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Abstract
Biodistribution of CdSe/ZnS Quantum Dots in Aquatic Organisms
by
Nastassja Lewinski

This thesis investigates the biodistribution and toxicological effects of
amphiphilic polymer coated CdSe/ZnS quantum dots (QDs) in two aquatic species,

Daphnia magna (daphnia) and Danio rerio (zebrafish).

The use of QDs in the life

sciences has become common practice over the past decade. In addition QDs are being
incorporated in commercially available light emitting diodes and photovoltaic solar cells.
As the widespread commercial use of QDs increases, environmental release is inevitable,
and water will contain the highest environmental concentrations based on life cycle
assessments. Despite increased attention to the aquatic toxicology of nanomaterials in
recent years, little information exists on the biological fate of QDs in aquatic organisms.
Quantitative data on the uptake and excretion of QDs from daphnia and zebrafish were
collected using fluorescence imaging paired with metal analysis. First, daphnia were
examined after aqueous and dietary exposure to amphiphilic polymer coated CdSe/ZnS
QDs.

Surface coating influenced QD acute toxicity and high particle aggregation

correlated with daphnia mortality.

QDs were readily ingested by daphnia and

accumulated in their intestines. High body burdens of 150-200 f,tg/g were found in the
daphnia, with intestinal QD concentrations significantly elevated above the exposure
media concentration. The slow elimination observed in daphnia suggested that trophic

11

transfer of QDs to higher organisms may occur. Using daphnia and zebrafish as a model
food chain revealed that QDs can transfer to zebrafish through dietary exposure with
body burdens of 8-9.5 /-tg/g found. However, no biomagnification between daphnia and
zebrafish was observed and the biomagnification factor (BMF = 0.04) was significantly
less than one. This work demonstrates that aqueous and dietary exposures to QDs can
result in high total body concentrations in aquatic organisms with little to no gross
toxicity.

The low acute toxicity observed for some surface coated QDs encourages

further design optimization to improve the biocompatibility and reduce the environmental
impact of QDs.
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Chapter 1 Introduction
Recent advances in nanotechnology have spurred the use of nanomaterials in
commercially available products, with twenty-four times as many products on the market
in 2010 (n

=

1317) compared to 2005 (n

=

54).1 One particular type of nanomaterial,

quantum dots, has unique optical properties making it advantageous for biomedical and
optoelectronics applications. Quantum dots (QDs) are semiconductor nanocrystals with
core sizes ranging from 2-10 nm in diameter.

Using controlled synthesis methods,

monodisperse solutions can be generated, and because their absorption and emission are
size dependent, emission spectra ranging from ultraviolet to infrared can be obtained. In
addition to their optical tunability, QDs have narrow emission peaks which facilitate
multiplexing, are resistant to photobleaching which permits laser excitation over long
periods of time, and have high fluorescent intensity due to high quantum yields and high
extinction coefficients.

The utility of these properties has made QDs desirable over

organic fluorophores for many biological imaging applications.
The core composition of QDs can consist of atoms from groups II-VI (e.g. CdSe,
CdTe, PbSe, and ZnS) and groups III-V (e.g. GaAs, GaN, InP and InAs) on the periodic
table. 2 Many of these core metals, such as cadmium, selenium, lead and arsenic, are
known to be toxic at low concentrations.

Consequently, the heavy metal chemical

composition is considered the primary contributor to QD toxicity. If QDs are exposed to
conditions promoting degradation, such as an oxidative environment, toxicity related to
the release of free metal ions is expected. However, QDs as synthesized are hydrophobic
in nature and require a secondary coating to render them water soluble and biologically
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useful. This surface coating can change the QD core durability and suspension stability,
which will affect the toxicity.
In addition to chemical composition, the umque properties that arise when
materials are synthesized at the nanoscale suggest that their biological effects may also
differ from their bulk counterparts. For most nanomaterials (NMs), the size and surface
properties are thought to drive the toxicity and biodistribution more than the chemical
composition. The small size of NMs may enhance internalization and accumulation in
cells and organs. Their size may also facilitate transport across cellular membranes and
nuclear membranes where they may interact with internal cell structures and directly
cause damage. 3 In addition, the high surface area and/or chemical constituents (e.g.
heavy metals) could cause inflammation and oxidative stress, from which generated
reactive oxygen species (ROS) can damage lipids, proteins, and DNA.4 Therefore a
challenge for QD design is reduction of size-based effects and ROS induced oxidative
stress in addition to heavy metal release.
Whether its QDs or NMs in general, the increased production, use and disposal of
products containing NMs will undoubtedly lead to environmental release. However, the
effects ofNMs on the environment are not completely understood. As a consequence, the
evaluation of the potential hazards of NMs is an emerging area in ecotoxicology and has
become a major federal research priority.5, 6 With greater attention to and support of NM
environmental, health and safety research, the number of articles published over the past
five years has increased almost five times, from 188 in 2005 to 918 in 2010 as shown in
Figure 1.1a. 7 A comparable change is found for QD specific studies as shown in Figure
1.1b.
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Figure 1.1 Nanomaterial EHS publications from 2005-2010 for A) all nanomaterials and

B) QDs only. The bars represent the number of records in International Council on
Nanotechnology (ICON) database on nanomaterial EHS research (entire bar) and on
aquatic organism (algae, daphnia, mussels, fish) toxicology (light blue). Search was
made on March 15, 2011.
One should note that much of this data was collected as part of the development of novel
NM-based imaging and therapeutic agents.

These studies primarily document

cytotoxicity assay results, which in many cases involved very high exposure doses to
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observe an effect due to the short exposure duration.

Looking beyond cytotoxicity,

understanding the in vivo toxicity, distribution and transport kinetics of NMs is critical
since both medical biocompatibility and environmental effects testing require data on the
risk of accumulation and persistence. Compared to NM preclinical rodent studies, NM
aquatic toxicity testing, which is used by the

u.s.

Environmental Protection Agency to

assess the hazard of a chemical to the environment, has lagged behind with over three
times as many rodent studies (n = 878) published between 2005 and 2010 compared to
aquatic studies (n= 250).7 Therefore, the fate and transport ofNMs in aquatic organisms
are only beginning to be understood.
During the time period this thesis work was being conducted, less than 10% of the
publications in nanomaterial EHS contributed new data to understanding the biological
effects of NMs in aquatic organisms (Figure 1.1).

Of the organisms tested, daphnia

followed by zebrafish were the most studied (Figure 1.2a) with many of the
investigations to date focused on acute toxicity. Surprisingly, although the earliest study
published in this time period using nanomaterials in an aquatic organism involved QDs in
zebrafish embryos, most NM ecotoxicity research has focused on carbon NMs,
particularly fullerenes, and metal oxide NMs, such as titanium dioxide and zinc oxide
NMs (Figure l.2b).
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Figure 1.2 Distribution of nanomaterial ecotoxicological exposure data by A) organism
and by B) engineered nanomaterials. The total number of records was 250 collected from
research article abstracts available through the Web of Science or ICON databases before
March 15, 201 1.

Confirming and quantifying the presence of these NMs in vivo can present a challenge.
This is especially apparent with carbon NMs as their chemical composition does not
easily differentiate the NMs from the sample. Radioactive tracers are often conjugated to
the NM surface to facilitate detection. 8- Io

More recently, Raman spectroscopy and

intrinsic near-infrared fluorescence have been used to detect single-walled carbon
nanotubes in vivo. I I, 12 However, Raman spectroscopy data is only semi-quantitative, and
since only individual - not aggregated - single-walled carbon nanotubes fluoresce, the
collected signal is often too weak for in vivo imaging. Unlike carbon and metal oxide
NMs, QDs possess uniquely identifiable characteristics, such as their narrow emission
peak and heavy metal composition, which facilitate visualization and quantitative
measurements.

Despite these experimental design advantages in addition to their

increased commercialization, limited ecotoxicity data has been collected on QDs.
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The goal of my thesis research was to initiate quantitative data collection on the
uptake and distribution of water solubilized CdSe/ZnS QDs in model aquatic organisms,
specifically daphnia and zebrafish, using fluorescence imaging paired with metal
analysis. Existing literature on QD ecotoxicity consists of studies designed to answer
basic toxicological questions concerning acute toxicity concentrations and corresponding
adverse effects.

This work expands our knowledge on QD ecotoxicity further by

investigating (i) methods for detection and quantification of QDs in aquatic organisms,
(ii) the absorption and distribution of QDs in vivo, and (iii) whether QDs can adversely
affect aquatic food chains. The results are presented in six chapters. Since in vitro data
serves as the basis for designing in vivo studies, Chapter 2 reviews cytotoxicity data for
several widely used NMs. Chapter 3 details the experimental methods used to generate
the data presented in Chapters 4 and 5.

These methods include QD synthesis and

characterization techniques, aqueous and dietary exposure scenarios for daphnia and
zebrafish, QD detection techniques using fluorescence microscopy and inductively
coupled plasma mass spectrometry, and biokinetic models.

Chapter 4 describes an

imaging and quantification study on QD exposed daphnia. Daphnia serve as a unique
model for studying NM biodistribution since their transparency and size facilitate noninvasive whole organism microscopy. The results from this study provide the rationale
for the trophic transfer study presented in the next chapter.

The effects of QDs in

zebrafish at three different life stages are presented in Chapter 5. In addition to embryo
acute toxicity testing, dietary exposure results in juvenile and adult zebrafish give insight
into the biomagnification potential of QDs. Lastly, Chapter 6 concludes this thesis with a
summary and a discussion of future work based on my observations and study findings.
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Chapter 2

Background*

Nanoparticles, according to the ASTM standard definition, are particles with
lengths that range from 1 to 100 nanometers in two or three dimensions. 13 It is projected
that production of nanoparticles will increase from the estimated 2,300 tons produced
today to 58,000 tons by 2020. 14

With this increase in manufacturing of nano-containing

merchandise along with the constant discovery of new applications of nanoparticles
(NPs), it is surprising that knowledge on the health effects of NP exposure is still limited.
However, the number of efforts aimed at determining the health risks associated with NP
exposure continues to grow. This is essential as public perception of nanotechnology can
be jeopardized by events such as the 'nano scare' during 2006 in Germany involving the
aerosol glass protective, Magic-Nano,15 or the sunscreen controversy after the

u.s.

Environmental Protection Agency released findings that nano-sized titanium dioxide
particles found in sunscreens could cause brain damage in mice. 16 These two incidents
exemplify why the need to verify the safety of NPs is increasingly more pertinent.
In contrast to NP exposure through use of consumer products, emerging
biomedical applications of NPs as drug delivery agents, biosensors or imaging contrast
agents involve deliberate, direct ingestion or injection of NPs into the body.

For

biomedical purposes, especially in vivo applications, toxicity is a critical factor to
consider when evaluating their potential. NPs for imaging and drug delivery are often
purposely coated with bioconjugates such as DNA, proteins, and/or monoclonal
antibodies to target specific cells. As these NPs are intentionally engineered to interact
* Adapted from Lewinski, N., Colvin, Y., Drezek, R. "Cytotoxicity ofNanoparticles."
Small, 2008, 4, (1), 26-49.
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with cells, it is important to ensure that these enhancements are not causing any adverse
effects.

More significant is whether either naked or coated NPs will undergo

biodegradation in the cellular environment and what cellular responses degraded NPs
induce.

For example, biodegraded NPs may accumulate within cells and lead to

intracellular changes such as disruption of organelle integrity or gene alterations.
While in vitro NP applications can afford less stringent toxicological
characterization, in vivo use of NPs requires thorough understanding of the kinetics and
toxicology of the particles. In vitro cytotoxicity studies of NPs using different cell lines,
incubation times, and colorimetric assays are increasingly being published. However,
these studies include a wide range of NP concentrations and exposure times making it
difficult to determine whether the cytotoxicity observed is physiologically relevant. In
addition, different groups choose to use various cell lines as well as culturing conditions,
making direct comparisons between the available studies difficult.
Despite these issues, general trends in the pool of existing data can be extracted.
This review examines the cytotoxicity of several classes of NPs currently being
developed for biomedical applications. The nanopartic1es included are: (l) carbon based
nanoparticles, such as fullerenes, single- and multi-walled carbon nanotubes, (2) metal
based nanoparticles, such as gold colloid, nano shell s, nanorods and superparamagnetic
iron oxide nanoparticles, and (3) semiconductor based nanoparticles, such as quantum
dots.

2.1

Cytotoxicity Assays
The first step towards understanding how an agent will react in the body often

involves cell culture studies. Compared to animal studies, cellular testing is less ethically
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ambiguous, is eaSIer to control and reproduce, and less expensive.

In the case of

cytotoxicity, it is important to recognize that cell cultures are sensitive to changes in their
environment such as fluctuations in temperature, pH, nutrient and waste concentrations,
in addition to the concentration of the potentially toxic agent being tested. Therefore,
controlling the experimental conditions is crucial to ensure that the measured cell death
corresponds to the toxicity of the added NPs versus the unstable culturing conditions. In
addition, as NPs can adsorb dyes and be redox-active, it is important that the cytotoxicity
assay is appropriate.

Conducting multiple tests is advantageous to ensure valid

conclusions are drawn.
One simple cytotoxicity test involves visual inspection of the cells with brightfield microscopy for changes in cellular or nuclear morphology. Fiorito et al. used this
technique when evaluating the cytotoxicity of carbon single-walled nanotubes. 17
However, the majority of cytotoxicity assays used throughout published NP studies
measure cell death via colorimetric methods. These colorimetric methods can be further
categorized into tests that measure plasma membrane integrity and mitochondrial
activity.
Exposure to certain cytotoxic agents can compromise the cell membrane, which
allows cellular contents to leak out. Viability tests based on this include the neutral red
and Trypan blue assays. Neutral red, or toluylene red, is a weak cationic dye that can
cross the plasma membrane by diffusion. This dye tends to accumulate in lysosomes
within the cell. If the cell membrane is altered, the uptake of neutral red is decreased and
can leak out allowing for discernment between live and dead cells. Cytotoxicity can be
quantified by taking spectrophotonic measurements of the neutral red uptake under
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varying exposure conditions. 18 Two studies by Flahaut et al. and Monterio-Riviere et al.
exploring the cytotoxicity of carbon nanotubes utilized the neutral red assay. 19, 20
Trypan blue, a diazo dye, is only permeable to cells with compromised membranes;
therefore, dead cells are stained blue while live cells remain colorless. The amount of
cell death can be determined via light microscopy?1 This assay was used by Bottini et al.
and Goodman et al. to determine cytotoxicity of carbon single-wall nanotubes and gold
NPS. 22 ,23
The LIVEIDEAD viability test, which includes two chemicals calcein
acetoxymethyl (calcein AM) and ethidium homodimer, is another assay measuring the
number of damaged cells.

This method has been used to test fullerenes and gold

nanoshells. 24 -26 Calcein AM, an electrically neutral, esterfied molecule, can easily enter
cells by diffusion.

Once within cells, it is converted to calcein, a green fluorescent

molecule, by intracellular esterases. In contrast, damaged or dead cells are stained by
ethidium homodimer, a membrane impermeable molecule, and fluoresce red when the
dye binds to nucleic acids.

When excited at 495 nm, calcein AM and ethidium

homodimer emit distinct fluorescence signatures at 515 nm and 635 nm, respectively.27
A third cytotoxicity assay used in several carbon NP studies is lactate
dehydrogenase (LDH) release monitoring. 26 , 28, 29

In this assay, LDH released from

damaged cells oxidizes lactate to pyruvate which promotes conversion of tetrazolium salt
INT to formazan, a water soluble molecule with absorbance at 490 nm. The amount of
LDH released is proportional to the number of cells damaged or lysed. 3o
In addition to distinguishing between live and dead cells by detecting
compromised plasma membranes, other colorimetric cytotoxicity assays attempt to
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determine the mechanism behind the induced cell death. Mitochondrial activity can be
tested using tetrazolium salts as mitochondrial dehydrogenase enzymes cleave the
tetrazolium ring. Only active mitochondria contain these enzymes; therefore, the reaction
only occurs in living cells. 31 The most widely used test is the MTT viability assay. 19,20,
26,32-37 MTT, 3-( 4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, is yellow in
solution but produces a purple formazan product within live cells. A variation of this is
the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay distributed by Promega
which has been employed by several groupS.38, 39

Here instead MTS, 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-( 4-sulfophenyl)-2H-tetrazolium,
and phenazine ethosulfate, is used.

