps predict the future production of nanomaterial-containing 

products. 

 

  

	
	
Figure 1: Total Products Listed Containing Nanomaterials 
Adapted from data provided by The Project on Emerging Nanotechnologies, this chart shows a linear increase (R2 = 0.9963) 
in the production of products containing nanomaterials from 2005 to 2010 [1].
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A large variety of nanomaterials currently exists. Both structure and chemistry can range 

drastically from one material to another, creating many useful applications. Carbon structures, 

metal oxides, metallic nanoparticles, polymer-clay nanocomposites, and quantum dots are many 

of the nanomaterials predominately manufactured [7]. Single- and multi-walled carbon 

nanotubes and carbon fullerenes, such as C60 and C70 structures, are known for their high tensile 

strength, ductility, and electrical properties [8-10]. For these reasons, carbon nanomaterials are 

often incorporated into sensors and structures. Many nanomaterials have also been shown to 

exhibit antimicrobial properties [11, 12]. Silver and copper nanoparticles are particularly useful 

as microbicides because they are less expensive than some other nanomaterials, such as quantum 

dots, and are commercially available. While silver nanotechnology has been widely studied, 

copper is gaining notice as an antimicrobial agent due to its lower cost and environmental 

abundance. 

Copper in the Environment 

 Elemental copper, Cu, is a transition metal with an atomic weight of 63.5 g/mol and four 

oxidation states [13]. Cuprous and cupric copper, oxidation states +1 and +2 respectively, readily 

react with atmospheric oxygen to form copper oxides [13]. Additionally, bioavailable copper is 

commonly found in solubilized salts, such as copper chloride and copper sulfides, while 

numerous copper-containing minerals are also found in the environment [13]. The earth’s crust 

contains approximately 60 parts per million (ppm) of copper, making it an environmentally 

relevant metal [14]. As many industries rely on copper, the development of copper nanoparticles 

provides new applications for this material. Imbedding copper nanoparticles into textiles, 

plastics, and construction materials increases the persistence of copper ions through the lifecycle 

of the product. Nanoelectronics are also becoming more common through the use of copper 

nanomaterials due to their superior electrical conductivity. 
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 Biologically, copper is a vital nutrient to all living organisms, specifically active in 

electron and oxygen transport [15, 16]. In phototrophs such as plants and algae, copper is 

necessary to ensure proper photosynthetic functions, as the copper protein plastocyanin is 

required as an electron transport agent between the cytochrome b6f complex and photosystem I 

(PSI) [17]. Interestingly, while copper is a required trace metal, it becomes toxic at high doses 

[16, 18]. The toxic dose of copper ranges greatly from one species to another and varies 

depending on exposure route. 

Toxicological Implications of Nanomaterials 

 As the field of nanotechnology rapidly advances, toxicological studies examining the 

potential harmful effects are also being explored. Findings of such studies have uncovered 

evidence that indicates toxicity resulting from nanomaterial exposure [19-22]. Specifically, 

carbon nanotubes have been shown to cause pulmonary toxicity in mice and rats [23, 24] and 

apoptosis in human T cells [25]. Metallic nanomaterials such a quantum dots, silver and copper 

nanoparticles, and titanium oxide nanoparticles have also been shown to elicit toxic effects on 

diverse cell lines. The release of toxic cadmium (Cd2+) ions from (CdSe)ZnS quantum dots 

causes toxicity in the digestive tract of rats [26]. Similarly, silver and copper NPs also release 

metal ions leading to the cytotoxicity of varying cell types [27-29].  Titanium dioxide 

nanoparticles induce oxidative stress and apoptosis on exposed human bronchial epithelial cells, 

BEAS-2B, resulting in cell death [30].  Thus, there is a need for further research into the toxicity 

of nanomaterials on a variety of cell types and species to predict the toxicological consequences 

of the release of particles into the environment and the lifecycle effects of their use. 
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Chlamydomonas reinhardtii as a Model Species 

 Chlamydomonas is a globally relevant genus of unicellular algae, found in freshwater, 

oceans, soils, and snow [32]. While over 500 species of Chlamydomonas have been described, 

the most commonly studied species is Chlamydomonas reinhardtii, a freshwater microalgae able 

to grow as a phototroph under light conditions or as a heterotroph if provided acetate as a carbon 

source [32]. C. reinhardtii is an excellent model species for environmental and toxicological 

studies because of the extensive genome and morphological information available and its 

environmental relevance [33, 34]. The role of algae in carbon cycling and potential as an energy 

source make this organism particularly interesting. Currently, there is a lack of toxicology 

information relating copper nanoparticles to this freshwater alga. While nanomaterial production 

is on the rise and copper is exceptionally important in biological systems, understanding the 

interactions between C. reinhardtii and copper nanoparticles is vital to predicting the 

toxicological impacts these new materials may have in the future. 

