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Abstract When incubated with nanomolar concentrations

of fluorescent semiconductor nanocrystals in moderately

hard water the fluorescence of living Ceriodaphnia dubia

increased. Average pixel intensity of exposed animals was

greater than that of unexposed animals and increased in a

dose and exposure time-dependent-manner. Internal struc-

tures were clearly visible in exposed and unexposed animals

but fluorescence was most intense in the region of the

abdominal appendages of exposed animals. Since these

nanoparticles contain significant quantities of the toxic

metals cadmium and selenium, their accumulation from

aquatic environments by this standard test organism has

significant implications about their potential environmental

toxicity.

Keywords Nanocrystals � Nanoparticles � Absorption �
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Engineered nanomaterials that differ in size, shape, surface

area and chemical composition are currently used in research

applications, and, on a larger scale, in industrial and

consumer applications. Concerns for environmental effects

accompanying the increased use of nanoparticles are com-

monly addressed (Colvin 2003; Sharpe 2003; Mulhall 2004).

Although carbon-nanostructures have received some toxi-

cological characterization (Colvin 2003; Oberdörster 2004;

Lavern and Klaper 2006; Roberts et al. 2007) few results

pertinent to the toxicology of other nanoscale particles have

been reported. Of particular relevance to this study, at

present nothing is known about where QDs partition in the

environment and very little is known about routes of expo-

sure (Hardman 2006). There have been several in vitro

studies that suggest that QDs have significant toxicity to

cultured cells (e.g. Lovric et al. 2005; Hoshino et al. 2004),

while others have reported no toxic effects after in vitro

(Voure et al. 2004; Jaiswal et al. 2003; Chen and Gerion

2004) or in vivo (Larson et al. 2003; Ballou et al. 2004)

exposures.

Semiconductor nanocrystals can be engineered to fluoresce

at visible wavelengths and are commercially available from a

number of sources. They have the distinct advantage over

other available fluorophores of providing long-lasting stable

fluorescence that is extremely fade resistant. Because of these

advantages and the ease with which the surface of the

nanoparticle can be modified, these nanoparticles are finding

wide spread use as in vivo and in vitro markers, labels and

trackers (Pellegrino et al. 2003). Typically, semiconductor

nanocrystals (QDs) contain a Cd/Se or Cd/Te crystalline core

(diameter*4 nm) that is coated with a shell of ZnS. This shell

is covered with an organic polymer (e.g. polyethylene glycol)

that can be treated so that active residues are available for

linking to other molecules (e.g. antibodies, lectins and nucleic

acids). The overall diameter of the resulting nanoparticle is
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*10–25 nm or about the size of a small proteins. Some

investigators have reported that the surface coatings of QDs

are subject to photolysis or oxidation (Derfus 2004; Aldena

et al. 2001; Kloepfer et al. 2003). This may result in the core

dissolving so that the toxic metals it contains are available as

hydrated ions. The results of one in vitro study suggest that

this significantly increases the toxicity associated with QD

exposure in cultures of primary rat hepatocytes (Derfus 2004).

Very little is known about the uptake of QDs by aquatic

organisms. However, because of the known toxicity of metals

used in microcrystal nanoparticles, the potential effects of

introducing these nanomaterials into the environment warrant

thorough investigation. In this investigation the fluorescence

properties of commercially available QDs were used to detect

absorption of QDs by an aquatic test organism, Ceriodaphnia

dubia, by using standard microscopy techniques to measure

changes in fluorescence intensity of animals exposed to QDs.

Materials and Methods

Ceriodaphnia dubia were grown in accordance with USA

EPA (2002) protocol at the Arkansas State University

Ecotoxicology Research Facility. Moderately hard water

(MHW, hardness = 90 mg/L as CaCO3, pH 7.2) was used

for daphnia maintenance and QD suspensions. Adult animals

(age 5–14 days) were exposed to ambient light and a tem-

perature of *22�C was maintained. Animals were fed daily

(1.5 mL per 100 mL water per 15 animals) with a combi-

nation of laboratory produced algae and yeast-cereal leaves-

trout chow diet (YCT) for C. dubia (USA EPA 2002).

Qdot� 545 ITKTM Carboxyl Quantum Dots (Fisher

Scientific, USA; Fisher part no Q21391MP) were used in

all experiments. The peak emission of these particles is

between 541 and 549 nm. The organic polymer coating of

these nanoparticles was treated so carboxyl groups were

available on their surface. The manufacturer specified that

QD concentration in purchased suspensions was 7.7 lm.

Adult animals were exposed to QDs by incubating 12

animals in 100 mL of MHW containing 0 (control), 200,

400 or 600 ppt QDs. Exposure suspensions were made by

diluting purchased QD suspensions with MHW. For each

trial three replicates of each concentration were prepared so

that different animals could be sampled after a 4, 8 or 24 h

exposure. Eight animals were removed at random from

each exposure vessel for examination after each incubation

period (4, 8 or 24 h). This process was repeated six times

so that a total of six different groups were examined at each

time and exposure dose. All replicates included unexposed

groups (54 groups total). No animal mortality was observed

during the exposures.

Immediately after removal from incubation suspension

live animals were placed on a glass slide in a small droplet of

MHW. All images were taken of living animals using a Ni-

kon epifluorescence microscope (Nikon Eclipse E800,

excitation k 465–495: emission k 515–555 nm) equipped

with a mercury-vapor illumination and a Cascade Photo-

metric digital camera. A brightfield image of each animal

was taken. To insure consistent focus, the post abdominal

claw was in clear focus in each of these images. A fluorescent

image was then taken without altering the focus (for exam-

ple, see Fig. 1). Images were digitized using Nikon ACT-1�

software and stored for further analysis. All animals were

imaged within 60 s of removal from incubation suspensions.