The number of living cells can be determined

similarly by quantifying the production of formazan by measuring the absorbance at 492
nm.40 Another tetrazolium-based assay used to test the cytotoxicity is the WST assay.41
WST-l or WST-8 converts to a yellow-orange colored formazan product, the
concentration of which can be quantified at 450 nm.42 Resazurin or Alamar blue has also
been used to ascertain cytotoxicity. 43-45 This test is also a colorimetric assay where the
nonfluorescent alamar blue dye is reduced to a pink fluorescent dye by cell metabolic
activity, mainly by acting as an electron acceptor for enzymes such as NADP and FADH
.
. 46
dunng
oxygen consumptIOn.
As not all disruptive effects result in membrane or metabolic function defects,
more extensive cytotoxicity studies have attempted to determine the sub-lethal effects of
NPs. Oxidative stress can be detecting using a glutathione assay. Glutathione (GSH) is
a major antioxidant compound that is oxidized to glutathione disulfide (GSSG) in the
presence of reactive oxygen species.

In order to sustain its protective role against
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oxidative stress, a high GSHlGSSG ratio is required which is maintained by the enzyme
glutathione reductase. The glutathione assay detects levels of glutathione using Ellman's
reagent, 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB), which reacts with the sulfhydryl
group of GSH to produce a yellow colored product, 5-thio-2-nitrobenzoic acid (TNB).
Glutathione reductase also recycles GSH from the GSH-TNB complex producing more
TNB. Since the rate of TNB production is directly proportional to the concentration of
GSH in the sample, the absorbance of TNB can be measured at 405 or 412 nm to
determine the level of GSH.47
Lipid peroxidation of the plasma membrane can be detected using GSH or a
variety of other methods including the widely used thiobarbituric acid (TBA) assay. In
the TBA assay, malondialdehyde (MDA), a toxic byproduct of lipid peroxidation, when
heated at acidic pH reacts with 2-thiobarbituric acid to form a fluorescent pink
chromagen which can be measured colorimetrically when excited at 532 nm.

Other

methods of lipid peroxidation are listed in an extensive review by Halliwell et al. 48
Inflammation is also a possible adverse effect of NP exposure. Commonly tested
pro-inflammatory cytokines or protein signals of inflammatory response include IL-1j3,
IL-6 and TNF-a plus the chemokine IL_8. 49 , 50

These cytokines are detected using

enzyme-linked immunosorbant assay (ELISA) and can be quantified by measuring the
absorbance from either alkaline phosphatase or strepavidin-horseradish peroxidase
labeled antibodies at 405 or 620 nm respectively.51
More extensive cytotoxicity studies have attempted to determine the genotoxic
potential of NPs by examining the extent of DNA damage using several methods. One
test that has been used extensively in studying the effect of carbon NP exposure is flow
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cytometry.52-55 This technique utilizes a laser beam that differentiates cells based on their
size and density. Using DNA intercalating dyes, the cellular DNA content can also be
used to determine the proportion of cells undergoing apoptosis.

One such dye is

propidium iodide, a membrane-impermeable red dye, which undergoes a fluorescence
change proportional to the number of damaged cells. This occurs as binding of the dye to
nucleic acids increases with increased membrane permeability.56

In addition to flow

cytometry, the comet assay has also been used to detect DNA damage in individual cells
using gel electrophoresis. Cells with damaged DNA appear as "comets" with intact DNA
residing in the head portion and broken DNA pieces migrating away forming the tail. A
DNA specific dye such as propidium iodide is used to read the gel, and the amount of
DNA found in the tail is proportional to the amount of DNA damage. 57 More recently, to
determine which specific genes are up or down regulated due to NP exposure, some
groups have conducted preliminary DNA microarray studies. 58 -61
For NPs, the major biological effects involve interactions with cellular
components such as the plasma membrane, organelles, or macromolecules. As different
NPs can trigger distinctive biological responses, it is important that cytotoxicity studies
are conducted for each NP type. The following sections review the existing cytotoxicity
literature on carbon, metal and semiconductor based NPs.

2.2

Carbon Nanoparticles
Carbon nanoparticles are materials composed mainly of carbon with one or more

dimensions at 100 nm or less.

These include, but are not limited to, carbon dots,62

"
64 nano h oms, 65 and nano-omons.
.
59 H owever, as
·
d s, 63 nanOloam,
f u 11erenes, nano d lamon
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fullerenes are the most established of the carbon NPs, the focus is on this type.
Fullerenes as defined by IUPAC encompass C60, single-wall carbon nanotubes (SWNT),
and multi-wall carbon nanotubes (MWNT).66 These three types are the most widely used
and well developed of the carbon NPs. Their unique physio-chemical properties (light
weight, high tensile strength, thermal/chemical stability and conductivity) have generated
several applications including use in biomedical materials and devices, such as in tissue
scaffolds, drug delivery agents and fluorescent contrast agents. 67 -69

In terms of

cytotoxicity, a major factor influencing potential toxicity is the carbon NPs' complexity
and variety in size, shape, charge, methods of production, chemical compositions, surface
chemistryIfunctionalization and aggregation tendency.

A few reviews have been

published looking at the biocompatibility of carbon NP. 70 , 71 This section looks at the
studies that have been conducted to elucidate the safety of these three major types of
carbon NPs.

Summaries of the experimental setup and results on C60 , SWNT, and

MWNT are provided in Tables 2.1-2.3 respectively.

2.2.1

C 60

Several groups have studied the effect of C60 exposure under various experimental
conditions with different cell lines and have yielded different results.

The most

significant factor influencing cytotoxicity in this class of carbon NPs seems to be cell
type. The groups that reported non-cytotoxic effects studied C60 exposure in macrophage
cell lines. Fiorito et ai. found non-toxic responses for pristine C60 in their studies with
murine macrophages. 17 They reported that C60 had low cellular uptake, did not stimulate
nitric oxide release, and did not induce apoptosis in comparison to graphite and SWNTs.
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From this,

C60

was considered to be fairly non-cytotoxic.

C60

was also deemed the least

toxic of the carbon NPs by Jia et al. 33 The group studied alveolar macrophage response
to incubation with C60 and found that, after 6 hours of exposure to as much as 226
mg/cm2 of C60, no significant toxicity resulted. Porter et al. studied the effect of C60 in
human monocyte macrophages and also found no significant cytotoxicity.72 However,
looking at the subcellular level, C60 was found to aggregate into hexagonal units along
the plasma membrane.

In addition, they were found to accumulate intracellularly in

lysosomes, cytoplasm, along the nuclear membrane and inside the nucleus. In contrast,
the groups that studied C60 exposure in other cell lines found a dose-dependent
cytotoxicity relationship.

Incubating four different C60 derivatives, as illustrated in

Figure 1, for up to 48 hours with human dermal fibroblast and liver carcinoma cells,
Sayes et al. found, for all four types, the lowest concentration (0.24 ppb) was relatively
non-toxic while the highest concentration (2400 ppb) was more cytotoxic. 26
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Fullerene Species

Structure

Live Stain

Dead Stain

eso

Figure 2.1
Structures and human dermal fibroblast Live/Dead cell viability assay
results for C60 and derivatives. Reprinted with permission from [26] Copyright 2004
American Chemical Society.

Between the four types, the addition of surface chemistries for water solubility
decreased the in vitro cytotoxicity, with pristine C60 being more cytotoxic while the more
hydroxylated C60 , C6o (OH)24, had no apparent cytotoxicity with an LC so value of > 5
mg/mL. It has been suggested that this difference is due to the generation of reactive
oxygen species associated with C60.

Additionally, particle aggregation was also
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determined to cause some of the cytotoxic effects. A more extensive study by Sayes et

aZ. reported that cell apoptosis due to exposure to C60 was caused by cell membrane lipid
peroxidation from oxygen radicals. 60

This was confirmed when the addition of an

antioxidant, L-ascorbic acid, prevented membrane damage resulting in cell viability
comparable to the control.

Rouse et af. studied the effect of amino acid-derivatized

fullerenes in human epidermal keratinocytes (HEK).73 The levels of pro-inflammatory
cytokine cytotoxicity indicators, IL-8, IL-6, TNF -a, and IL-l f3 were measured. After 24
and 48 hours of incubation, a dose-dependent decrease in cell viability was found as well
as higher phagocytosis of particles observed in cells exposed to concentrations above
0.004 mg/mL. Yamawaki et aZ. tested the effect of hydroxyl fullerene, C 6o (OH)24, on
human umbilical vein endothelial cells and found cytotoxicity after 24 hour incubation
with concentrations between 1 to 100 mg/mL. 61

Morphological changes, increases in

LDH release and growth inhibition were reported. In addition, the fullerenes were found
to aggregate and internalize in autophagosomes suggesting autophagic cell death.
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Table 2.1

2.2.2

Single-wall Carbon N anotubes (SWNT)
Compared to the mixed reports on C 60 , single-wall carbon nanotubes (SWNT)

have typically been labeled as having cytotoxic effects at high concentrations.

In

addition, in a few comparison studies SWNTs were reported as more toxic than the other
two major types of carbon NPS. 33 , 37, 74 In a study exposing human embryo kidney cells to
SWNTs for 1 to 5 days, Cui et al. found dose and time dependent decreases in cell
adhesion ability, cell proliferation, and increases in induction of apoptosis. 52 In addition,
flow cytometry analysis revealed altered cell cycle regulation such as G 1 phase arrest due
to SWNT exposure. Testing four different cell lines (human keratinocytes, HeLa cells,
and two lung carcinoma lines: A549, H1299), Manna et al. found oxidative stress and
inhibition of proliferation increased in a dose and time dependent manner. 75 In addition,
they studied the NFKB pathway, which they found was activated by SWNT exposure
either via MAPK or IKK kinase activation.
While pristine SWNTs were found to exhibit some cytotoxic effects, a few groups
found these effects were mitigated by functionalizing the SWNT surface. Kam et al.
provide flow cytometry analysis that revealed no significant toxicity due to carboxyl,
biotin and fluorescein coated SWNTs in HL60 and lurkat T cells after one hour. 53 Sayes
et al. looked at the cytotoxicity of water-soluble SWNT treated human dermal fibroblasts
over a range of concentrations (3 !J,g/mL -30 mg/mL) for up to 48 hours. 76 As illustrated
in Figure 2, cell death was highest in the cultures exposed to pristine SWNTs while, of
the three functionalized SWNTs, the SWNT containing the most functional groups
yielded the best cell viability.
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found more than 20% growth inhibition at the lowest SWNT dose of 1.41 mg/cm2 . 33
This cytotoxicity was also speculated to be due to the 90% purity of the SWNT solution
as the presence of metallic catalysts could confound the results.
Particle aggregation has also been suggested to be a factor in NP cytotoxicity.
Wick et ai. aimed to determine how agglomeration influenced SWNT cytotoxicity and
tested four different SWNT solutions: the raw material involved in SWNT production,
the SWNT-agglomerates resulting from the synthesis, and the SWNT-bundles and the
SWNT-pellet (devoid of nanotubes) produced from

centrifuging the

SWNT-

agglomerate. 77 Aggregation occurred in all SWNT fractions except the well-dispersed
SWNT-bundles. Correspondingly, the SWNT-bundles did not induce adverse cellular
effects, and as this was the only solution where agglomerates were not formed, this
corroborates the hypothesis that SWNT agglomeration leads to cytotoxic effects.
However, an earlier study by Tian et al. testing an unrefined SWNT solution and a
SWNT solution with the metal catalysts removed found lower cytotoxicity with the
unrefined SWNTs. 37 The group proposed that the lower cytotoxicity of the unrefined
SWNTs was a result of their aggregation into larger and therefore less toxic particles.
This contradicts the reasoning of Wick et al. who hypothesized that the agglomerated
SWNTs were cytotoxic due to the stiffness and larger size making the nanotubes emulate
the effects of asbestos fibers. While the conflicting results may be due to the use of two
different cell lines, asbestos-induced lung cancer cells versus keratinocytes, the effect of
SWNT aggregation is still questionable.
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Figure 2.2
Structures and human dermal fibroblast cytotoxicity data for SWNT and
derivatives. Reprinted from [76] with permission from Elsevier.

Several hypotheses have been postulated to explain the cytotoxicity observed with
SWNT. One is related to the mode of production, as the synthesis of SWNT requires the
use of metal catalysts which can be toxic themselves. Shvedova et al. reported dose and
time dependent cytotoxicity in human epidermal keratinocytes exposed to SWNTs. 45 At
higher concentrations and longer incubation times, increased oxidative stress, reduced
glutathione levels, and nuclear and mitochondrial changes were found. They also noted
that the addition of a metal chelator reduced cytotoxicity suggesting that residual iron
catalyst in solution may playa role in the cytotoxicity observed. In addition, Jia et al.
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2.2.3

Multi-wall Carbon Nanotubes (MWNT)

Studies on multi-wall carbon nanotubes (MWNT) have yielded similar results to
those of SWNTs.

Monteiro-Riviere et al. reported that cells incubated with higher

concentrations of MWNTs for longer exposure times contained more MWNTs. 20 The
percent of cells with MWNTs inside increased from 59% at 24 hours to 84% after 48
hours. In addition, a dose and time dependent decrease in cell viability was observed
coupled with an increase in release of cytokine IL-8 at the higher MWNT concentrations.
While the complimentary study by Shvedova et al. on SWNT proposed the cytotoxicity
may be due to trace amounts of catalyst in the solution, the lack of catalyst particles in
these MWNT solutions suggests the MWNT alone were potentially hazardous. Instead,
Monteiro-Riviere et al. hypothesize that the cytotoxicity is due to MWNT attachment to
the cell membrane or MWNT internalization as MWNTs were seen in the cytoplasm and
near the nucleus.

Sato et al. also found aggregates of MWNT in cytoplasm in their

studies. 8o Bottini et al. also saw time and dose dependent cytotoxicity in T lymphocyte
and lurkat leukemia cells. 22

In addition, comparing the effects of different surface

coatings, hydrophobic MWNTs were less toxic than ones coated with hydroxyl or
carboxyl groups.

The same conclusions were made by Magrez et al. after studying

MWNT in lung carcinoma cells. 34 A dose dependent decrease in cell viability was also
evident after exposing alveolar macrophages to > 95% purified MWNT conducted by lia

et al. 33 However, as they tested different diameters of MWNT (10-20 nm) this dosedependence could be due to particle mass, size, or both. Interestingly, while these groups
found a dose dependent trend in cytotoxicity, Flahaut et al. found a decrease in viability
in human umbilical vein endothelial cells (HUVEC) with dilution of their MWNT
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solution. 19

Although they concluded that the MWNTs were non-toxic as metabolic

activity was maintained above 75%, HUVEC viability seemed to decrease with exposure
to decreasing concentrations of MWNTs with large surface areas. The group suspects
this is a result of the aggregation of MWNTs or their enhanced interactions with the cells
due to their higher dispersion at lower concentrations.
Few groups have studied the inflammatory response to MWNTs.

One group,

Ding et al., looked at the genetic effects of MWNTs and found that high concentrations
induced immune and inflammatory gene overexpression. 59 Witzmarm et al. considered
the protein expression changes after human epidermal keratinocyte exposure to MWNT s
and noted upregulation of proteins related to irritation and cell apoptosis. 81 Muller et al.
incubated peritoneal macrophages for up to 24 hours containing purified MWNT and
ground MWNT at concentrations of 20-100 !Ag/mL.28

They determined that ground

MWNT had a similar capacity for inducing dose-dependent cytotoxicity and upregulating TNF-a expression as asbestos and carbon black.

However, the unground

MWNT sample exhibited lower effects than the ground sample which they attributed to
the increased agglomeration found in the unground sample preventing cellular uptake.
Murr et al. also found cytotoxicity of MWNT was similar to asbestos. 82 Chlopek et al.
investigated the viability and stimulation of fibroblasts and osteoblasts exposed to
purified MWNTs.38 The group deemed MWNTs to be biocompatible with the tested cell
types as they found unchanged levels of osteocalcin, cytokine IL-6 and oxygen free
radicals.
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2.3

Metal Nanoparticles

2.3.1

Gold NanoparticIes
Gold colloids, now often referred to as gold nanoparticles, have been used in

medical applications during clinical testing of heavy metals to treat rheumatoid arthritis
as early as the 1920s. 83

This precedence suggests that current applications of gold NPs

should not be limited by their biocompatibility.