OBJECTIVES 

1. Develop High-Throughput Cell Viability Assay for Microalgae 

 Traditionally, toxicity is evaluated through the use of viable cell counts after exposure. 

For microalgae, aqueous cultures are exposed to the suspect compound at varying concentrations 

and then plated in triplicates. After a predetermined incubation period, the colonies are counted 

and the minimum inhibitory concentration (MIC) or half maximal inhibitory concentration (IC50) 

can be calculated based on the observed trend. To evaluate the toxicity of one nanomaterial, cells 

are typically exposed to ten concentrations in triplicate in order to establish a mathematically 

reliable model. When the nanomaterial-free control is accounted for, this procedure requires that 

colonies from at least 33 plates be counted, potentially totaling to hundreds or even thousands of 



	

 5

colony counts. A procedure such as this is not optimal in a rapidly developing field such as 

nanotechnology, as time is very important to establish toxicity relationships. 

 Fortunately, as nanotechnology moves forward, advances in experimental equipment help 

us to keep pace. Specifically, high-throughput screening (HTS) systems have shown great 

potential in the field of nano-toxicology by drastically cutting down experiment time while 

simultaneously increasing data output. The platforms for these studies are microplates containing 

6, 24, 96, 384, or 1536 wells with varying volumes arranged on a rectangular 2:3 matrix. 

Automated robotic arms may be used to add specimens and reagents to the wells. Further 

analysis, such as fluorescence, optical absorbance, and luminescence, is performed on a specialty 

high-throughput machine capable of reading microplates. Depending on the size of the plate and 

the particular assay, each microplate may only take minutes to evaluate. With an individual plate 

containing many replicates of cells exposed to serial dilutions of nanoparticles, the time to 

calculate the MIC or IC50 can be cut down significantly. The first step in this study is to develop 

a rapid HTS viability assay for Chlamydomonas reinhardtii cells. 

2. Assess Copper Nanoparticle Interactions with Microalgae Cells 

 Through the use of the newly developed HTS viability assay, the interactions between C. 

reinhardtii and copper nanoparticles (nCu) or copper salts are explored. Specifically, the toxicity 

of copper is evaluated by IC50 calculations for each experimental condition. Currently, no 

concentration limit for the toxicity of copper to Chlamydomonas exists in the literature. Defining 

the IC50 value for copper is an important first step in evaluating the complex interactions 

between microalgae and nCu because this provides the basis for further experimentation. 

Additionally, toxicity information is useful to the water treatment industry as copper is often 

used as an algaecide at treatment facilities and during periods of eutrophication. 
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 Copper-deplete algae cells were studied to elucidate the interactions between 

compromised C. reinhardtii and copper NPs. These copper-starved cells provide a diverse 

sample of cells that would be found in the environment. Since Chlamydomonas exist in a wide 

range of environmental conditions, it is likely that they also experience a variety of copper and 

Cu NP concentrations. 

3. Investigate the Mechanism of Copper Nanoparticle Toxicity 

Many potential toxicity mechanisms have been proposed for various microbial cells. For 

algae, candidates include direct oxidation from the generation of reactive oxygen species (ROS), 

damage to deoxyribonucleic acid (DNA) or mitochondrial function, protein oxidation, osmotic 

burst, and the disruption of the cell membrane (Figure 2). Copper nanoparticles may directly 

cause these toxic effects through physical damage, or through the release of excess copper ions. 

  

	
 
Figure 2: Toxicity Mechanisms of Copper Nanoparticles on Algae 
Potential toxicity mechanisms of copper nanoparticles on the microalgae, C. reinhardtii, include ROS generation and direct 
oxidation of proteins, damage to DNA, disruption of the cell membrane, loss of mitochondrial function, and osmostic 
swelling. 
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While many nCu toxicity pathways have been explored for plants, bacteria, zebrafish, and 

mammalian cells, the mechanisms responsible for algae toxicity are unclear. Some findings have 

shown that the cytotoxicity resulting from exposure to nCu is due to a Trojan horse-type 

mechanism, but what is known from toxicity studies involving nano-silver and microalgae, the 

particles serve as a source for toxic silver ions [28, 35]. 

One of the important unknowns that must be addressed is the question about particle 

toxicity versus ion toxicity. In other words, are the toxic effects produced by exposure to copper 

nanoparticles due to the release of metal ions or are they due to something uniquely “nano”? 

Additionally, what roles do exposure time, particle size, and particle concentration play in copper 

toxicity towards algae cells? 