MetaMorph� 6.10 Meta Imaging Series Environment

(Universal Imaging CorporationTM) was used to measure

average pixel intensity in the fluorescence image of each

animal. The outline of each animal (not including the

dorsal brood pouch) was traced on the brightfield image of

that animal. This outline was transferred to the fluorescence

Fig. 1 Images of unexposed daphnid. Brightfield (left and center

panels) and fluorescent (right panel) images of a daphnid exposed to

200 nm QDs for 8 h. The abdominal hook that was used as a focus

reference is circled in the leftmost panel. The black outline shown in

the middle panel was produced by tracing the outline of the daphnid

in the digital brightfield image. Because the edges of the daphnia were

not always visible in fluorescence images, this outline was copied to

the fluorescence image of the same daphnid. The number and average

intensity of the pixels within the outline was measured. Notice that

brightness within the fluorescence image is not uniformly distributed.

For example, comparison of fluorescence image in Fig. 1 to that in

Fig. 2 shows a slight increase in the brightness of the digestive tract,

but the greatest increase is in the region of the thoracic appendages
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image of that animal (illustrated in Fig. 2). The number and

average intensity of the pixels within the outline on the

fluorescence image was measured. The number of pixels in

each outline was used to verify that the size of the organ-

isms was not affected by exposure dose or time.

Measurements of the number of pixels and average pixel

intensity of all animals in each replicate of unexposed (con-

trol) animals and exposed animals were compared using a

repeated measures ANOVA with Prism� 4.0 (GraphPad

Software, San Diego, CA, USA) at each time interval.

Because this comparison showed that there was no difference

in average size or pixel intensity of unexposed replicates

sampled at each time point, all unexposed replicates were

grouped for comparisons to exposed animals.

Results and Discussion

Size of all animals was estimated by counting the number of

pixels in each image. Comparison of size of animals after

different exposure times and after exposure to different

concentrations of Q-dots showed that there was no significant

difference in animal size. Average size of images of exposed

animals was 5,164 ± 648 pixels while average size of

unexposed animals was 5,172 ± 669 pixels. Thus, changes in

fluorescence intensity were not related to animals’ growth

patterns.

Untreated animals exhibited slight autofluorescence.

This was most evident in the digestive tract and was not

influenced by incubation time (p [ 0.05, see Fig. 2).

Treated animals showed significant increases in fluores-

cence (compare fluorescence images in Figs. 1 and 2). At

all exposure concentrations there were significant increases

in fluorescence within 4–8 h of exposure. Twenty-four

hours after exposure began there was no significant dif-

ference in fluorescence intensity of animals exposed to

different QD concentrations (Fig. 3). Internal structures

were clearly visible and differentially labeled in exposed

animals. For example, the digestive tract of exposed

animals was brighter than that of unexposed animals, but

the greatest increase in brightness was in the region of the

thoracic appendages (compare fluorescence image in Fig. 1

to that in Fig. 2). The techniques used in this investigation

Fig. 2 Images of an unexposed

daphnid. Brightfield (left panel)

image includes outline that has

been transferred to the

fluorescence (right panel) image

of the same organism.

Fluorescence image shows

slight autofluorescence of the

digestive tract and heart.

Comparison of this fluorescence

image to that in Fig. 1 shows

the much greater intensity

associated with exposure to

these QDs

Fig. 3 Average pixel intensity in fluorescence (excitation k 465–495;

emission k 515–555 nm) images of C. dubia exposed to various

concentrations of QDs. All values are average pixel intensity of

exposed animals (6 groups at each dose and time). Unexposed data

are average of all unexposed groups (n = 54). Error bars are ±SEM.

Statistical comparisons made using repeated measures ANOVA of the

average pixel intensity of animals in each replicate. (a) Significantly

different from unexposed animals (p \ 0.01). (b) Pixel intensity of

animals exposed to 200 ppt QDs for 4 h was significantly different

than that of animals exposed for 4 h to 400 (p \ 0.05) or 600 ppt

(p \ 0.01). (c) Pixel intensity of animals exposed for 200 ppt QDs for

8 h was significantly different than that of animals exposed to 400 ppt

for 8 h (p \ 0.01). There were no significant exposure concentration-

dependent differences after 24 h
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did not allow the concentration of quantum dots associated

with exposed daphnia to be measured. In fact, using these

techniques, there was no fluorescence in the concentrations

of QD suspensions either prior to or following daphnia

exposure. Therefore, results indicate that these aquatic

organisms absorb and concentrate QDs against appreciable

concentration gradients. QD accumulations in this study are

similar to previous studies with lipid-coated carbon nano-

tubes. Following ingestion by Daphnia magna, Roberts et al.

(2007) reported visible accumulation of water soluble carbon

nanotubes filling the gut track of exposed organisms.

QDs used in these experiments contain significant

amounts of potentially toxic metals Cd and Se. Since toxi-

cological endpoints of Cd (CdCl2 LC 50) from 54–59 lg/L

using C. dubia as a test organism have been reported (Bitton

et al. 1996; Diamond et al. 1997; Lee et al. 1997), this

provides strong motivation for further efforts to measure the

toxic effects of these QDs in aquatic environments. These

preliminary results also suggest that acute exposures to intact

quantum dots have little toxic effects on C. dubia. This may

be because the Cd/Se nanocrystal is encapsulated in nontoxic

materials that prevent exposure of test organisms to these

metals. Further studies are needed to evaluate the effect of

environmental factors on the integrity of these coatings, on

effects of chronic exposures to quantum dots and on the

environmental fate of the metals contained in the nanocrystal

core of such particles.
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