While gold NPs refer to particles

spherical in shape, other geometries, such as gold nanorods, tripods, tetrapods,84 and
nanocages,85 have been synthesized with gold nanorods discussed in further detail in a
later section. Gold NPs exhibit an intense color in the visible spectroscopic region, and
since gold can easily bind functionalizing or targeting ligands, it has great promise as a
contrast agent for bioimaging.
Due to their small size, gold NPs have been found to easily enter cells. Early
studies with cytotoxicity data were focused on utilizing this property for nuclear
transfection and targeting. In their work to find non-viral gene delivery devices, Thomas

et ai. found polyethylenimine (PEl) modified gold NPs could transfect monkey kidney
(COS-7) cells six times better than PEl alone. 86

Cell viability was recorded after

exposure to PEl-gold NP complexes, and 80% of the cells were still metabolically active.
While PEl-gold NPs with dodecyl-PEI complexes achieved even better transfection, cell
viability decreased to 70%. This complex was mainly found inside the cell suggesting
that internalization is a factor in cytotoxicity. However, as the gold NPs were conjugated
to PEl, whether or not the observed decrease in cell viability was due to the gold NPs is
unclear.

Another group, Tkachenko et al., looked first at the nuclear targeting ability of
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gold NPs alone, and then at gold NPs with a full-length peptide containing both the
receptor-mediated endocytosis and nuclear localization signal segments from an
adenovirus in HepG2 cells. 87 The group found that plain gold NPs were readily taken up
into the cytoplasm; however, they did not enter the nucleus. Experiments conducted at
4°C indicated that cell entry was energy-dependent since a decrease in the amount of
particles inside the cells was observed. The gold NPs were determined to be able to enter
the cell by receptor-mediated endocytosis, but unable to leave the endosomes hindering
nuclear targeting. However, the NP-peptide complex incorporating both transport signals
was found to enter the nucleus. Despite this nuclear exposure, cell viability was greater
than 95% after 12 hours of incubation.
Tkachenko et al. conducted another study examining four different peptide-BSAgold NP conjugates in three cell lines (HeLa, 3T3INIH, and HepG2).88

Here they

reported differing effects of the NPs between the three cell lines. The four peptide-BSAgold NPs were able to enter HeLa cells, escape the endosomes, and except for the particle
with the HIV Tat protein, enter the nucleus. In contrast, the four peptide-BSA-gold NPs
were found clustered together in endosomes within the 3T3INIH cells. The HepG2 cells
did not seem to uptake the peptide-BSA-gold NPs except for the gold NP with the
integrin-binding domain. The LDH cytotoxicity assay also confirmed these cell line
differences. After 3 hours of incubation, the peptide-BSA-gold NPs conjugated with the
adenovirus fiber protein caused 20% cell death in HeLa cells while only 5% in the
3T3INIH cells. This suggests that the nuclear delivery of the peptide-BSA-gold NPs
influences cell viability due to particle interactions with cellular DNA. Goodman et al.
also tested the effect of gold NP exposure in multiple celllines?3 Cationic (ammonium-

29

functionalized) and anionic (carboxylate-functionalized) gold NPs with concentrations
between 0.38-3 !-AM were incubated with COS-l cells, red blood cells, and Escherichia
coli cultures for 24 hours. While the cationic NPs were clearly more cytotoxic than the

anionic, a small variation was observed in their LC so values between cell types showing
that different cell types experience similar toxicity.

This contradicts the findings of

Tkachenko et al. as they found a difference between cell lines; however, this could be
due to the use of different surface coatings. 88 In addition, Goodman et al. 23 proposed that
the NPs interact with the cells passively rather than by energy-dependent processes as
suggested by Tkachenko et al. 88 since mammalian and bacterial cells exhibited similar
NP uptake. However, reduced temperature incubation studies were not reported.
As the results from Tkachenko et al. and Goodman et al. show, the types of
surface coating used can play an important role in the cytotoxicity of gold NPs. Connor
et al. studied the effect of size and different surface modifications on uptake and acute

toxicity in human leukemia (K562) cells. 32 The sizes ranged between 4 and 18 nm with
surface modifiers including biotin, CTAB, cysteine, citrate and glucose. After 3 days of
exposure, the largest NP with citrate and biotin surface modifiers did not appear to be
toxic at concentrations up to 250 !-AM. In contrast, similar concentration of the gold-salt
(AuCI 4 ) solution was found to be over 90% toxic. Glucose and cysteine were found to be
less effective in rendering the NPs non-toxic. The gold NP concentration dropped within
the first hour of exposure suggesting rapid uptake of NPs into cells. The consumed NPs
were found clustered in endocytic vesicles and maintained their size after being taken up
by the cells.
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Cytotoxicity may not be the only adverse effect of NPs; NPs may also affect the
immunological response of cells. Shukla et al. tested the effect of gold NPs on the
proliferation, nitric oxide and reactive oxygen species production of RA W264. 7
macrophage cells. 35 After 48 hours of up to 100 !!M gold NP treatment, RA W264.7
macrophage cells showed greater than 90% viability with no increase in proinflammatory cytokines TNF-a and

IL-1~.

Cell viability decreased to 85% after 72

hours, which was attributed to depletion of media nutrients since the media was not
changed in those 72 hours. The group found that cells take up gold NPs internalizing
them in lysosomes, which move in a time-dependent manner toward the nucleus but do
not enter the nucleus. They also corroborate the findings of Goodman et al. that gold
NPs were not present in cells kept at cold (4°C) temperatures?3 Shenoy et al. incubated
bare gold NPs and gold NPs functionalized with methoxy-PEG-thiol or coumarin-PEGthiol with breast cancer (MDA-MB-231) cells for 24 hours. 39

They found that the

functionalized NPs were internalized, by what they suggest is non-specific endocytosis,
within the first hour and localize mainly in the cytoplasm and perinuclear region. This is
in agreement with the findings of Shukla et al. 35
Other non-cytotoxic affects of NPs such as the influence of NP exposure on the
proliferation, morphological structure, spreading, migration, and protein synthesis of
human dermal fibroblast cells were examined by Pernodet et al. 89 They found with
increasing concentration of gold NPs, cell area decreased along with cell number and
density of actin fibers. Although no cytotoxicity tests were conducted, the decreased
number of cells indicates some cytotoxic effects. The number of vacuoles present within
the cells increased with time, and the cells were filled with vacuoles by the sixth day.
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The gold NPs accumulated inside the cells, entering not by endocytosis but rather through
diffusion facilitated by their small size (average size

~13nm).

The observed cellular

changes were both dose and time dependent. The group also notes that the gold NPs are
not digested in the lysosomes, and even though the vacuoles accumulate near the nucleus,
no nuclear penetration was seen. A summary of the experimental setup and results on
gold NPs is provided in Table 2.4.
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0-0.8 mg/mL
(d=13+/-1 nm)

105 cells/well
in 96-well
plates
lysine, PLL,
FITC

citrate
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carcinoma xenograft
cells, MDA-MB-231
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N/A

MTT
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100 flM (d=3-8
nm)
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in 96-well
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coumarin-PEGthiol, mPEGthiol (negative
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K562

w
w

Cell Titer
96

50-200 ~g/mL
(d=10 nm)
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citrate, biotin, Lcysteine,
glucose, CTAB

0-250 flM Au
atoms (d=4,
12, 18 nm)

150 pM (d=22
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BSA,4
targeting
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LDH

MTT,
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NH 3 , COOH

0.38,0.75, 1.5,
or 3 flM

COS-1, Red blood
cells, E.coli

LDH

N/A (d=20-25
nm)

85%
confluency
80%
confluency,
96-well plate

MTT

N/A
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3x10 5
cells/well

NP
Concentration
(average size)

Exposure
Conditions

Human liver
carcinoma, HepG2

Surface
Coating

Cytotoxicity of Gold Nanoparticles

PEI2
BSA, 4
targeting
peptides

COS-7 cells

Cell Line
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2-6 days

24,48,72
hr

24 hr

3 days

3 hr

1,2.5,6,24
hr

12 hr

6 hr + 42 hr

Exposure
Duration

Dose dependent decr
cell area & density; m
vacuoles

100flM - after 72 hr cel
viability to decreased t

Nanoparticles are
internalized but essent
non-toxic up to 200 flg

No apparent toxicity at
flM, glucose and cyste
modified not toxic up t
flM

Cell viability reduced
in HeLa cells, but only
3T3/NIH

LC 50 (COS-1): anionic
flM and cationic >7.37
similar for other cell ty

Viability slightly
compromised « 5%)

70-80% viability after
transfection

Toxicity

2.3.2

Gold Nanoshells
Typically, gold nanoshells are composed of a silica dielectric core coated with an

ultrathin metallic gold layer. This core/shell structure allows for the gold nanoshells to
be made by either preferentially absorbing or scattering by varying the relative core and
shell thicknesses. Because of the "tunability" of their optical properties, nanoshells are
being

developed

for

imaging

contrast

and photothermal

therapeutic

medical

applications. 90 ,91
A few studies have been published with cytotoxicity results on gold nanoshells.
The first to suggest that gold nanoshells are non-toxic was Hirsch et al. While the focus
of the study was on the photothermal ablative ability of the nanoshells, they mention that
exposure to nanoshells did not cause cell death?4 In later studies by Loo et aI., SKBR3
breast cancer cells exposed for one hour to 8 mg/mL or 3xl09 nanoshells/mL of antiHER2 bioconjugated nanoshells exhibited no difference in viability compared to control
cells. 25 ,

92

A more recent study by James et al. studied the biodistribution of gold

nanoshells in female albino mice. 93

A 100 mL nanoshell solution with a 2.4xlOII

nanoshells/mL concentration was injected into the tail veins of 30 mice. Five mice were
sacrificed at several time points up to 28 days, and the accumulation of nanoshells in the
blood and major organs such as the liver, kidneys, spleen, lungs, muscle, brain and bone
was measured. The nanoshells were found to quickly clear the blood circulation and
predominantly accumulated in the liver and spleen.

Despite the lack of complete

nanoshell clearance from the body after 28 days, the mice are reported to have shown no
physiological complications from the residual presence of nanoshells.
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Cytotoxicity of a gold-copper nanoshell has also been studied by Su et al. AU3CU
nanoshell concentrations between 0.001 and 200 !lg/mL were incubated with Vero cells
for 6 or 24 hours. 94 Using the WST assay, the group found cell damage to be dose
dependent with cell viability decreased to 15% at the highest concentration after 24 hours
of incubation with the nanoshells. The in vivo effects were also tested in male BALBc
mice, and after 30 days, a dose dependence in viability rates was also found with 100%
viability in the low dose mice but 67% viability in the high dose mice.

Urine was

collected from the mice 3 hours after injection, and the amount of gold and copper found
suggested the nanoshells were being excreted from the body. The loss of MRI signal
after 4 hours corroborated this finding. A summary of the experimental setup and results
on gold nanoshells is provided in Table 2.5.
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PEG

antibody-PEGthiol

PEG

PEl/PM (in
mice)

HER2-positive
SKBR3 breast
adenocarcinoma
cells

Female albino
mice

Vera cells, BALBc
mice

Surface
Coating

Live/Dead

observation

WST

2.4x1011
nanoshelis/mL
(core=110nm,
shell=10nm)
0.001-200 !lg/mL
(core=48.9+/19.1nm,
shell=5.8+/1.8nm)

tail vein
injection

4x10 3
cells/well in
96 well plates

N/A

N/A
3x10 9
nanoshelis/mL
(core=120nm,
shell=10nm)

Test

Live/Dead

NP
Concentration
(average size)

4.4x10 9
nanoshelis/mL
(core=55nm,
shell=10nm)

Exposure
Conditions

Cytotoxicity of Gold Nanoshells

Human breast
carcinoma SKBR3
cells

Cell Line

Table 2.5

6,24 hr

4 hr - 28
days

1 hr

1 hr

Exposure
Duration

Cell viability decr
15% at 200 !lg/m

Limit in mice mus
about 70pg, accu
in the RES organ
ppm levels found
muscle, kidney, l

No differences in

No differences in

Toxicit

2.3.3

Gold Nanorods

The advantage of gold nanorods is that they have both a transverse and
longitudinal plasmon. As the optical properties of materials depend both on the type and
shape of the metal, the unique properties of these rod shaped particles can be utilized for
several potential applications.

While very few groups have published data on the

cytotoxicity of gold nanorods, the results are similar to that seen for gold NPs. An early
study by Salem et al. tested feasibility of gold-nickel nanorods as gene delivery agents. 41
A concentration of 44 !lg/mL was used to test transfection of human embryonic kidney
(HEK293) cell line with AulNi nanorods functionalized with GFP and luciferase reporter
genes. The group notes that this is significantly below the LD50 value which was
determined to be 750 !lg/mL by the WST assay.

Transmission electron microscopy

revealed that the nanorods localized in vesicles or in the cytoplasm but not the nucleus.
While no biodistribution analysis was done during their preliminary in vivo studies, no
complications due to skin and muscle exposure to nanorods were reported.

While

examining the photothermal capabilities of gold nanorods, Takahashi et al. found the
viability of cells incubated with nanorods, but without laser irradiation, did not decrease
significantly. 95
More recently, other groups have found that the chemicals involved in the
synthesis of gold nanorods play a role in their potential cytotoxicity. Niidome et al.
looked at the effect of PEG-modified gold nanorods on HeLa cells after 24 hours of
incubation. 96 Strong cytotoxicity was associated with a low concentration of CTAB
stabilized gold nanorods. They proposed that free CTAB in solution was the source of
the cytotoxic effect. This was corroborated when removal of excess CTAB from the
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PEG-modified gold nanorod solution yielded 90% cell viability at the highest
concentration tested (0.5 mM). Takahashi et aI., the same group, published another study
that tested the cytotoxicity of gold nanorods extracted from CTAB using a
phosphatidylcholine (PC) containing chloroform. 36 Concentrations from 0.09 to 0.72 mM
exhibited little cytotoxicity; however, at higher concentrations of 1.45 mM, cell viability
was reduced by approximately 20%. This cell death was proposed to be due to nanorod
aggregation. In comparison, twice-centrifuged gold nanorod solutions showed significant
cytotoxicity with the lowest tested concentration, 0.09 mM, reducing cell viability by
about 15% after 24 hours of incubation. Cytotoxicity was found to be dose-dependent
with almost 0% cell viability at 1.45 mM. Therefore, the group concluded that extraction
process using PC was a better method than twice-centrifugation. Huff et al. exposed KB
cells to gold nanorods to examine their internalization, whether by endocytosis or by
CTAB interaction on cell membranes. 97 This group found that KB cells internalized the
majority of CTAB-coated nanorods while mPEG-DTC-coated nanorods were internalized
at reduced levels. The CTAB-coated nanorods were found localized near the perinuclear
region within the KB cells, and after 5 days, the cells appeared unaffected by the
internalized nanorods as they grew to confluence over that period. This study suggests
that CTAB promotes nanorod uptake by cells which could explain the cytotoxicity
observed by Niidome et al. with CTAB stabilized nanorods.