MATERIALS AND METHODS 

Nanoparticle Preparation and Characterization 

The copper nanoparticles were provided by QuantumSphere, Inc. (QSI-Nano® copper 

powder) with a nominal diameter of 20-50 nm, depending on the thickness of the oxide shell. In 

a 20 mL scintillation vial, the nanoparticles were dispersed in sterile Milli-Q ultrapure water 

(EMD Millipore Corporation) at a concentration of 1000 mg/L and then sonicated for 30 minutes 

on ice (Fisher Scientific Mechanical Ultrasonic Cleaner FS30H). The particle dispersion was 

stored on ice in the absence of light to discourage degradation and instability. 

 To simulate experimental conditions, aliquots of the particle dispersion were introduced 

to C. reinhardtii growth media and the hydrodynamic diameters and zeta potentials of the 

particle aggregates were measured (ZetaPALS, Brookhaven Instruments Corporation). 

Measurements were taken over several time intervals at concentrations of either 20 mg/L or 250 

mg/L nCu. Particle characterization was performed in each of the three aqueous media types 
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used for cell growth. Inductively coupled plasma optical emission spectrometry (ICP-OES) was 

used to analyze the extent of copper ion dissolution of the copper nanoparticles in the growth 

medium. 

Growth of Cells and Copper Exposure 

Chlamydomonas reinhardtii strain 2137 cells (obtained from Merchant Lab, 

Biochemistry Department, UCLA) were grown in one of three types of algae growth media: tris-

acetate-phosphate (TAP) medium [36] with Hutner’s trace metal solution [37], TAP medium 

with Kropat’s trace metal solution, or TAP medium with copper-deplete Kropat’s trace metal 

solution [38]. Hutner’s trace metal solution is a general formulation for growth media while 

Kropat’s trace metal solution is specifically optimized for C. reinhardtii growth. “Copper-

replete” medium refers to TAP medium using Kropat’s trace metal solution, while “copper-

deplete” medium refers to TAP medium using Kropat’s trace metal solution without copper. 

Cells grown in these conditions are referred to either copper-replete or copper-deplete cells, 

respectively. 

Media were prepared in Erlenmeyer flasks washed in hydrochloric acid, covered with 

aluminum foil, and then autoclaved at 121°C for 30 minutes. To begin seed cultures, mature C. 

reinhardtii cells, strain 2137, grown in copper-replete TAP media or TAP with Hutner’s solution 

were transferred (1%) to the freshly sterilized media and incubated at 25°C with a shaking rate of 

180 rpm in the presence of continual light (New Brunswick Scientific, Innova44 Incubator 

Shaker Series). During mid-logarithmic growth of the seed cultures (after approximately 3-4 

days, depending on the growth phase of the initial culture), 104 cells were transferred in 

biological duplicates to fresh medium of the same type and incubated at 25°C with a shaking rate 

of 180 rpm in the presence of continual light. Once these cultures achieved mid-logarithmic 

growth phase (after 3 days), the cells were ready for further experimentation. 
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For the experiments that employed both copper-replete and copper-deplete cells, 

preparing two cell transfers was vital to eliminate residual copper carried over from the initial 

seed culture. Figure 3 shows the method for preparing and exposing experimental cells. Here, 

cells were exposed to 20 mg/L of copper as either nCu or CuCl2, as determined by the IC50 

concentrations. Several cultures were grown without the addition of nCu or CuCl2 to serve as 

unexposed controls. For experiments using the HTS platform, exposure was performed in the 

microplates. Conversely, bench-scale experiments exposed cells directly in the Erlenmeyer flasks 

where the cells are grown. 

 

 

 
Figure 3: Algae Growth Schematic for Experiment Preparation	
Preparation of copper-replete and copper-deplete cells using TAP media and Kropat’s trace metal solution; TAP + Cu 
indicates copper-replete media; TAP – Cu indicates copper-deplete media; cells are transferred twice and then exposed to 
nCu or copper ions, for HTS experiments exposure is performed in microplates
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ATP Luminescence Viability Assay 

 Adenosine triphosphate (ATP) is indicative of metabolically active cells, as it is 

responsible for intracellular energy transfer. Nonviable cells are not metabolically active, and 

therefore do not produce ATP. CellTiter-Glo® Luminescent Cell Viability Assay by Promega 

Corporation (catalog number: G7573) provides reagents designed for an HTS platform. 

Developed in an “add-mix-measure” format, this product lyses cells and generates a luminescent 

signal proportional to the concentration of ATP present in a single step. The ATP luminescence 

is read on an HTS luminometer and correlated with viable cells present. While this method has 

been used for bacterial and yeast cells, it has not been applied to microalgae. The first step is to 

explore the usefulness of this ATP viability assay to C. reinhardtii cells. Two standard curves 

were generated from either a dilution series of purified ATP or of live C. reinhardtii cells in 

white 384-well microplate (Greiner Bio-One). 

 

To determine the IC50 concentrations of nCu and Cu ions, C. reinhardtii cells in mid-

logarithmic growth phase were exposed in quadruplicate wells to varying concentrations of nCu 

or CuCl2. Polystyrene nanoparticles were used to control for toxicity uniquely “nano.” Separate 

	
Figure 4: Microplate Diagram for ATP Viability Assay 
Columns 1-11 show the dilution series of either nCu or CuCl2 with concentrations in terms of total copper added. Wells in 
column 12 are the controls with no added copper. 
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plates were prepared for each time point of interest. After a predetermined time elapsed, the 

CellTiter-Glo® reagent was added to the plate according to the manufacturer’s protocol and read 

on the HTS luminometer. Figure 4 shows the microplate configuration for this experiment, using 

white 96-well microplates (Greiner Bio-One). The Precision 2000 and the MultiDrop aided plate 

preparation. 

Prior to verifying the ATP viability assay for C. reinhardtii, several fluorescent methods 

were attempted. Due to difficulties involving the natural fluorescence of chlorophyll, 

overlapping excitation and emission spectra, interactions with nCu, and interference from TAP 

components, none of the fluorescent methods were successful. PrestoBlue (Invitrogen, catalog 

number S7020), SYTOX Green (Invitrogen, catalog number A-13261), and 4',6-diamidino-2-

phenylindole (DAPI) were each tested as a viability method for C. reinhardtii and shown to have 

limitations preventing use in this study. 

Chlorophyll Concentration Experiments 

 Chlorophyll concentrations were measured for C. reinhardtii cells exposed to 20 mg/L 

nCu or Cu as CuCl2 and unexposed cells grown in both copper-replete and copper-deplete TAP 

medium. Following extractions in an 80% acetone, 20% methanol solution, the absorbance of the 

chlorophyll was measured at 750 nm, 663.6 nm, and 646.6 nm (Thermo Scientific, NanoDrop 

2000c Spectrophotometer) [39]. Measurements were taken at times t = 24 hours, t = 48 hours, 

and t = 72 hours. Results were converted to mg/mL concentrations using the following formula, 

where E646.6 is the absorbance at 646.6 nm subtracted by the absorbance at 750 nm, and E663.6 is 

the absorbance at 663.6 nm subtracted by the absorbance at 750 nm: 
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Quantitative Polymerase Chain Reaction 

 Phenol-chloroform extractions were performed to isolate total nucleic acid from 

experimental C. reinhardtii cells. Following DNase treatment, complementary DNA (cDNA) 

was synthesized from the extracted RNA. Quantitative polymerase chain reaction (qPCR) was 

used to analyze the expression of several stress-induced genes. SYBR Green reactions were 

prepared using Maxima SYBR Green Master Mix (Thermo Scientific), 300 nM forward and 

reverse primers, and 1:10 dilution of the cDNA template. Genes of interest include CYC6, 

MSD1, FSD1, HSP70B, MTP1, and PAA1 with primers provided by Integrated DNA 

Technologies. Associated gene functions are described in Table 1. The housekeeping gene used 

in these experiments was CβLP. The program used for the thermocycler (Applied Biosystems 

StepOnePlus Real-Time PCR System) is as follows: 2 minutes at 50°C, 10 minutes at 95°C, 40 

cycles of 95°C for 10 seconds, 65°C for 15 seconds, 72°C for 15 seconds, and 80°C for 1 second, 

ending with 2 seconds at 70°C and 15 seconds at 95°C. 

 

Table 1: C. reinhardtii Stress Genes Used in qPCR 
Stress genes and associated functions that were used in qPCR 

C. reinhardtii Gene Function 

CYC6 Encodes cytochrome c(6) protein 

MSD1 Superoxide dismutase [Mn], mitochondrial precursor, metal ion 
binding, MnSOD 

FSD1 Superoxide dismutase [Fe], chloroplast precursor, iron superoxide 
dismutase, FeSOD 

HSP70B Encodes chloroplast localized heat-shock protein 

MTP1 Encodes metal-transporting protein 

PAA1 Encodes metal-transporting P-type ATPase 
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Transmission Electron Microscopy 

 Four separate batches of experimental C. reinhardtii cells are prepared by the Electron 

Microscopy Services Center of UCLA Brain Research Institute (other than the fixation for Batch 

3, which was prepared in house) for imaging on the transmission electron microscope (TEM). 