A summary of the

experimental setup and results on gold nanorods is provided in Table 2.6.
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CTAB, mPEG-DTC
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24 hr

5 days

microscop},

24 hr
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Exposure
Duration

MTT

WST

5x103 cells/well in
96-well plates
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(w=11 +/-1 nm,
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WST
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44 ""g/mL
(w=100nm,l200nm)

NP
Concentration
(average size)

3x10 5 cells/well in
24-well plates
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rhodamine,
transferrin

Surface Coating

Exposure
Conditions

Cytotoxicity of Gold Nanorods

Human
embryonic
kidney, HEK293

Cell Line

Table 2.6
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Internalized to
perinuclear regio
CTAB, little upta
mPEG

Twice centrifuge
toxic than PC-N
cells died at 1.4

Cell death: -80
mM w/ CTAB na
only -10% at 0.
PEG nanorods

LD50=750 ""g/m

Toxicit

2.3.4

Super-Paramagnetic Iron Oxide Nanoparticles (SPION)
Superparamagnetic iron oxide nanoparticles (SPION) are engineered y-Fez03 or

Fe304 particles that exhibit magnetic interaction when placed within a magnetic field. In
addition, when encountered by an alternating magnetic field, the particles heat up
allowing for both imaging and therapy applications. Specifically, their utilization as a
magnetic resonance imaging (MRI) contrast agent has been extensively studied. 98 - lOz
In terms of cytotoxicity, while bare iron oxide NPs exert some toxic effects,
coated SPIONs have been found to be relatively non-toxic. Gupta et al. showed that
PEG-coated NPs were biocompatible as exposed cells remained more than 99% viable
relative to control at an upper concentration of 1 mg/mL. 103 On the other hand, bare iron
oxide NPs induced a 25-50% loss in fibroblast viability at 250 f!g/mL. In a more
extensive study, Gupta et al. found SPION cytotoxicity to be dose-dependent. SPION
caused a 20% reduction in cell viability at the lowest concentration tested (0.05
mg/mL).104

Further reductions were seen at higher concentrations, with the highest

concentration tested (2.0 mg/mL) resulting in about 60% loss of cell viability. However,
using a different PEG based coating, Yu et al. found PMAO-PEG coated SPIONs,
illustrated in Figure 2.3, to be relatively non-toxic with cell viability decreasing by only
9% at the 400 nM exposure level. 105
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Figure 2.3
Example structure and cell viability data for water soluble Iron oxide
nanoparticles. 105

In addition, other groups testing bare iron oxide NPs considered them to be
biocompatible. Hussain et al. had similar finding as the highest dose they tested, 250
Il-g/mL, resulting in approximately 30% decrease in cell viability, but this was judged as
exhibiting little to no toxicity.l06 Higher concentrations were tested by Cheng et al. and
at 23.05 mM ofNPs the group found no significant difference between the exposed cells
and the control. However, this may be due to the relatively short exposure time of 4
hours. 107
In addition to PEG, several groups have studied the cytotoxicity of different
surface coated iron oxide particles and found little cytotoxicity. Gupta et al. looked at
pullulan (Pn) coated SPION and found no cytotoxic effects with the cells remaining more
than 92% viable at 2.0 mg/mL. 103 The group attributed the low toxicity of Pn-SPION to
the pullulan coating, which prevents the iron oxide core from interacting with cells.
Petri-Fink et al. observed no cytotoxicity in melanoma after 2 hours of exposure to
amino-SPION for all polymer/iron ratios tested. lOS After 24 hours, cytotoxicity became
41

apparent for high polymer concentrations. A similarly coated SPION tested by Cengelli

et al. was found to be non-toxic as NIl microglial cells only took up aminoPVA-coated
SPIONs, and as no nitric oxide was produced. 109 Wan et al. tested the effects of three
surface coatings on iron oxide cytotoxicity and found MPEG-Asp3-NH2-coated iron
oxide NPs had almost no cytotoxicity at the concentrations tested. 110 In comparison,
MPEG-P AA- and PAA-coated iron oxide NPs significantly reduced cell viability with
only 16% of the cell remaining at an iron concentration of 400

~g/mL.

As bare iron

oxide NPs adsorbed to the cell surface, MTS analysis was infeasible; however, cell
counts after incubation indicated that uncoated iron oxide NPs also significantly reduced
cell viability.
The mechanism for SPION cytotoxicity, when it does occur, has been linked to
both cellular uptake and ROS production. Hu et al. found P(PEGMA)-immobilized NPs
were relatively non-toxic as exposed cells had greater than 93% viability.lll

However,

pristine iron oxide NPs had a reduced viability to 70% in the first 2 days, increasing to
about 90% by day 5. The group suggests that this increase in viability is due to the
decrease in NP concentration with the increase in cells after mitosis. This was seen as
cell uptake of particles went from 154 pg/cell on the first day to 58 pg/cell after 5 days.
P(PEGMA) NPs were taken up at 2 pg/cell suggesting that their lower toxicity is due to
their lack of cell uptake. Brunner et al. found a cell specific response to bare iron oxide
NPs exposure.ll2 3T3 cells remained proliferative with the addition of up to 30 ppm iron
oxide; however, human mesothelioma cells exhibited significant reduction in cell
viability at only 3.75 ppm iron oxide. The group attributed the observed toxicity to iron
induced free radical production via the Fenton or Haber-Weiss reactions in addition to
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internalization of the iron oxide particles.

Pisanic et al. showed amomc

dimercaptosuccinic acid (DMSA) coated iron oxide NPs are readily endocytosed by rat
pheochromocytoma cells and are found either in the cytoplasm, inside endosomes, or
accumulated in the perinuclear region within the cells. 113 Most of the cell death occurred
during the first 48 hours of exposure with cytotoxicity and cell detachment being dose
dependent. Changes in cell morphology were observed with NP exposure with the cells
assuming a spherical shape with disruption of the cell cytoskeleton.

Muller et al.

consistently found a 20-30% decrease in neutral red uptake in monocyte-macrophages
with 10 mg/mL Ferumoxtran-l 0 across various incubation times. 114 Similar results were
found using the MTT assay. Testing over a longer period showed cell viability remained
about the same between Ferumoxtran-IO-pretreated cells and control cells after 2 weeks.
The group speculates that the cytotoxicity is due to ROS production via the Fenton
reaction which can result in lipid peroxidation, DNA damage and protein oxidation.
Testing for inflammatory responses, the group found Ferumoxtran-IO did not induce
increases in cytokines IL-l [3, TNF-u, IL-6 or IL-12 or superoxide anion production. This
led to the conclusion that the monocyte-macrophages were not activated by the NPs. A
summary of the experimental setup and results on superparamagnetic iron oxide NPs is
provided in Table 2.7.
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2.4

Semiconductor Nanoparticles
In the case of semiconductor nanocrystals, better known as quantum dots, the

concern of their cytotoxicity is not unjustified as several are comprised of known toxic
elements. However, despite the potential health risks, promising applications of quantum
dots include their use in the medical field as new drug delivery and biomedical imaging
agents. This section explores the current research that has been conducted on quantum
dot toxicity.
Quantum dots (QDs) are nanoscaled particles ranging from 2 to 100 nm in
diameter depending on the types of surface coatings or functional groups added. For
biological applications, QDs typically have a core-sheIl-conjugate structure. The core of
the QD is composed of atoms from groups II-VI (e.g. CdSe, CdTe, CdS, PbSe, ZnS, and
ZnSe) and groups III-V (e.g. GaAs, GaN, InP and lnAs) on the periodic table. 115 Many
of these core metals are known to be toxic at low concentrations such as cadmium,
selenium, lead and arsenic. Therefore, if these QDs are exposed to conditions promoting
degradation, such as an oxidative environment, toxicity related to the release of free
metal ions is expected.

Thus the crucial factor in QD toxicity is stability.

The

cytotoxicity of QDs is reduced when their cores are protected from degradation given that
the added coatings are biocompatible. To prevent core degradation, an additional shell
layer is added making the QD more biocompatible.

Additional functionalities or

bioconjugates can be added to the surface to improve bioavailability or introduce
bioactivity.

Since CdSe/ZnS quantum dots are believed to be the most versatile for

biological applications, most of the published toxicity studies focus on this type. 116,

117
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Summaries of the experimental setup and results on CdSe and CdTe QDs are provided in
Tables 2.8 & 2.9 respectively.

2.4.1

Cadmium Selenide Quantum Dots
Historically, QDs were used in animals well before extensive cytotoxicity

studies.

These results highlighted key issues, such as biodistribution and coating

integrity, now of concern in cytotoxicity studies.

Dubertret et al. injected micelle

encapsulated CdSe/ZnS QDs into Xenopus embryos. At 2xl09 QDs/cell, the quantum
dot injected and control embryos displayed similar growth patterns with the QDs
remaining in the injected cells and their progeny. However, at 5xl09 QDs/cell, adverse
effects were found.

The group speculated the abnormalities resulted from the QDs

affecting the osmotic equilibrium of the cel1. 118 The majority of published in vivo studies
were conducted in mouse or rat models. Akerman et al. injected three different (GFE,
F3, LyP-l) peptide-coated CdSe/ZnS QDs into normal BALBc mice and studied the
tissue distribution after 5 or 20 minutes of circulation. Each of the peptide-coated QDs
were found to accumulate in the liver and spleen in addition to the targeted tissue; yet,
this non-specific accumulation was reduced by adding PEG to the QD surface. The
group did not observe any acute toxicity caused by the QDs after 24 hour of
circulation. 119 Similarly, Larson et al. observed no adverse effects after imaging in the
mice used in their experiment and hypothesized that CdSe/ZnS QDs clear from the body
before the protective coating can breakdown. However, the group did not report a time
line for which the animals were kept, only mentioning that the animals were being
maintained for a long term toxicity study, which diminishes their findings. 12o
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More recently, the role of the particle surface on distribution and toxicity has been
studied. Ballou et al. also observed QDs deposition in the liver, spleen, and bone marrow
of BALBc mice depending on the surface coating present. Of the four coatings tested
(poly(acrylic acid) polymer, mPEG-750, mPEG-5000, COOH-PEG-3400), the mPEG5000 QDs were found to have the longest circulation time in addition to reduced
nonspecific accumulation.

All QDs were found localized internally in endosomes,

primarily within perifollicular cells for the spleen, and no visible signs of breakdown
were seen via electron microscopy. A long-term stability study conducted with mPEG750 QDs found the QDs remained in the liver, lymph nodes and bone marrow for a
month.

Although the fluorescence decreased after one month, the fluorescence

distribution was close to what was the group observed 24 hours after injection. 121 More
recently, Fischer et al. injected mercaptoundecanoic acid (MUA), lysine and BSA-coated
CdSe/ZnS QDs in Sprague-Dawley rats. A difference in biodistribution was also found
as the liver took up 40% of the lysine-QDs and 99% of BSA-QDs after 90 minutes. QDs
endocytosed by Kupffer cells, similar to RES processing, were sequestered not excreted.
Small amounts of both QDs appeared in the spleen, kidney, and bone marrow, but no
QDs were detected in the feces or urine even after ten days. The group also measured the
size of the quantum dots within the vesicles and found the QDs retained their size
suggesting no degradation after 90 minutes of exposure.1 22 These studies conclude that
ZnS capped CdSe QDs are relatively non-toxic as the animals were not killed nor did
they exhibit abnormal behavior after QD injection. However, as several of the group
found, the QDs are internalized and seem to be retained inside the cells. As clearance
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from the body is an important aspect of safety, this suggests possible toxicity could result
from the bioaccumulation.
All of the previously mentioned studies involved ZnS coated CdSe quantum dots;
the ZnS coat provides a well terminated surface with few defects and high quantum
yields. A seminal in vitro study conducted by Derfus et al. found that, when incubated
with rat primary hepatocytes, bare CdSe QDs undergo surface oxidation resulting in the
release of free cadmium ions. Cadmium is a known toxic agent that induces cell death
via mitochondrial damage and oxidative stress.

When QD surface oxidation was

prevented with surface coatings, the cadmium atoms remained bound to selenium atoms
and the surface coating molecules rendering them relatively non-toxic.

This was

demonstrated with the addition of a ZnS shell; the oxidative degradation of the CdSe core
due to exposure to air was significantly reduced resulting in lower cytotoxicity.123
Several groups have confirmed the effectiveness of the ZnS shell in reducing the
cytotoxicity of CdSe quantum dots. 43 ,44, 124, 125 Chan et al. proposed a mechanism for the
bare CdSe QD-induced cell death. In addition to determining that apoptosis not necrosis
occurred in CdSe exposed cells, the group suggested that QDs induced apoptosis by
activating JNK in a dose-dependent marmer.

In addition, mitochondrial-dependent

apoptotic processes involving activation of caspase 9 and 3, increases in Bax protein and
decreases in Bc1-2 were also observed. Mitochondrial membrane potential was reduced
with exposure to bare CdSe QDs resulting in an increase in cytochrome c release. 124
Researchers have also examined the effect of additional surface coatings on the
cytotoxicity of quantum dots.

QDs must be appropriately encapsulated to prevent

cadmium release and subsequent cytotoxicity. At issue for many researchers is the best
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way to accomplish this. One simple approach is to replace the original organic coat with
water soluble ligands.

These ligand exchange reactions yield QDs with smaller

hydrodynamic sizes, but generally do not provide biocompatible materials. Shiohara et

aZ. studied the cytotoxicity of three mercaptoundecanoic acid (MUA) coated CdSe/ZnS
QDs (520, 570 and 640 nm emission) in three different cell lines (Vero cells, Hela cells
and human primary hepatocytes). After incubating the cells with quantum dot
concentrations ranging from 0 to 0.4 mg/mL over 24 hours, a concentration dependence
of cytotoxicity was found. 126 It is important to recognize that, in this case, the toxicity is
due to the surface coating rather than the quantum dots. MUA is a compound that was
found in previous studies to water solubilize CdSe/ZnS quantum dots. 127

This is

important in biological applications as hydrophobic compounds have poor bioavailability.
This study reveals that the MUA coating is not appropriate for this purpose as it increases
the toxicity of the quantum dots. Hoshino et aZ. did a larger study incorporating more
surface coatings (MUA, cystamine, thioglycerol) on CdSe/ZnS QDs.

MUA coated

quantum dots were more toxic than ones without. Of the three coatings, thioglycerol was
found to induce the least genotoxicity and therefore cytotoxicity. These results indicate
that some hydrophilic surface coatings contribute to the cytotoxicity of QDs. Because
TOPO was also found to be a cytotoxic compound, the complete removal of TOPO from
the QD samples is important in reducing toxicity.128

Selvan et aZ. looked at Si02,

mercaptoacetic acid (MAA), polyanhydride (PA) surface coated CdSe/ZnS quantum dots
in three different cell lines (human liver carcinoma (HepG2), NIH T3T cells, COS-7
cells) and obtained dose dependent results for all surface coatings in each cell line.
Si02/CdSe QDs were found to be much less cytotoxic than MAA or PA coated QDs.
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Si02/ZnS-CdSe QDs were less cytotoxic than Si02/CdSe QDs, suggesting that the
combination of ZnS capping and Si02 coating provided for the optimal protection against
CdSe dissolution. 44
A better option for biocompatible QDs is to use amphiphilic polymers to
encapsulate the inorganic/organic system. Most commercial sources of QDs prepare their
systems in this way. While larger polymeric coatings increase the hydrodynamic size,
they yield very bright and stable materials. Kirchner et ai. found PEG to lower cellular
uptake of silica-coated QDs resulting in lower cytotoxicity.125 Duan et ai. tested PElcoated QDs in HeLa cells and found they are endocytosed or macropinocytosed after I to
2 hours of incubation. However, since PEl -coated dots are toxic to cells, PEG was added
to reduce this toxicity. The two different forms (PEl grafted with two PEG and PEl
grafted with four PEG) of coated QDs coated exhibited different distribution patterns
inside the cells and different cytotoxicities. The PEl-g-PEG4 QDs accumulated in the
perinuclear region which yielded better cell viability while the PEl-g-PEG2 QDs were
distributed in the cytoplasm and had significant cytotoxic effects. The group believes the
cytotoxicity is due to the PEl polymer and not the presence of cadmium ions. 129 RymanRasmussen et ai. tested two different QDs (565 and 655 nm emission) with three
different surface coatings (PEG, PEG-amine and carboxylic acids).

All QDs were

localized intracellulary by 24 hours with the PEG-coated QDs found in the cytoplasm,
perinuclear region and for QD 565 within the nucleus. After 24 hours, no cytotoxicity
was observed, but by 48 hours, toxicity became apparent at the largest concentration of
20

nM

indicating time dependent cytotoxicity. Surface coating had an observable effect

on lL-I /3, lL-6, and lL-8 pro-inflammatory cytokine release. Cytokine levels increased
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after carboxylic acid-coated QD exposure while no increase in cytokine release with
PEG-coated QDS. 130
In addition to their coatings, size and concentration can influence the toxicity of
quantum dots with smaller sizes and higher concentrations being more cytotoxic. The
advantage of quantUm dots in imaging applications is their tunability. By changing their
size or core diameter, the fluorescence emission peak can be shifted to a wavelength of
choice within a fairly broad range. This is particularly useful in biological applications as
cells contain endogenous fluorophores which can mask the signal emitted from contrast
agents with similar emission peaks. However, several groups have found cytotoxicity to
be size dependent with smaller QDs exhibiting larger reductions in cell viability.
Kirchner et aZ. tested the exposure of CdSe/ZnS QDs in several cell lines (NRK
fibroblasts, MDA-MB-435S breast cancer cells, CHO cells, RBL cells). After 18 hours
.exposed to the same concentration, cytotoxic effects were higher for smaller QDs, which
they suggest could be due to the higher surface to volume ratio of smaller particle. 125
Interestingly, Hsieh et aZ. found size independent internalization of QDs. l3l In addition,
while high

concentrati~ms

of QDs can be toxic to cells, the group found that

concentration influenced QDs delivery into cells with a low concentration (15 nM)
effectively labeling cells while a ten fold increase in QD concentration resulting in poor
cellular uptake. However, this was not the typical finding. As with many chemicals,
cytotoxicity of QDs was also found to be dose dependent by many research groups with
.
. m
. slgm
··filcant1y h·gh
th 123' 125, 126, 130
higher concentratIons
resultmg
1 er ce11 dea.
In vitro cytotoxicity studies report similar findings to in vivo studies that QDs are

taken up and sequestered intracellularly.