Cells were fixed in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer 

saline (PBS). Samples were stained, dehydrated, and embedded using EPON 812 (Shell). After 

curing at 60°C for 48 hours, 60 nm sections were cut on an ultramicrotome (RMC MTX) with a 

diamond knife and deposited on single-hole grids. The resulting sections were examined with a 

100CX JEOL electron microscope. 

 

Table 2: Cell Preparation for TEM Imaging 
Specifications of experimental C. reinhardtii cells prepared for TEM imaging 

Preparation Growth Medium 
Copper 
Concentration (mg/L) 

Duration of 
Exposure 

Grid Type 

Batch 1 
TAP with Hutner’s 
solution 

62.5 12 hours Copper 

Batch 2 
TAP with Hutner’s 
solution 

62.5 24 hours Copper 

Batch 3 
Copper-replete and 
copper-deplete TAP 

20 7 days Nickel 

Batch 4 
Copper-replete and 
copper-deplete TAP 

20 3 days Nickel 

 

Cell Association of Copper 

 The concentrations of extracellular, intracellular, and membrane-associated copper for 

copper-replete and copper-deplete cells exposed to 20 mg/L nCu or Cu as CuCl2 were measured 

using inductively coupled plasma mass spectrometry (ICP-MS). In experimental duplicates, 108 

exposed cells were centrifuged for 30 minutes at 7000 rpm in acid-washed Falcon tubes. 
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Supernatant was carefully transferred to a new Falcon tubes and centrifuged a second time to 

remove any cell debris that may have carried over. The supernatant was again transferred to new 

Falcon tubes and identified as the extracellular copper fraction for the corresponding growth 

condition. The cell pellet was washed in EDTA and separated using centrifugation. The wash 

from the pellets was transferred to new Falcon tubes, centrifuged again to remove residual cell 

debris, and identified as the membrane-associated copper fraction. The resulting cell pellets were 

identified as the intracellular copper fraction and were acidified in 341 μl 70% ultrapure nitric 

acid for 48 hours at 65°C. Approximately 9.66 mL of the extracellular and membrane-associated 

copper fractions were also acidified in 341 μl 70% ultrapure nitric acid for 48 hours at 65°C. 

Following the 48 hours acidification, sterile Milli-Q ultrapure water was added to each pellet 

sample to increase the volume to 10 mL so that the final concentration of nitric acid was 2.4%. 

The copper concentration in each sample is measured on the ICP-MS against known standards. 

The elapsed time between exposure and sample preparation was approximately six hours. 

RESULTS AND DISCUSSION 

Nanoparticle Behavior 

The hydrodynamic diameters show copper aggregates to be in the micron range with 

substantial error (Figure 5). These data suggest particle instability in each type of algae growth 

medium. Rapid particle aggregation takes place as indicated by the readings taken at time t = 0 

hours. As the ZetaPALS is accurate for measurements up to 3 microns, significant error at this 

particle range is expected. The zeta potentials are consistent with the findings of particle 

instability established by the hydrodynamic diameters. With zeta potential values relatively close 

to zero, copper nanoparticles will regularly coagulate in TAP medium.  
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The data shown in Figure 6 indicates rapid dissolution of the copper nanoparticles in the 

growth medium. By time t = 36 hours, the copper particles have completely dissociated in the 

media. As expected, the copper from the copper chloride solution is completely soluble upon the 

addition to the growth medium at time t = 0 hours. Consistent with the particle size and zeta 

potential data, the ICP-OES data suggest particle instability in the TAP medium. 

 

      
 

       
 
Figure 5: Hydrodynamic Diameters and Zeta Potentials of Copper Nanoparticle Dispersions 
(A) hydrodynamic diameters of copper nanoparticle aggregates in copper replete media with Hutner’s trace metal solution, 
prepared at 20 mg/L and 250 mg/L nCu; (B) zeta potentials of copper nanoparticle dispersions in copper replete media with 
Hutner’s trace metal solution, prepared at 20 mg/L and 250 mg/L nCu; (C) hydrodynamic diameters of copper nanoparticle 
aggregates prepared at 20 mg/L nCu, in both copper replete and copper deplete TAP media with Kropat’s trace metal 
solution; (D) zeta potentials of copper nanoparticle solutions prepared at 20 mg/L nCu, in both copper replete and copper 
deplete TAP media with Kropat’s trace metal solution (error bars indicate standard error) 
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Copper Toxicity and Half Maximal Inhibitory Concentrations 

 The standard curves developed for the ATP luminescence viability assay show significant 

correlation between ATP luminescence, ATP content, and number of C. reinhardtii cells with 

R2-values of 0.9998 and 0.9887 respectively (Figure 7). This linear and predictable relationship 

between ATP luminescence and the number of cells allows for a convenient viability assay to 

determine IC50 concentrations for copper nanoparticles. 

Dose-response curves developed in GraphPad Prism 5.0 specify a larger IC50 for nCu 

than for soluble copper ions, as indicated by the shift to the right of the nCu curve (Figure 8). 

Additionally, algae cells exposed to the polystyrene nanoparticles show consistent ATP 

luminescence over a wide range of concentrations, indicating that toxicity contributions from the 

“nano” component of the copper are significantly smaller than the contributions from the ion 

component. 

Figure 6: Aqueous Copper Concentrations in C. reinhardtii Growth Medium 
Copper nanoparticles and copper chloride dispersed in TAP media (Hutner’s trace metal solution with copper) over 96 hours 
of dissolution (error bars indicate range of data)



	

 17

 

 

Results of the dose-response experiments comparing copper-replete and copper-deplete 

cells yield IC50 concentrations in the same order of magnitude for each growth condition (Figure 

9). Table 3 summarizes the results showing the IC50 values for nCu in the range of 20-25 mg/L 

and the IC50 values for copper ions nearing 10 mg/L. These results are consistent with the 

preliminary data shown in Figure 8. There is no distinguishable difference between the IC50 

					 	
 
Figure 7: ATP Viability Assay Standard Curves 
(A) ATP luminescence standard curve using purified ATP; (B) correlation between the number of algae cells and ATP 
luminescence (error bars indicate standard deviation) 
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Figure 8: Comparison of Three Dose-response Curves for C. reinhardtii 
Dose-response curves for C. reinhardtii cells exposed to copper nanoparticles, copper chloride, or polystyrene nanoparticles; 
resulting from ATP luminescence viability assay (GraphPad Prism 5.0) (error bars indicate standard deviation) 
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values for copper-replete and copper-deplete cells, nor is there measurable variance over time. A 

larger IC50 concentration for nCu indicates a smaller toxic effect compared to soluble copper. 

 

Table 3: Half Maximal Inhibitory Concentrations 
Approximate IC50 values for copper nanoparticles and copper ions for C. reinhardtii cells grown in copper-replete or copper-
deplete conditions 

 Copper nanoparticles Copper ions as CuCl2 

Copper-replete cells 20 mg/L 9.0 mg/L 

Copper-deplete cells 25 mg/L 7.4 mg/L 
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Figure 9: Dose-response Curves for C. reinhardtii exposed to nCu or CuCl2 After 12 Hours 
Developed using the ATP luminescence viability assay and GraphPad Prism 5.0; (A) copper-replete cells exposed to copper 
nanoparticles; (B) copper-replete cells exposed to copper ions from CuCl2; (C) copper-deplete cells exposed to copper 
nanoparticles; (D) copper-deplete cells exposed to copper ions from CuCl2 (error bars indicate standard deviation) 

(A) (B)

(C) (D)
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While copper exposure concentrations are equal, particle dissolution plays a role in ion 

availability. Copper chloride is initially soluble, making the algae exposure to high doses of 

copper immediate. Copper nanoparticles, on the other hand, are not initially soluble and less 

copper is available to the exposed cells. While the ICP-OES data show rapid copper dissociation 

of the nanoparticles, potential limitations of the small HTS wells include altered particle-media 

chemistry. A smaller ratio between particle aggregate and aqueous environment may cause 

copper accumulation at the bottom and corners of the wells, preventing complete dissociation 

and exposure. Yet, the complex chemical interactions are environmentally relevant and provide 

information about the degree of toxicity of copper and nCu released to the environment. 

Chlorophyll Content 

 Several key observations can be made from the chlorophyll concentration data shown in 

Figure 10: (1) copper-replete cells have lower chlorophyll concentrations compared to copper-

deplete cells after exposure to nCu or CuCl2, (2) cells exposed to nCu have higher chlorophyll 

concentrations than cells exposed to CuCl2, and (3) the gap between the chlorophyll 

concentrations of the unexposed controls and the exposed cells widens over time. The first 

observation suggests that the overall health of the copper-deplete cells exposed to copper is 

better than the comparable copper-replete cells. When cells are starved of copper and then spiked 

with toxic levels of nCu, the cells are initially able to utilize this copper as a nutrient source. The 

second observation is consistent with the IC50 data showing that nCu has a lower toxic effect on 

C. reinhardtii than equal concentrations of copper ions. The third observation shows that while 

the unexposed control cells are increasing in chlorophyll over time, the exposed cells are 

decreasing in chlorophyll. The control cells are growing and becoming healthier as the overall 

health of the exposed cells is declining, indicating that the excess copper is no 

longer
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serving as a nutrient source for the copper-deplete cells. While initially beneficial to the copper-

deplete algae, the spike in nCu or copper ions does eventually become toxic to the cells. 