Jaiswal et aZ. demonstrated that targeted
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CdSe/ZnS QDs could be internalized by HeLa cells and tracked in live cells for more
than 10 days with no morphological signs of toxicity. 132 Hanaki et al. studied how long
MUA coated QDs could stay in Vero cells. QD containing vesicles were seen inside cells
after 2 hours, and after 24 hours, nearly all of the cells had QD containing vesicles. 133
The number of vesicle containing cells reduced to half after 3 days and about 10% of the
cells contained QD vesicles after 5 days. These fmdings correspond to introducing a QD
concentration of 0.4 mg/mL, which was found to have no cytotoxicity. A more long-term
study was conducted by Seleverstov et al. who found that QD labeled cells retained their
fluorescent signal for 52 days in both continuous culture or after cell passaging.43 The
QDs were internalized and observed mainly within endosomes near the perinuclear
region with no nuclear involvement. In addition, QD aggregates were found localized
around the mitochondria, and after 72 hours, morphological effects included swollen
mitochondria and enlarged Golgi cisterns.

Hsieh et al. confirmed the perinuclear

localization of QDs and found that cells retained QDs for at least 3 weeks. 13l While these
studies have shown that cells can survive long after internalizing QDs, Chang et al. found
with three different QDs (bare, two PEG coated) that cytotoxicity is similar between the
different coated QDs when their intracellular concentration is the same as seen in Figure
2.4.
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Figure 2.4
Cytotoxicity results based on intracellular levels of bare (left image, black
bars), 750- (middle image, gray bars) and 6000- (right image, light gray bars) Mw PEG
substituted QDS. 134

Therefore, while extracellular concentrations of different QDs suggest dose-dependent
cytotoxicity,

cytotoxicity is

dependent

on the

intracellular QD

content and

biocompatibility can be improved by minimizing QD uptake. 134, 135
The ability of QDs to be internalized by cells has led some groups to pursue using
CdSe/ZnS QDs for nuclear targeting. Chen et al. revealed that silane-coated CdSe/ZnS
QDs conjugated with the SV40 nuclear localization signal (NLS) protein only entered the
nucleus of 15% of the cells. 58

Perinuclear accumulation was still observed for the

majority of the NLS-QDs. However, QDs conjugated to a random peptide did not enter
the nucleus and only localized randomly within the cells. Testing for cytotoxicity on
HeLa cells, the group found most of the transfected cells survived in all the experiments
thus implying negligible toxicity even with nuclear exposure to QDs.
54

Since QDs are capable of entering the nucleus, several groups have suggested QD
interaction with nuclear DNA or proteins to be a factor in their cytotoxicity. Green et al.
reported data corroborating this theory as they found biotin coated CdSe/ZnS QDs were
able to nick DNA in an in vitro, cell-free assay.136 Hsieh et al. showed that QDs can alter
gene expression in human bone marrow mesenchymal stem cells. While flow cytometry
analysis showed that the internalized QDs did not change the cell cycle distribution of
hBMSCs compared to the control, an inhibited response of hBMSCs to osteogenesis was
found as ALP activity was significantly suppressed, and mRNA expression of
osteopontin and osteocalcin, two osteogenesis specific markers, was also inhibited. These
effects could be reproduced using QDs of various sizes. 131 A DNA microarray study was
recently published by Zhang et al. examining the impact of treating human lung and skin
epithelial cells with two doses of PEG-silane QDs. No adverse effects were found in
lung epithelial cells; however, the skin epithelial cells exhibited cell cycle regulator gene
repression. Overall, less than 50 genes showed significant expression changes after PEGsilane QD treatment. However, the group did not find involvement of the genes that are
associated with heavy metal exposure.

In addition, no pronounced difference in

phenotypic response was found between low or high QD doses. Higher QD doses led to
more particle uptake made apparent from the stronger measured fluorescent signal. 137
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2.4.2

Cadmium Telluride Quantum Dots
Besides CdSe/ZnS QDs, one group has published several studies on CdTe QDs

which also have potential in biomedical applications such as bioimaging. The initial
study presented by Lovric et al. tested at cell exposure to both red (-5.2 nm) and green
(-2.2 nm) CdTe QDs coated with mercaptopropionic acid (MPA) and cysteamine
(CYS).142 A range of concentrations (0.01-100 IA-g/mL) was used to test the effect of
exposure on metabolic activity. For both QDs, a decrease in metabolic activity was
found at concentrations of 10 IA-g/mL or more. Looking at cell morphology, the group
found that the rat pheochromocytoma (PC12) cells took up the QDs at both the low (3.75
lA-g/mL) and high (37.5 lA-g/mL) concentrations.

However, at the high concentration,

chromatin condensation and membrane fragmentation was observed, indicative of
apoptosis. In addition, cytotoxicity was more noticeable with the smaller QDs than with
the larger QDs at the same concentrations. To explain this difference, the group noted
that the red QDs were found primarily in the cell cytoplasm with none entering the
nucleus while the green QDs were mainly found in the cell nucleus. This suggests that
since the smaller QDs could access the nucleus they could cause damage to DNA and
induce apoptosis or cell death. As QD cytotoxicity is believed to be due to free radical
formation caused by the presence of free Cd2+ from the degradation of the QD core, the
effect of free radical scavengers N-acetylcysteine (NAC) and Trolox as well as adding
another protective coating, bovine serum albumin (BSA), was tested. Both NAC and
BSA but not Trolox significantly reduced CdTe QD toxicity, suggesting that Cd2+ is a
factor in QD-induced toxicity. 142
Zhang et al. had similar findings after testing green (-2 nm), yellow (-4 nm) and
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red (-6 run) emitting, uncoated CdTe quantum dots in human hepatoma cells (HepG2).
A size dependent difference in toxicity was observed as the ICso values of the green,
yellow and red CdTe quantum dots were 3.0, 4.8, and 19.1 I-tM respectively, where IC50
corresponds to the concentration causing a 50% reduction in MTT activity. Therefore,
they confirmed the findings presented earlier by Lovric et al. that smaller QDs are
significantly more cytotoxic than larger QDs. In addition, they looked for the effect of
CdTe quantum dots injected into Sprague-Dawley rats. Few signs of morbid toxicity
were observed after QD exposure.

The group saw no organ damage, only a small

decrease in body weight, and a temporary decrease in locomotion activity occurring just
after injection. This change was attributed to possible effects of the quantum dots on
neural function, which is plausible since some NPs can pass the blood brain barrier.
However, the group recognizes that this change could also be due to exposure to free
cadmium. 143
The effect of different surface coatings was explored by Cho et al. using four
cadmium QDs (MPA, Cys or NAC coated CdTe QDs plus cysteamine coated CdSe/ZnS
QDs) on human breast cancer (MCF-7) cells. While minimal reduction in metabolic
activity occurred after exposure to Cys-coated CdSe/ZnS QDs, exposure to MPA and
Cys-coated CdTe QDs caused a significant decrease in cellular metabolic activity with a
less distinct decrease in the NAC-coated CdTe QDs. This finding was confirmed using
the Trypan blue cell viability assay, which revealed significant cell death with CdTe QDs
but not with CdSe/ZnS QDs after 24 hours of QD exposure.139 In addition to using
surface coatings to reduce cytotoxicity, Liu et al. attempted to alter the synthesis
condition to improve biocompatibility of CdTe QDs.

While the dose dependent

61

reduction in cell viability after CdTe QD treatment was confirmed, this was found
regardless of either air/nitrogen fabrication conditions. 144
Recently, Choi et al. revealed a possible signaling pathway involved in CdTe QD
induced cell death. Activation of the Fas receptor results in a signaling cascade that
culminates in apoptosis. This study found significant upregulation of Fas expression on
the surface of neuroblastoma (SH-SY5Y) cells treated with Cys-coated and NACconjugated QDs in comparison to control cells. However, NAC-capped QDs had little
Fas upregulation, and NAC pre-treated cells exposed to Cys-QDs had no Fas
upregulation suggesting that oxidative stress caused by QD exposure induces Fas
expression. 145
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2.5

Summary And Outlook
In this paper, cytotoxicity data on carbon, metal and semiconductor based NPs

were reviewed. In general, cells can survive short-term exposure to low concentrations

«

10 !lg/mL) of NPs. However at high doses, several groups have found cytotoxic

effects to emerge in a time and dose dependent manner for all of the NPs reviewed in this
paper. While the causes for the increase in cell death observed at higher concentrations
and longer exposure times are material specific, the generation of reactive oxygen species
and the influence of cell internalization of NPs are two common findings throughout.
While this review attempts to draw parallels between the research that has currently been
conducted and published on several classes of NPs, there are still gaps in knowledge
about the interaction of NPs with the body.

Although several studies have been

conducted, many of the earlier experiments were not designed to isolate the source of the
cytotoxicity allowing the different physiochemical properties of the NPs plus
experimental setup factors to influence and confound the findings.

In addition, a

systematic approach to testing has not been established.
While much of the function of NPs is due to their core structure, the surface
coating defines much of their bioactivity.

For many NPs to be useful in biological

applications, the addition of some type of surface coating is required. In the case of
quantum dots, surface coatings serve both to contain the cadmium particles from leeching
and to make the particles water soluble. This addition of surface coatings confounds the
bioactivity and potential toxicity of the functional groups on the NP surface with the core
NP making it difficult to interpret the observed changes. For example, many NPs are not
water-soluble and therefore require the addition of a hydrophilic surface coating.
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However, as seen in multi-wall carbon nanotube and quantum dot studies, adding certain
hydrophilic molecules result in lower cell viability as the functional groups themselves
were toxic. 22, 34, 125, 128 Surface charge also plays a role in toxicity with cationic surfaces
being more toxic than anionic and neutral surfaces being most biocompatible?3 This may
be due to the affmity of cationic particles to the negatively charged cell membrane.
Therefore, adding a coating that makes the NP more cationic could make the NP appear
more toxic than it is inherently.
Traditionally, in vitro toxicity testing focuses on whether or not exposure to a
potentially toxic agent results in cell death. However, although no cell damage or death
may be apparent after NP exposure, changes in cellular function may result. Therefore, it
is important to verify that the end points chosen to signify cytotoxicity are appropriate.
For example, if NP exposure induces cell senescence but not cell death, this could be
considered a toxic effect as cell proliferation has been disturbed. Looking over the
cytotoxicity assays commonly used in the studies reviewed, most either determine
membrane damage, metabolic irregularities or inflammatory response which may not
materialize with cell senescence. Therefore, sub-lethal cellular changes should also be
taken into account and tested for when evaluating the effects of NP exposure on cells.
One way to do this, which a few groups have explored, would be to conduct genomic
and/or proteomic array tests to explore the cellular signaling alterations behind the
toxicity.
In addition, it is important that the assays used to determine cytotoxicity are valid
for the materials being tested. One example, the neutral red test, has come into question
as it relies on the adsorption of the dye to detect living cells. Carbon black has been
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shown to adsorb neutral red dye molecules giving false positive results. 2o This suggests
that carbon nanomaterials could encounter the same interference, and they have been
shown to adsorb a similarly structured chemical, naphthalene. 146, 147 The MTT assay has
also come under scrutiny as groups have found discrepancies between the MTT assay
results and those from other assays used. In a study conducted by Pulskamp et aZ. on
SWNT, the MIT assay was the only test that revealed a dose-dependent decrease of cell
viability. The WST assay results did not agree with the MIT assay as it indicated no
significant loss in cell viability except for a small reduction at the highest concentration.
PI and annexin stains were also used for validation, and they confirmed the WST assay
results. 74 To explain the difference in results, Worle-Knirsch et aZ. proposed that SWNT
interact with the MTT-formazan crystals but not with WST, XIT or INT reagents.
SWNTs attach to the insoluble MTT formazan product disrupting the distinguishing,
colorimetric reaction. This would account for the finding that very pure SWNTs reduced
cell viability below 50% for MTT assay, but exhibited almost no loss according to the
WST, LDH and MMP assays.79
To date, there is a lack of consensus in the published literature on NP toxicity due
to variable methods, materials and cell lines. Nanotoxicology has emerged recently to
apply traditional toxicology methodologies to the study of nanomaterial toxicity;
however, standardization in experimental set up such as choice in model (cell line, animal
species) and exposure conditions (cell confluency, exposure duration, NP concentration
ranges and dosing increments) is necessary in order for comparisons between studies
conducted by different groups to be effective. 148 With respect to model choice, both
animal and human derived cells have been used. Since the potential toxicity of NPs in
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humans is at question, human cells should be used to better predict human toxicity. In
addition, the cell types tested in cytotoxicity tests should also be consistently studied.
Several groups have tested potential lung or dermal toxicity; however, in the case of oral
or intravenous exposure, many internal organ sites can be exposed. While some groups
have looked at liver and kidney exposure, these studies have mainly been conducted
using quantum dots with little to none using fullerenes, gold and iron oxide NPs. Fewer
NP studies have been conducted using heart, blood and brain cells?3, 60, 124, 125, 145
Detailed recommendations have been outlined by a Nanomaterial Toxicity Screening
Working Group.149
Consistency in the reporting the physiochemical characteristics ofNPs would also
facilitate reexamination and cross comparison of NP toxicity data. Standardization of
materials is more challenging as NP characterization can be difficult. Sizing ofNPs can
be done using methods such as scanning and transmission electron microscopy, dynamic
light scattering and size exclusion chromatography; however, the size values obtained can
vary between these methods. A standard technique for measuring and reporting the
hydrodynamic sizes of NPs would be valuable. Determining the concentration of NPs in
solution is more difficult. Concentration can be calculated from the optical density using
the Beer-Lambert law given the extinction coefficient of the NP. However, as Yu et al.
point out, the extinction coefficient values published for quantum dots differ between
groups by an order of magnitude. 150 Cryogenic transmission electron microscopy was
used as an alternative method of determining concentration. This method involves direct
counting of particles in a relatively fixed volume. As concentration or dose plays a
significant role in biomedical applications of NPs, having a standard technique of
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calculating this value is important.
Another important aspect of toxicology is the burden of mUltiple dosing of NPs.
In the case of bioimaging, NP contrast agent exposure would not occur once but
repeatedly with each screening or diagnostic scanning session.

All of the studies

reviewed in this paper involved only one administration of various concentrations of NPs
with cytotoxicity tests taken at different time points.

However, this is most likely

because most were in vitro versus in vivo studies. As toxicity studies move more into in
vivo NP evaluation, future experiments need to incorporate the effect of multiple

exposures to NPs to determine the extent of clearance and bioaccumulation.
Most of the in vitro studies presented in this paper assess dosimetry merely by
observing the dose-response relationship after external introduction of different
concentrations of NPs. Yet as cells are seen to readily internalize NPs, the number of
internalized NPs correlates to cytotoxicity as Chang et al. revealed. 134 Future research
should measure and record the cellular dose in addition to the administered dose to better
characterize the extent of NP exposure. Strategies to determine the particokinetics in in
vitro systems have been suggested by Teeguarden et al. lSl In addition, several of the

studies have suggested that after internalization, the groups observed a persistence ofNPs
within cells. This sequestration of NPs could elicit inflammatory responses, cell cycle
irregularities, and gene expression alterations.