Expression of Stress Genes 

 The results of qPCR for six genes shown in Figure 11 provide several observations about 

both copper-deplete C. reinhardtii cells and cells exposed to nCu. Normalized by the unexposed 

copper-replete control group, these results specify the degree of stress experienced by each 

experimental sample. The CYC6 gene expression study reveals significant expression in the 

unexposed copper-deplete control group, consistent with previous findings [40]. Interestingly, 

								 	

	
 
Figure 10: Chlorophyll Concentrations 
Comparison of chlorophyll concentrations in C. reinhardtii cells exposed to copper ions or nCu for both copper-replete and 
copper-deplete cultures; (A) 24-hour exposure; (B) 48-hour exposure; (C) 72-hour exposure (error bars indicate the range of 
data) 



	

 21

the copper-deplete cells exposed to nCu or copper ions both experience a lower expression of the 

CYC6 gene when compared to their copper-replete counterparts. Consistent with the chlorophyll 

data, this suggests that the copper-deplete cells are able to use the nCu as a nutrient source, 

 

 despite being at toxic levels. Additionally, CYC6 is expressed to a lesser degree in the cells 

exposed to nCu versus the cells exposed to an equal dose of copper ions as CuCl2. This finding is 

																									 	
	

																									 	
	

																									 	
	
Figure 11: Expression of Stress Genes 
(A) CYC6; (B) MSD1; (C) FSD1; (D) HSP70B; (E) MTP1; (F) PAA1 (error bars indicate the range of data) 
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also consistent with the IC50 concentrations and chlorophyll data suggesting that nCu is less toxic 

to C. reinhardtii than copper ions. 

The expression studies for FSD1, MTP1, and PAA1 show minimal divergence from the 

unexposed copper-replete control group, indicating that these genes do not play a role in nCu 

toxicity. On the other hand, the MSD1 and HSP70B genes may be involved in copper toxicity 

because both are up-regulated in cells exposed to nCu or an excess of copper ions. As with the 

CYC6 gene, the MSD1 and HSP70B genes also show a lower expression in the copper-deplete 

cells versus the copper-replete cells. The ability of the copper-deplete cells to utilize the excess 

copper provided by the nCu is most likely responsible for this difference in expression. Together, 

these results indicate that (1) copper-deplete cells are able to initially benefit from exposure to 

excess nCu and down-regulate the otherwise overexpressed CYC6 gene, (2) ROS mitigated by 

manganese superoxide dismutase is in part responsible for copper toxicity, and (3) nCu toxicity 

may follow a similar mechanism as heat or light-mediated cell death. Additionally, toxicity 

contributions from ROS mitigated by iron superoxide dismutase and the metal transport proteins 

encoded by MTP1 and PAA1 are not significantly involved in nCu toxicity towards C. 

reinhardtii cells. 

Disruption of Cell Membrane and Reorganization of Organelles 

 The TEM images resulting from Batch 1 and Batch 2 show significant cell surface 

disruption and damage to organelles (Figure 12). The double cell wall, indicated by the black 

arrows, has considerably thinned in the cells exposed to excess copper (Figure 12, B and C). The 

cell membranes, indicated by the white arrows, are virtually nonexistent compared to that of the 

unexposed control cell. Additionally, the chloroplast in the exposed cells is unidentifiable, as the 

internal cellular structures have become disorganized. 
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Figure 12: Batch 1 TEM Images Show Disruption of Cell Membranes and Cell Walls 
(A) Unexposed control; (B) Exposed to 62.5 mg/L nCu; (C) exposed to 62.5 mg/L copper as CuCl2 

	 	 	 		
		

	 	 	 		
 
Figure 13: Batch 3 TEM Images Show Reorganization of Organelles 
(A) copper-replete, unexposed control; (B) copper-replete, exposed to 20 mg/L nCu; (C) copper-replete, exposed to 20 mg/L 
copper as CuCl2; (D) copper-deplete, unexposed control; (E) copper-deplete, exposed to 20 mg/L nCu; (F) copper-deplete, 
exposed to 20 mg/L copper as CuCl2 

(A) (B) (C) 

(F) (E) (D) 

(A) (B)

(C) 

chloroplast 
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The cells from the Batch 3 TEM preparation show similar malformations along the cell 

surface and among the organelles. Figure 13 compares copper-replete and copper-deplete cells 

exposed to nCu or Cu ions. In this sample preparation, cells were exposed to 20 mg/L nCu, as 

opposed to the 62.5 mg/L nCu in Batch 1 and Batch 2. Even with a third of the copper, the 

exposed cells clearly show disrupted membranes (Figure 14) and shrinking chloroplasts. 