Unfried et al. have reviewed the

mechanisms in which NPs are taken up and processed by cells; however, knowledge in
this area is still limited. ls2 Future research should focus on understanding how cells
internalize NPs so that methods to prevent cell opsonization of NPs can be developed.
This potentially could improve the in vivo biocompatibility and clearance ofNPs.
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One clear result from this analysis is that there is disagreement as to what
constitutes low toxicity. This may be due to the lack of a reference NP system to use as a
benchmark for comparison. Given that some standard in vitro testing methods will be
established, it may be applicable to use gold NPs as a reference NP for low toxicity.
Gold NPs have been reported to induce little toxicity, around 15% reduction in cell
viability, at 200 f-tg!mL. 39 ,

41, 94

While higher concentrations could elicit a cytotoxic

effect, many substances become toxic at high concentrations.

Therefore, it may be

reasonable to conclude that the results from cytotoxicity testing of other NP types suggest
low toxicity if those results are similar for gold NP solutions containing relatively the
same size particles at the same concentration.
Although NP induced cytotoxicity has been reported by several groups, it is
important to keep in mind that in vitro results can differ from what is found in vivo and
are not necessarily clinically relevant.

In addition, the risk of any potentially toxic

substance is not only a function of hazard but also chance of exposure.

The NP

concentrations needed for biomedical applications have not been optimized so the levels
at which patients may be exposed are not certain.

At the current stage in NP safety

research, it would be premature to conclude based on the present studies published that
NPs are inherently dangerous. However, now that a basis has been established, future
research should strive to address the deficiencies in current cytotoxicity testing and
exploit the findings to engineer improved NPs ultimately for clinical use.
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Chapter 3
3.1

Experimental Methods

Cadmium selenide/zinc sulfide QD synthesis and characterization

3.1.1 Chemicals
Cadmium oxide (99.99%), selenium (99.5%, 100 mesh), sulfur (99.98%, powder),
trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%), l-octadecene
(ODE), oleic acid (OA, 90%), octadecylamine (ODA, 97%), and stearic acid (99%) were
purchased from Sigma Aldrich.

3.1.2

Core synthesis
The method for CdSe quantum dots synthesis was adapted from previous work. I53 ,

154

The reaction was run under ultra-pure N2 flow. A mixture of 0.05 g of CdO and 0.425

g of stearic acid was added to a 100 mL three-neck flask and heated to 200°C with
continual stirring to obtain a colorless clear solution. The solution was cooled to 60°C
and then 0.94 g TOPO, 0.94 g HDA and 6.35 mL (5 g) ODE was added. The mixture
was then heated to 280°C until all solids were dissolved. A separate selenium solution
was made by dissolving 2 mmol ofSe in 0.472 g (0.831 g/mL) of TOP.
The crude CdSe QD solution was cooled to IS0°C for shell growth. A Zn/S
precursor solution was made by mixing 3.0 mL of diethyl zinc

(ZnE~,

1.0 M) and 0.6 mL

of bis(trimethylsilyl) sulfide «TMS)2S) source in 10 mL of trioctylphosphine (TOP) in
glove box. The precursor solution was added dropwise to the vigorously stirring CdSe
crude solution. After the addition was complete, the mixture was kept at IS0°C for
another 30 min and then cooled to 90°C and left stirring for another 4 hr. The core/shell
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QDs were purified by using acetone and methanol. The QD pellet was re-dissolved in
chloroform, filtered through 1 fA.m PfFE syringe filter and then stored in the dark. The
absorption spectra were used to calculate the core size and concentration of QDS.155

3.1.3

Water-solubilization of QDs by using amphiphilic polymer
Two amphiphilic polymers were used to coat the QDs and transfer them from

organic to aqueous solution. A poly(acrylic acid)-octylamine amphiphilic copolymer was
synthesized by modifying poly(acrylic acid) (PAA, Mw

= 1800) with octylamine using

EDC as a crosslinker.1 56 The purified PAA-octylamine copolymer was dissolved in
chloroform and mixed with the QD solution. The solvent was pumped off under vacuum.
The polymer-capped QDs were readily dissolved in water, and then centrifuged at 35,000
rpm for 4 hr three times to remove excess polymer. The purified water-solubilized QDs
were stored in 50 mM borate buffer (pH 8.5) and in the dark. Poly(ethylene glycol)
methyl ethers (mPEG-NH2, Mw
coating using EDC/NHS.

= 1000)

was further conjugated to QDs with PAA

Poly(maleic anhydride-alt-1-octadecene) (PMAO)

(~

=

30,000-50,000) and PEG conjugated PMAO (PMAO-PEG) coated QDs were synthesized
similarly as previously reported. l50 PMAO reacted with primary amino group terminated
mPEG-NH2 (Mw

= 1000) in chloroform to form

amphiphilic polymers (PMAO-PEG).

The amphiphilic polymer (PMAO or PMAO-PEG) and QDs were mixed in chloroform
and stirred overnight. Pure water was added to the chloroform solution of the complexes
at a 1: 1 volume ratio, and the chloroform was removed by rotary evaporation, resulting in
a clear and colored solution of water-soluble QDs. For both all polymer coated QDs, a
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Beckman Coulter Optima L-80XP ultracentrifuge was used at 200,OOO-300,OOOg for 1 to
2 h to further concentrate and purify the QD solutions.

3.1.4

Quantum dot characterization
Transmission electron microscopy (TEM) was conducted on a JEM JOEL 2010

TEM operating at 100 kV. The sample was prepared by dropping a 10 f..tL solution onto a
carbon-coated Formvar copper grid (300 mesh) followed by solvent evaporation at room
temperature. The size and size distribution data were obtained by counting >1000
individual nanocrystalline particles using ImageJ.

Hydrodynamic diameter and zeta

potential were determined using dynamic and phase analysis light scattering respectively
(Malvern Zetasizer Nano-ZS). Fluorescence spectra were recorded with a Horiba Jobin
Yvon SPEX FL3-22 spectrofluorometer. UV-visible spectra were recorded with a Varian
Cary 300 UV -VIS spectrophotometer. Cadmium concentration was measured with a
Perkin-Elmer Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).

3.2

Daphnia magna Uptake and Depuration Experiments

3.2.1

Daphnia magna (D. magna) culture
D. magna (water flea) are common freshwater cladocerans and are one of the

standard U.S. EPA test organisms. Daphnia were obtained from the Carolina Biological
Supply company and cultured according to U.S. EPA standard operating procedure with a
16 hr light, 8 hr dark cycle in moderately hard synthetic freshwater (MHW).157 Daphnids
were fed spirulina daily and the culture water was changed every 2-3 days.

Water
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temperatures were 22 ± 1 °C and daphnia molting and reproduction were monitored.

3.2.2 Exposure procedures
Acute lethal concentration 50 (LCso) levels were determined following the
standard EPA protocol. IS7 Triplicate runs using 10 neonate

«

1 day old) daphnia per

group were conducted in 100 mL beakers. Serial dilutions of QDs were added with a
maximum QD concentration of 25.6 nM (1.54 x 1013 particles/mL) with [Cd] = 2 ppm.
For all other exposure conditions, triplicate runs using 10 adult daphnia (> 10 days old)
per group in 100 mL beakers after a 24 hr starvation period. Daphnia were exposed for
24 hr to MHW containing 7.7 nM water-solubilized CdSe/ZnS QDs (4.63 x 1012
particles/mL) with [Cd] = 0.6 ppm. Four different surface coatings, PAA, PAA-PEG,
PMAO, and PMAO-PEG, were tested, and the pH of the exposure water varied between
7.2-7.6.

3.2.3 QD uptake and clearance experiments
Ten organisms were added to 100 mL beakers with triplicated beakers sampled
after 1, 4, 8, 12, 24 hr. Daphnia were removed to beakers containing clean media and
pipetted vigorously to remove any QDs adhered to their carapace. The daphnia were then
fixed with 4% formaldehyde and transferred to preweighed glass vials for ICP-MS
preparation. For the clearance experiments, after 24 hr exposure to PAA coated QDs,
daphnia were removed to clean MHW or clean MHW with algae, Pseudokirchneriella

capricornutum, at 2.8xI08 cellsIL. Triplicate samples of 10 adult daphnia were removed
and fixed with 4% formaldehyde at 0, 4, 8, 24 and 48 hr time points. Fluorescence
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confocal laser-scanning microscopy was used to observe QD localization in whole,
exposed daphnia and then the samples (10 daphnia each) were transferred to preweighed
glass vials for ICP-MS preparation. Briefly, the samples were digested in 0.5 mL of 69%
trace metal grade HN03 for 30 min at 60-90 °C and then overnight at room temperature.
The acid digests were diluted with 9 mL of MilliQ water, collected using a syringe, and
filtered through a 0.45 !lm polyethersulfone (PES) filter into a 10 mL volumetric flask.
The final HN03 concentration after dilution to 10 mL was
in each sample was determined by ICP-MS.

~3.5%.

The Cd concentration

Average Cd concentrations for the 3

replicates were reported.

3.3

Danio rerio Uptake and Depuration Experiments

3.3.1

Zebrafish embryo toxicity test
To establish a LC50 level for QDs in zebrafish, a 120 hr toxicity assessment with

zebrafish embryos was conducted using poly(acrylic acid)-octylamine copolymer (PAA),
PEG conjugated PAA (PAA-PEG), poly(maleic anhydride-alt-l-octadecene) (PMAO)
and PEG conjugated PMAO (PMAO-PEG) coated QD samples as well as cadmium and
zinc

salts

for

free

metal

references.

Triplicate

experiments

(n

=

12

embryos/treatment/replicate) were conducted beginning exposure at the sphere stage (4-6
hr post fertilization, hpf). Fertilized eggs were collected from wild type zebrafish and
distributed in 96-well cell culture plates (one embryo/well) and incubated at 28°C. 158
Dosing solutions (100 !lL) were renewed every 24 hr through 120 hpf. QD exposure
suspensions were prepared in E3 embryo media without sonication, and concentrations of
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o and 6.25-200

!-tM Cd equivalents (i.e., total Cd per unit volume QD suspension) were

used. The maximum concentration of 200 !-tM Cd equivalents corresponds to 22.5 ppm
Cd equivalents or 288 nM QDs (1.7 x 10 14 particles/mL).

CdCh and ZnCh dosing

solutions were prepared at concentrations of 0-1600 !-tM.
Embryos/larvae were screened daily and scored for survival, alterations in
morphology and end points of toxicity.

Toxic end points included spinal curvature,

abdnormal eye formation, pericardial edema, reduced growth, malformed yolk sac, and
blackened tissue (apparent necrosis). Five larvae from each replicate were anesthetized
with tricaine methane sulfonate and immobilized in 3% methylcellulose. Heart rate was
recorded and the larvae were photographed live in lateral orientation. At the end of the
experiment, all larvae were euthanized with an overdose of tricaine methane sulfonate
(10 mg/mL in E3 embryo media).

3.3.2

Preparation of Quantum Dot Contaminated Artemia and Daphnia
A description of the synthesis and characterization methods of the poly(acrylic

acid)-octylamine copolymer (PAA) coated CdSe/ZnS QDs as well as the daphnia
(Daphnia magna) exposure conditions were previously described in Sections 3.1 and
3.2. 154,

159

Artemia franciscana sp. (artemia) were chosen as the food source for the

juvenile zebrafish since their small mouth opening prevented ingestion of daphnia
neonates. Artemia eggs (0.5 g) were hatched overnight in synthetic sea water and after
hatching were exposed to 7.7 nM water-solubilized CdSe/ZnS QDs (4.63 x 1012
particles/mL) with [Cd] = 0.6 ppm for a 24 hr duration. The artemia were then harvested,
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rinsed three times with clean culture media, and brought to a concentration of

~3000

artemiaimL.

3.3.3

Acclimation and training of zebrafish
Wild type zebrafish were raised on a recirculating aquarium system in an

environmentally controlled room (28°C, 80% humidity, 14 hr light - 10 hr dark light
cycle). Adult (> 3 months old) zebrafish were transferred to 1.8 L tanks (one fish per
tank) containing 1 L of standard culture media. Juvenile (two weeks old) zebrafish were
transferred to 1 L tanks (3 fish per tank) containing 0.8 L of standard culture media. All
zebrafish were acclimated to static water conditions with daily water changes for three
days before the experiment. The adult zebrafish were trained to eat live daphnia and the
juvenile zebrafish continued to be fed an artemia diet, at a density of ~4 artemialmL (1
mL stock artemia in 0.8 L). No abnormal behavior or death was observed during the

training period.

The Rice University Institutional Animal Care and Use Committee

(lACUC) approved all animal protocols in this study.

3.3.4

Trophic transfer of QDs from zooplankton to zebrafish
After acclimation, the uptake experiment was initiated with the adult fish fed 10

QD contaminated daphnia (a 4% of body weight ration) and the juvenile zebrafish fed 1
mL of QD contaminated artemia

(~3000

artemialmL) daily for 14 days. This uptake

period was followed by a depuration period with the remaining zebrafish fed
uncontaminated zooplankton daily for 7 days to determine if assimilation and/or
biomagnification of QDs can occur.

One hour after feeding, any uneaten food was
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siphoned out and the culture media was renewed. During the experiment, samples (n = 3)
were collected every other day, specifically zebrafish were taken on days 1, 3, 5, 7, 9, 11
and 13 during the exposure period, and on days 15, 17, 19, 21 during the depuration
period.

When collected, the zebrafish were euthanized with an overdose of tricaine

methane sulfonate (10 mg/mL in culture media) and then frozen to ensure death before
further processing.

3.3.5

Tissue Processing and Quantum Dot Quantification
The length of each fish was measured before dissection. Each zebrafish was first

prepared for fluorescence imaging by removing the skin above the abdominal section.
Following imaging, the intestines and liver were dissected from the carcass. Dissections
were not performed on the juvenile fish due to their small size. Each sample was dried,
weighed, and digested with 0.5 mL RN03 under mild heating conditions

(~60°C).

Digested samples were diluted to 10 mL with 1% RN0 3 and filtered through a 0.45 /lm
filter.

The cadmium concentration in each sample was determined by inductively

coupled plasma mass spectrometry (ICP-MS). Average cadmium concentrations for the
3 replicates were reported.

3.4

Calculations and Kinetic Model
From the length and mass data, the specific growth rate (SPR) was calculated as

follows:
SPR =

In(xt_21 ) -In(xt=o)

# of days of experiment

x 100%

(1)
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where Xt=21 was either the length or mass of the fish at the end of the experiment (after 14
days contaminated food and 7 days of gut clearance) and

Xt=O

was the length or mass of

the fish at the start of the experiment. Michaelis-Menten kinetics was used to analyze the
Cd uptake data

-

1 KM 1
1
-=-x-+C

Csat

t

Csat

(2)

where C is the whole body Cd concentration at time t, Csat is the saturated or maximum
whole body concentration, and KM is the Michaelis-Menton constant, which is the
amount of exposure time needed to reach half of the saturated concentration. First order
kinetics were used to determine the Cd depuration profile

where ke is the elimination rate constant.

By setting C to 0.5*Csat and rearranging

Equation 3, the elimination half-life, or time needed to clear 50% of the total body
content of QDs, can be calculated. To analyze the food chain transfer of QDs from
daphnia or artemia to zebrafish, a biomagnification factor (BMF) was calculated as the
ratio of the total QD concentration in zebrafish (mglkg) to that in its zooplankton diet
(mglkg) at steady state. 160 In addition, assimilation efficiency (AE) is a critical parameter
in predicting bioaccumulation of substances in aquatic species.

It is defined as the

fraction of ingested material remaining in the gut after it has been emptied of undigested
material and was calculated by dividing the body burden after 24 hr of clearance by the
body burden at steady state.

78

Chapter 4 Quantification of water solubilized CdSe/ZnS
quantum dots in Daphnia magna *

4.1

Introduction
Because of their distinct optical properties, quantum dots CQDs) are being

extensively developed for biomedical use as imaging contrast agents and traceable
therapeutic vectors and for energy applications including photovoltaic solar cells.161-163
QD optical properties include their size dependent band gap which enables emission
wavelength tunability and resistance to photobleaching?' 155 High photostability makes
QDs advantageous over conventional fluorophores for long-term tracking; however, due
to toxicity and degradation concerns, their use has been limited to in vitro and small
animal models. 164, 165 Several in vivo biodistribution studies using QDs in mouse models
to understand nanoparticle delivery and human health implications have been
published. 12, 166, 167 For environmental implications, the release of heavy metals into the
environment due to increased QD use is also of concern, and there is a need for more
studies examining the biodistribution of QDs in aquatic species.