Organelles appear to be ruptured and few cell parts are distinguishable. The unexposed control 

cells shown in Figures 12-14 have smoother, intact cell parts. Differences between copper-

replete and copper-deplete cells under the same exposure conditions are not obvious. 

 

	 	 	 			

	 	 	 	
 
Figure 14: Batch 3 TEM Images Show Thinning Cell Membranes 
(A) copper-replete, unexposed control; (B) copper-replete, exposed to 20 mg/L nCu; (C) copper-replete, exposed to 20 mg/L 
copper as CuCl2; (D) copper-deplete, unexposed control; (E) copper-deplete, exposed to 20 mg/L nCu; (F) copper-deplete, 
exposed to 20 mg/L copper as CuCl2	

(A) (B) (C) 

(F) (E) (D) 
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Cellular Swelling and Osmotic Burst 

 In addition to revealing membrane damage and intracellular organelle shifting, the TEM 

images also indicate swelling of the cells exposed to excess copper. Looking at the scale bars in 

Figure 15, both the cell exposed to nCu and the cell exposed to CuCl2 have swollen to nearly 

twice the size of the unexposed control cell. These images suggest that an ion gradient is forming 

across the membrane causing water to permeate into the cell. This osmotic swelling may be 

caused by an accumulation of copper inside the cell membrane. Figure 16 shows similar 

   

					 	
	

	
 
Figure 15: Batch 1 TEM Images Show Cellular Swelling 
(A) Unexposed control; (B) Exposed to 62.5 mg/L nCu; (C) exposed to 62.5 mg/L copper as CuCl2 

(A) (B)

(C) 
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results in the cells exposed to 20 mg/L of copper. The space between the cell wall and the cell 

membrane has widened and the cell wall has become more circular as opposed to oblong, 

particularly in the exposed copper-deplete cells (Figure 16, E and F). 

 The ICP-MS measurements of the extracellular, intracellular, and membrane-associated 

fractions of copper are shown in Figure 17. The copper-deplete cells exposed to nCu have a 

higher concentration of copper in the intracellular and membrane-associated fractions than any of 

the other samples. In this time frame, copper particles are accumulating in and around the cells, 

creating an ion gradient across the cell wall. This ion gradient would cause an osmotic effect and 

the cells to swell, eventually leading to a rupture and cell death. The TEM images presented and 

the ICP-MS data suggest that osmotic burst is a contributor to the complex mechanism of copper 

nanoparticle toxicity towards C. reinhardtii.  

 

	 	 	 	
	

	 	 	 	
 
Figure 16: Batch 4 TEM Images Show Swelling of Exposed Cells 
(A) copper-replete, unexposed control; (B) copper-replete, exposed to 20 mg/L nCu; (C) copper-replete, exposed to 20 mg/L 
copper as CuCl2; (D) copper-deplete, unexposed control; (E) copper-deplete, exposed to 20 mg/L nCu; (F) copper-deplete, 
exposed to 20 mg/L copper as CuCl2 

(A) (B) (C) 

(F) (E) (D) 
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CONCLUSIONS 

 It has been shown that several factors contribute to the toxic effect of copper 

nanoparticles on the freshwater algae, Chlamydomonas reinhardtii. Based on microscopy, gene 

expression studies, dose-response, and chlorophyll measurements, copper nanoparticles may be 

utilized as a vital nutrient when copper is a scarce resource, but will become toxic through ROS 

generation, heat and light reactive channels, and osmotic burst caused by intracellular copper 

accumulation. Copper ions are the greatest contributor to the toxicity of copper nanoparticles on 

C. reinhardtii. It has also been shown that while nano-copper toxicity is dose-dependent yielding 

IC50 concentrations of 20 mg/L, it is not time-dependent. Additional studies into the size-

dependent toxicity of nCu are on the horizon. Furthermore, a new high-throughput viability 

assay has been development for C. reinhardtii using a method never before utilized for 

microalgae cells. 

 

						 	
	
Figure 17: Cell Association of Copper in C. reinhardtii 
Extracellular, membrane-associated, and intracellular copper fractions of C. reinhardtii cells exposed to 20 mg/L copper ions 
as CuCl2 or 20 mg/L copper nanoparticles after approximately 6 hours of exposure; (A) copper-replete cells; (B) copper-
deplete cells (error bars indicate standard deviation)
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