In both cases, the

mechanisms behind tissue uptake and accumulation of QDs have yet to be determined,
and it may be possible to gain insights into QD biodistribution through the study of
simpler model systems. The freshwater crustacean Daphnia magna, also known as the
water flea, is a standard model system for aquatic toxicity studies as they are sensitive to
changes in their environment, such as the presence of hazardous chemicals. 157, 168
• Adapted from Lewinski. N., Zhu, H., Jo, H-J., Pham, D., Kamath, R., Ouyang,
C.,Vulpe, C., Colvin, V., Drezek, R. "Quantification of water solubilized CdSe/ZnS
quantum dots in Daphnia magna." Environmental Science & Technology, 2010, 44 (5),
1841-1846.
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Daphnia serve as a unique model organism since they are small (adult body length
ranging between 2 to 5 mm) and relatively transparent, making them advantageous for
whole organism microscope imaging. Although published studies have utilized daphnia
in assessing aquatic toxicity of different nanomaterials, little is known of endpoints other

than mortality for daphnia exposure to nanomaterials.169-171

For daphnia, routes of

exposure to nanomaterials would include external contact with or ingestion by filter
feeding of nanoparticles contained in the water. We anticipated QDs would be readily
ingested and assuming the QDs are indigestible, hypothesized that they would be
excreted with little accumulation.
The aim of this study was to utilize the unique optical properties of QDs to study
nanoparticle uptake and elimination in daphnia. Only a handful of studies have been
published on QD uptake in daphnia, and although mostly qualitative, they demonstrate
the value of fluorescence microscopy for QD localization in the organism. 172- 174 We first
characterized the sources of competing fluorescent signals. A clear understanding of the
endogenous fluorescence sources can provide insight valuable to improving the utility of
fluorescence microscopy for fluorescent nanoparticle localization in daphnia.

For

simplicity, we chose QDs with a fluorescence emission peak that did not overlap with the
endogenous signals to better distinguish the QD fluorescence when taking images.
Fluorescence imaging paired with inductively coupled plasma mass spectrometry (ICPMS) Cd concentration measurements were used to study gut clearance of QDs after
removal from exposure conditions. As algal feeding has been suggested to facilitate
clearance of materials in the digestive tracts of daphnia, both feeding and no feeding
clearance conditions were tested to determine their influence on the gut clearance of
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QDs. 175 In addition, we hypothesized that the QD surface functionality will influence
their distribution and examined the surface coating effects on uptake using four surface
coatings, two amphiphilic polymer coatings (a poly(acrylic acid)-octylamine amphiphilic
copolymer (PAA) and poly(maleic anhydride-alt-1-octadecene) (PMAO)) with and
without polyethylene glycol (PEG) conjugation.

4.2

Methods
The uptake of amphiphilic polymer coated quantum dots by Daphnia magna was

conducted as described in Chapter 3. Briefly, the CdSe/ZnS QDs used were synthesized
and purified as described in Section 3.1.2 and water solubilized as described in Section
3.1.3.

Two different amphiphilic polymer coatings (a poly(acrylic acid)-octylamine

amphiphilic copolymer (PAA) and poly(maleic anhydride-alt-1-octadecene) (PMAO))
with and without polyethylene glycol (PEG) conjugation were used.

The stock QD

solutions were characterized using the techniques described in Section 3.1.4.
Acute toxicity, uptake and gut clearance experiments were conducted following
the procedures described in Sections 3.2.2 and 3.2.3. Briefly, LC50 values were measured
from triplicate exposures to serial dilutions of QDs with a maximum QD concentration of
2 ppm Cd equivalents using 10 neonate daphnia per replicate. For all other exposure
conditions, triplicate runs of 10 adult daphnia exposed to MHW containing QDs with
[Cd]

=

0.6 ppm. Four different surface coatings, PM, PAA-PEG, PMAO, and PMAO-

PEG, were tested. Fluorescence confocal laser-scanning microscopy and ICP-MS metal
analysis were used to detect and quantify the QDs in the daphnia.
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4.3

Results And Discussion

4.3.1

Fluorescence characterization

To determine the sources of endogenous fluorescence, fluorescence excitationemission matrices (EEMs) of daphnia, spirulina, algae and amphiphilic polymer coated
CdSe/ZnS QDs were collected and are presented in Figure 4. 1(A-D).
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Figure 4.1
Fluorescence excitation emission matrixes for (A) Daphnia magna, (B)
Spirulina platensis, (C) Pseudokirchneriella capricornutum, (D) water-solublized
CdSe/ZnS quantum dots with normalized intensities. Peaks include tryptophan at
2801350 nm (excitation/emission), NADH at both 270/460 nm and 360/460 nm,
phycocyanin (in spirulina) at 360/650 nm and 600/650 nm, chlorophyll a (in green algae)
at 680 nm emission, and CdSe/ZnS QDs at 600 nm emission. Reprinted with permission
from [159] Copyright 2010 American Chemical Society.

The fluorescence EEM from starved Daphnia magna revealed three peaks,
attributed to tryptophan (located at 280/350 nm excitation/emission) and NADH (located
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at both 270/460 run and 360/460 run excitationiemission).176,

177

In addition to these

peaks, Spirulina platensis fluorescence included peaks attributed to phycocyanin (located
at 360/650 run and 600/650 run excitationiemission).I78 As the spirulina phycocyanin
peak was not present in the daphnia EEM, we assume that the daphnia EEM represents
the endogenous fluorescence from the daphnia only.

F or the

green algae

Pseudokirchneriella capricornutum, chlorophyll a serves as the endogenous fluorophore
with an emission peak around 680 run. 179, 180 To ensure no overlap in fluorescence signal,
QDs with emission peak at 600 run were synthesized as the fluorescence signal near this
emission wavelength was low in both the daphnia, spirulina and algae EEMs.
Figure 4.2 presents a representative TEM image and UV-Vis absorbance and
fluorescence spectra from PAA coated QDs.
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Figure 4.2
CdSe/ZnS QD Characterization. Representative TEM Image of P AA
coated CdSe/ZnS QDs (left, scale bar = 50 run) with a measured core diameter of 5.2 ±
0.4 run and UV -Vis absorbance and fluorescence spectra (right) on normalized scale.
Peak absorbance wavelength = 584 nm and peak emission wavelength = 600 run.
Reprinted with permission from [159] Copyright 2010 American Chemical Society.
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4.3.2

Quantum dot localization
To confIrm that the QDs could be distinguished from food present in the daphnia

gut, initial fluorescence images were taken from daphnia that were starved, fed spirulina
only, fed QD only, and fed spirulina + QD. Representative images of the fluorescence
collected from the daphnia using three band pass emission fIlters (500-550 nm, 565-615
nm, and 650-710 nm) are given in Figure 4.3.
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Figure 4.3
Spectral verification of QD and algae derived fluorescence. Brightfield, fluorescence (488 r
emission filters, false color), mean ROI composite lambda scan images and fluorescence emission spectra obta
after 24 hours in (A) moderately hard synthetic freshwater (MHW) only, (B) MHW containing 3 ppm spirulin
7.7 nM QD, (D) MHW containing both 3 ppm spirulina and 7.7 nM QD. Magnification at 4x. Reprinted wit
Copyright 2010 American Chemical Society.
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Spirulina was chosen as the food source for this part of the experiment as
spirulina exhibited more autofluorescence compared to the algae in the collected EEMs.
Minimal fluorescence was observed from the starved daphnia (Figure 4.3A) while
spirulina only (Figure 4.3B), QD only (Figure 4.3C), and spirulina + QD (Figure 4.3D)
fed daphnia exhibited fluorescence, with stronger signal observed in the digestive tract
region for emission wavelengths above 565 nm. Comparing the QD only (Figure 4.3C)
and spirulina + QD (Figure 4.3D) fed daphnia, fluorescence signal was present in both
the 565-615 nm band containing the QD signal (-600 nm) and the 650-710 nm band
containing the spirulina signal (-650 nm); however, only the 565-615 nm band exhibited
signal in the thoracic appendages. Similar findings have been reported for Ceriodaphnia
dubia exposed to QDs. 173 Since these organs are exposed to the surrounding media, the

presence of QDs was expected due to their addition to the water; however, with rigorous
pipetting during rinsing, strong fluorescence signal attributed to QD aggregates generally
found coating the carapace, antennae and thoracic appendages of the daphnia can be
minimized in most cases.
For the spirulina + QD fed daphnia (Figure 4.3D), the qualitative fluorescence
intensity in the digestive tract region for emission wavelengths 565-615 nm and 650-710
nm were relatively similar. To further confirm the fluorescence signal observed in the
digestive tract of spirulina + QD fed daphnia in these two emission bands were from two
distinct fluorophores (QD and phycocyanin), lambda scans using the LSM META
detector were acquired which allowed for generation of fluorescence spectra from the
sample fluorescence image series.

Mean region of interest (ROI) images from the

lambda scans corresponding to the same daphnia are also given in Figure 4.3. As shown
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in Figure 4.3(C-D), daphnia exposed to QDs had a relatively strong fluorescence peak at
600 run present in the digestive tract and thoracic appendage regions with emission peaks
at both 600 run and 660 run found in the daphnia exposed to both QDs and spirulina.
This imaging work demonstrates the importance of characterizing the endogenous
fluorescence signal before studying fluorescent nanomaterial uptake. Although of less
concern when daphnia are starved prior to exposure and exposed to QDs only, accurate
detection in this study relied on the ability to distinguish the fluorescence of the QDs
from their food source. If instead QDs with fluorescence peak at 655 run were used, or a
long pass or a broader band pass emission filter were used to detect the QD signal in QD

+ algae fed daphnia, the increase in fluorescence intensity observed in the fluorescence
images would be due to both QD exposure and normal feeding. Therefore, it would be a
misinterpretation to state that the increase observed was solely due to QD exposure.
Since the groups were starved 24 hours prior to exposure in order to ensure QD
ingestion, this may have influenced the accumulation of QDs observed in the digestive
tract. Work by Zhu et al. showed that daphnia ingested less nanomaterials when exposed
with food versus exposed to nanomaterial contaminated water alone. lSI However, in our
experiment when daphnia under normal culture conditions were exposed to 7.6 nM QD
without prior starvation, QD signal of similar or greater intensity was collected
throughout the digestive tract of the exposed daphnia indicating little difference in
uptake.

In addition, it is important to note that, despite the relatively high QD

concentrations chosen to load the daphnia digestive tracts, the fluorescence collected with
the fluorescence microscope from the exposure water was minimal (except in the case of
micron sized aggregates).
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Figure 4.4
Reference fluorescence spectra of Spirulina and QD exposure solutions.
Mean ROI composite lambda scan image (4x magnification, false color) (left) and
fluorescence emission spectra (right) obtained after 488 nm excitation of (A) Spirulina,
(B) amphiphilic coated CdSe/ZnS QDs at 25.6 nM, and (C) exposure water containing
7.6 nM amphiphilic coated CdSe/ZnS QDs.
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4.3.3

QD uptake, clearance and accumulation
With the QDs clearly distinguishable from the food, gut clearance was examined

from daphnia under both feeding and non-feeding conditions. Feeding was hypothesized
to facilitate QD clearance from the digestive tracts of the daphnia as suggested in the
literature.175 The exposure concentration used, 7.7 nM QD (4.63 x 1012 particles/mL)
with [Cd] = 0.6 ppm, was chosen to be high enough to ensure QD uptake but also be a
sublethal concentration.

For the PAA coated QDs used, a LC50 value could not be

determined for the concentration range tested, with the maximum concentration tested
being 25.6 nM QD (1.54 x 1013 particles/mL) with [Cd]

= 2 ppm.

Excretion of QDs from

exposed daphnia was the focus of this study as literature suggests that gut filling occurs
within 30 min of exposure. 182 • 183

However, uptake results for the concentration tested

here showed a general increase during the first 24 hr with a steady state concentration
calculated using Michaelis-Menten kinetics of 170 mg Cd I kg daphnia reached around
12 hr as seen in Figure 4.5.

For Coo and carbon nanotubes, a pseudo-steady-state

concentration was reached by 24 hr, which corroborates our findings with QDS. 184-186
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Figure 4.5
Biokinetics of QDs in adult daphnia. Uptake and clearance profiles of
QDs in adult daphnia based on body burden. Exposure concentration was [Cd] = 0.6
ppm, Csat = 170 mg/kg and ke = 0.28 day-I. Error bars represent the standard deviation of
the mean (n = 3).

For all purging time points, 10 daphnia, with 9 in a few cases, were alive at collection.
Fluorescence microscopy revealed the presence of QD fluorescence signal in the
digestive tract for all daphnia regardless of the purging duration. Representative images
are presented in Figure 4.6(A-B).
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Figure 4.6
Clearance profile of QDs in daphnia based on measure Cd content.
Brightfield and fluorescence (488 nm excitation, 565-615 nm emission, false color)
images obtained from adult daphnia exposure for 24 hours to 7.7 nM QD after purging in
(A) MHW with algae, (B) MHW without algae. Magnification at 4x. (C) Average total
amount of cadmium from adult daphnia exposed to QDs measured using ICP-MS; red =
algae fed daphnia, blue = unfed daphnia. Reprinted with permission from [159]
Copyright 2010 American Chemical Society.

After 48 hr in clean media without QDs, QD fluorescence signal was still observed in the
digestive tracts of the daphnia under both feeding conditions. This suggests that the QDs
were not completely eliminated from the digestive tract after 48 hr. No apparent shift in
the emission peak was observed in the lambda scan spectra. This suggests that the QD
cores were still intact.
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Although Figure 4.6 only presents images at t = 0, 24, and 48 hr, the images at t =
4 and 8 also revealed consistent fluorescence signal within the gut, with stronger intensity
visible in the tail end.

The reduced fluorescence in the fore gut and the higher

fluorescence in the hind gut suggests that excretion occurred. These results align with
studies on C60 and gold nanoparticles. For C60 , Baun et al. reported that the lower section
of the digestive tract contained C60 after a 48 hr depuration period in clean media. 184 For
gold nanoparticles, Lovern et al. reported a shift in high numbers of gold nanoparticles
from the mouth to tail region after a 24 hr purging duration. 187 However, while some
retention of QDs in the exposed daphnia after 48 hr in clean media was expected for the
unfed daphnia, this was not expected in the fed case.

Barata et al. found that Cd

contaminated algae would clear from the gut of daphnia in 3-6 hr and Gilles et al.
recommends only 8 hr for gut clearance. 175,

188

Since QD fluorescence signal was still

present after 48 hr in the daphnia fed algae during depuration, QDs may have an
increased gut passage time or may be adhering to the intestinal wall.
Fitting a fIrst order kinetics model to our depuration data, the elimination rate
constant was calculated to be ke = 0.28 day-l and the gut passage time was calculated to
be around 9 days, a signifIcantly longer clearance time than the 8-24 hr gut clearance
time for algae.

Containment of observed fluorescence suggests QDs are not being

assimilated; however, further study is needed to confIrm this hypothesis.

For CuO

nanoparticles, Heinlaan et al. revealed through TEM imaging that CuO nanoparticles
penetrated the peritrophic membrane, which is a fIlm structure that separates food from
the midgut, and embedded between the midgut microvilli. 189 However, they reported no
apparent internalization by gut epithelial cells. This matches the TEM data Lovern et al.
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published on gold nanoparticles in daphnia where they found no evidence of transport of
gold nanoparticles across the intestinal wal1. 187
As shown in Figure 4.6C, ICP-MS measurements revealed a decrease in the total
Cd content with longer purging times. Cadmium was measured since our hypothesis was
that Cd release was a primary source of toxicity from quantum dot exposure. In addition,
Cd is a non-essential metal, and the levels observed were expected to be due to exposure
to QDs only. The average total Cd for the algae fed and unfed daphnia controls was low
with algae fed containing 3 ± 1 ng Cd/daphnia and unfed containing 2 ± 0.2 ng
Cd/daphnia. For the daphnia exposed to QDs for 24 hr, the average total Cd was elevated
compared to the controls. On average, the Cd present was 15 times higher than the unfed
daphnia control and 9 times higher than the fed daphnia control immediately (t

=

0 hr)

after removing them from exposure. The average total Cd at t = 48 hr was also elevated
compared to controls, further corroborating some retention of QDs. Throughout the gut
clearance duration, the differences between the average total Cd levels measured from the
algae fed daphnia and the respective unfed cases were not statistically significant (p >
0.05, Wilcoxon rank sum).

This suggests that under both feeding and non-feeding

conditions, the daphnia eliminated the QDs at similar rates. In both cases, QDs were not
completely eliminated from the digestive tract after 48 hr. Comparing the average total
Cd amounts at t = 48 hr to t = 0 hr, 53% of the initial Cd was retained in the algae fed
case while 36% was retained in the unfed case. As shown in Figure 4.7, despite the
difference at 48 hr the excretion was similar for both the fed and unfed cases.
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Figure 4.7
Clearance profile of QDs in algae fed and unfed adult daphnia based on
dose remaining. Error bars represent the standard deviation of the mean (n = 3).

Petersen et al. reported similar depuration findings for carbon nanotubes in daphnia;
carbon nanotubes were not completely purged in daphnia after removal to clean media
and 48 hr of algae feeding.I8s Further study is needed to determine if complete clearance
would occur after longer purging durations.
4.3.4

Surface Coating Effect on Uptake

Daphnia were exposed to three additional surface coatings (PAA-PEG, PMAO,
PMAO-PEG) to explore surface coating effects on uptake.

Characterization data are

presented in Figure 4.9. For all coatings, QD fluorescence was located primarily in the
intestines with some fluorescence observed in the thoracic appendage area. Dissecting
the intestines from the daphnia (see Figure 4.8) and measuring the Cd from the intestines
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and remaining carcass separately with ICP-MS revealed 90% or more of the total Cd
reported in Figure 4.9 was associated with the intestines.

Figure 4.8
Example of daphnia intestine dissection. From left to right: whole daphnia
before cleaning, daphnia after cleaning and removal of carapace, intestines only with eye
as reference. Scale bar = 1 mm.
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In addition, the fluorescence images suggest the PMAO and PMAO-PEG coated
QDs had significantly higher uptake after 24 hr of exposure compared to the PAA and
PAA-PEG coated QDs. ICP-MS measurements confirmed the higher uptake observed
and revealed higher QD body burdens in daphnia exposed to PMAO-coated QDs (985 ±
154

~g

Cd/g daphnia) compared to PMAO-PEG coated QDs (315 ± 54

~g

Cd/g daphnia).

High bioaccumulation potential is expected for PMAO-coated QDs since the
bioconcentration factor (BCF) was> 1000. Refer to Table 4.1 for data on all four QDs
tested. The PEG coated particles were anticipated to exhibit less uptake and toxicity due
to the reduction in the negative surface charge, inhibiting the electrostatic attraction
between QDs and biological particulates. 19o In addition to lower uptake, the effect on
toxicity was also apparent with a LCso value of 3.1 nM QD (1.89 x 10 12 particles/mL)
with [Cd] = 0.244 ppm determined for QDs coated with PMAO alone while LCso values
were not reached up to 25.6 nM QD (1.54 x 1013 particles/mL) with [Cd] = 2 ppm for the
PEG conjugated PMAO coated QDs.

Table 4.1 Summary Statistics for Amphiphilic Polymer coated QDs in Daphnia
Coating Type

Average Total
Cd (ng/daphnia)

Body Burden
(mg/kg)

BCF

octylamine modified
polyacrylic acid (PAA)

27

208

346

polyethylene glycol (PEG)
conjugated to modified PAA

18

138

231

poly{maleic anhydride-alt-1octadecene) (PMAO)

128

985

1641

PEG conjugated PMAO

41

315

526
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The stability of QD suspensions m daphnia media was also assessed usmg
dynamic light scattering. Aggregates greater than 100 nm were measured in water
samples taken from QD contaminated daphnia media before exposure with larger
aggregates reaching micron size measured for the PMAO coated QDs compared to the
other three coatings. The observed increased uptake for PMAO coated QDs could be due
to reduced particle stability and aggregation. While daphnia filter particulates from the
water indiscriminately, it has been suggested that daphnia tend to retain larger particles
while smaller particles are retained less efficiently.191 One theory of particle movement
by daphnia proposes that particulates are filtered from water via mechanical sieving, with
particle uptake correlated with filter mesh size. 192 Daphnia have been identified as fine
mesh filter feeders with their filter mesh size remaining the same throughout their
growth. 193

Food particles are captured by setae, or filter combs, on the thoracic

appendages, removed by longer bristles and transported to the food groove. The size
range of particles filter by Daphnia magna includes 0.6 - 40 !-tm particles, and particles
smaller than 5 !-tm have lower uptake compared to larger particles. 193, 194

While

nanoparticles could be captured by "direct interception, inertial impaction, gravitational
deposition and diffusion deposition," they could be lost during transport to the food
groove. 195 Therefore the increased uptake observed could be correlated to aggregation,
with better dispersed QDs, such as the ones coated with PEG, having lower retention.
Ingestion by the daphnia could also influence particle stability as suggested by
Roberts et al. who hypothesized that daphnia altered the solubility of SWNTs by
digesting the LPC coating and excreting insoluble SWNTs. 196

In the presence of

daphnia, visible QD sediments were observed in the PMAO coated QD solution within an
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hour.

No visible QD sediments were observed for the other three coatings.

Sedimentation also occurred in solutions with PMAO coated QDs only but were observed
later, after 24 hr. This accelerated sedimentation induced by the daphnia could be due to
adsorption to organic matter from the daphnia (e.g. carapace molts, fecal material),
ingestion with concentration of the particles in the digestive tract, or potential alteration
by digestive enzymes. If any biodegradation occurred, the fluorescence images collected
suggest that the QD cores were unaffected as fluorescence signal was still detected and
the emission peak was stable. It is important to note that the daphnia exposed to PMAO
coated QDs were the only ones that exhibited mortality, with an average of 20% survival,
after the 24 hr exposure period. The dead daphnia were often found buried in the QD
sediments, and it is believed that the aggregation of the QDs on the carapace, antennae
and thoracic appendages inhibited movement and contributed to the mortality observed.
The average total Cd value presented in Figure 4.9 represents a mixture of live and dead
daphnia at collection. Separate measurements from 10 live and 10 dead daphnia after
PMAO coated QD exposure confirmed that mortality did not influence the Cd
measurements.
Real-life exposure conditions will most likely involve significantly lower QD
concentrations; therefore, further investigation is needed to evaluate the ability of
confocal fluorescence microscopy and ICP-MS to detect environmentally relevant
concentrations of QD exposure in freshwater organisms such as D. magna. Since strong
fluorescence signal was collected from the digestive tracts of the exposed daphnia, this
indicates that the QDs are concentrated or accumulated within the daphnia and suggests
that this may occur at lower QD concentrations as well.

Since the QDs were not
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completely eliminated after 48 hours of purging, this suggests some QD retention and
potential accumulation in the organisms over time. Further investigation is needed to
determine if the QDs are being absorbed through the intestinal wall and entering the
organism.
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Chapter 5

6.1

Quantification of water solubiliz*ed CdSe/ZnS
quantum dots in Danio rerio

Introduction
Quantum dots (QDs) offer considerable benefits in several commercial sectors

due to their unique optical properties. Their applications range from biomedical use as
traceable therapeutic agents, to electronics use in LED flat panel displays, to alternative
energy solutions including photovoltaic solar cells.

As the number of commercially

viable uses of QDs rises, the production of QDs will shift from bench-scale to largevolume manufacturing, increasing the probability of QDs release into the environment.
Of the environmental compartments (air, water, land), life cycle analysis suggests that
water will contain the highest predicted environmental concentrations of nanoparticles;
therefore, QDs may pose risks to aquatic organisms. 197 Since most QDs contain heavy
metals, such as cadmium in the case of CdSe/ZnS QDs, toxicity may result from heavy
metal exposure in addition to any reactions associated with their nanoscale properties~
Although there is an appreciable number of published studies on the ecotoxicity
of nanopartic1es, previous work has focused on establishing lethal concentration levels.
There remains little information on potential bioaccumulation and trophic transfer of
nanoparticles in aquatic organisms. Dietary exposure to nanoparticles can result in
significantly higher total body concentrations in predatory organisms since prey
organisms can accumulate nanopartic1es.

For example, daphnia can have total body

concentrations that are orders of magnitude greater than their surroundings water
• Adapted from Lewinski, N., Zhu, H., Ouyang, C., Conner, G., Wagner, D., Colvin, V.,
Drezek, R. "Trophic transfer of water solubilized CdSe/ZnS quantum dots from
zooplankton to zebrafish." Nanoscale, 2011 (submitted).
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concentrations. To date, published studies on dietary exposure of fish to nanoparticles
only examine metal oxide and carbon nanoparticles.198-202 Based on the European Union
Commission Guideline 93/67IEEC classification scheme, comparing LC50 values for
different metal-based nanoparticles in aquatic organisms revealed Ti02 to be harmful
with the lowest LC50 value reported as 65.5 ppm. 203 In contrast, a review of articles
testing CdSe/ZnS QDs on aquatic organisms yields a lowest LC50 of 0.04 ppm making it
extremely toxic to aquatic organisms.
For QDs, trophic transfer studies have examined effects on invertebrate food webs
and have suggested potential biomagnification to higher organisms. 172, 204, 205

Our

previous work demonstrated that the filter feeder, Daphnia magna (daphnia),
accumulates quantum dots in their intestine. The gut passage time for daphnia exposed to
metals has been reported as 8 hours or less, and our study showed QDs eliminated more
slowly with around half of the initial dose remaining after 48 hr of clearance. 159 Since
our daphnia results suggested the possibility of biomagnification, this current study aims
to investigate the trophic transfer of QDs from daphnia to Danio rerio (zebrafish).
Published toxicity testing on zebrafish embryos suggest QDs are more toxic than
cadmium salt; therefore, we first conducted a dose-response experiment to assess the
toxicity of our QD formulation to zebrafish embryos to determine a lethal concentration
level (LC 50).206 Choosing a sub-lethal dietary exposure concentration, the biodistribution
and toxicity of ingested QDs on adult zebrafish was studied. To test the potential effect
on growing zebrafish, dietary exposure was also conducted on juvenile zebrafish.
Because zebrafish lack a stomach, no acid phase digestion is expected suggesting
ingested quantum dots may experience little to no chemical degradation. Assuming the
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nanoparticles are indigestible, we hypothesized that the nanoparticles would be excreted
from zebrafish with little accumulation. To date, no studies have been published on the
biodistribution of quantum dots in juvenile or adult zebrafish.

6.2

Methods
As described in Section 3.3, QDs were tested in zebrafish at three life stages.

First, acute toxicity assessment with zebrafish embryos was conducted to establish LCso
levels for the PAA, PAA-PEG, PMAO and PMAO-PEG coated QDs.

Triplicate

experiments (n = 12 embryos/treatment/replicate) were conducted beginning exposure at
the sphere stage (4-6 hr post fertilization, hpi). QD exposure concentrations of 0 and
6.25-200

~M

Cd equivalents (i.e., total Cd per unit volume QD suspension) were used as

well as concentrations of CdCh for comparison. Embryos/larvae were screened daily for
survival, alterations in morphology and end points of toxicity. Heart rate was recorded
and the larvae were imaged. At the end of the experiment, all larvae were euthanized
with an overdose oftricaine methane sulfonate (10 mg/mL in E3 embryo media).
The dietary exposure regiment is also given in Section 3.3. PAA coated QD
contaminated daphnia were prepared as described in Section 3.2.2 and PAA coated QD
contaminated artemia were prepared as described in Section 3.3.2.

For the uptake

experiment, juvenile zebrafish were fed 1 mL of QD contaminated artemia

(~3000

artemialmL) and the adult zebrafish fed 10 QD contaminated daphnia daily for 14 days.
To examine gut clearance, a depuration period with the zebrafish fed unexposed
organisms followed for 7 days. Samples were taken every other day, specifically three
zebrafish were taken on days 1,3,5, 7, 9, 11, 13, 15, 17, 19,21. At each time point, the
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ate (10 mg/mL in
zebrafish were euthanized with an overdose of tricaine methane sulfon
fish water) and then frozen to ensure death before further processing.
exposure on
Measurements (Le. length, weight) were taken to assess effect of QD
the biodistribution of
growth. Fluorescence imaging and ICP-MS were paired to evaluate
QDs throughout the entire experiment.

Each zebrafish was first imaged and then

the small size of the
dissected to isolate the intestines and liver from the carcass. Due to
were dissected to
juveni le zebrafish, only the ones collected during the depuration period
s. Each sample was
determine the concentrations within the intestines versus the carcas
the biokinetic models
then prepared for ICP-MS by acid digestion. Section 3.4 describes
used to analyze the data.

6.3

Resu lts and Discussion

6.3.1

QD toxicity assess ment in zebraf ish embry os
embryonic
Three sets of zebrafish embryos were exposed to QDs early during

larvae in the control
development (4-6 hpt). The mortality was 8% among the hatched
QDs, the difference
group after 120 hr. Although mortality increased with exposure to
um concentration
was not statistically significant. No LCso was reached up to the maxim
e viability was 83 ±
of 200 IA-M Cd equivalent PAA-coated QDs tested and the averag
hpf, for both the
10% at 120 hpf. Almos t all mortality occurred during the first 48
CdCh concentrations
control and exposure sets. In comparison, all embry os exposed to
surviving embryos
greater than 140 IA-M were dead at 120 hpf. The hatching rates among
d no significant
exposed to different concentrations of QDs in each of the three sets showe
manifested around
differences. Any adverse morphological effects that were observed
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48 hr after the QD exposure started. The incidence of developmental malformations was
much higher for the exposure sets above 20
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as show in Figure 5.1.
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Figure 5.1
Effects of exposure to PAA-QDs at 200 ~M Cd equivalents on zebrafish
larvae. A) Representative images of deformities observed in exposed larvae. Black
arrows indicate pericardial edema, yolk sac malformation, and spinal curvature. B)
Incidence of deformations in zebrafish larvae exposed to graded concentrations of P AAcoated QDs. Results across combined replicates (3 replicates of n = 12) are shown.
Asterisks indicates incidence above unexposed control (p < 0.05).

The heart rates of control and exposed larvae were recorded at 120 hpf.
Compared to the control larvae which had an average heart rate of 151
exposed to 200
±

~M

±

3 bpm, larvae

Cd equivalent PAA coated QD had a slower average heart rate of 131

7 bpm, a statistically significant difference (p < 0.05). Specifically, exposed larvae that

were deformed (i.e. edema, spinal curvature) had slower heart rates. Although no
biochemical analysis such as metallothionein or reactive oxygen species detection was
conducted in this study, we suspect particle degradation occurred since similar
deformities correlating to Cd metal toxicity were observed in the exposed larvae.
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Examining the embryos using confocal fluorescence mIcroscopy, QDs were clearly
adsorbed onto the chorions of each embryo after 24 hr of incubation and optically
sectioning the unhatched embryos revealed no detectable fluorescence signal inside the
chorion to indicate QDs penetrated the chorion. In hatched larvae, minimal quantum dot
fluorescence was observed under confocal microscopy and fluorescence emission was not
detected using a spectrofluorometer.
F or comparison with our daphnia study, the effect of surface coating on the acute
toxicity observed was investigated by exposing zebrafish embryos to a range of
concentrations of PAA, PAA-PEG, PMAO and PMAO-PEG coated QDs. Up to the
maximum concentration tested, 200 !J.M or 22.5 ppm Cd equivalents of QDs, an LCso was
reached for all but the PAA-coated QDs as shown in Figure 5.2. The toxicity manifested
primarily after the zebrafish hatched from their chorions with higher toxicity seen at 120

hr versus 48 hr (Figure 5.2). For PMAO and PMAO-PEG QD exposed larvae, high
incidences of pericardial edema and yolk sac malformation were observed while tissue
necrosis was most observed in PAA-PEG QD exposed larvae. This differed from the
toxicity observed in daphnia where an LCso was only determined for PMAO-coated QDs.
However, it is important to note that higher QD concentrations were used compared to
the maximum concentration tested for daphnia.
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Figure 5.2 Viability of zebrafish larvae exposed to four different amphiphilic polymer
coated QDs. A) 48 hr exposure duration, B) 120 hr exposure duration. Error bars
represent standard deviation of the mean from three replicate experiments en = 12).
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Our acute toxicity results for QDs in zebrafish embryos varied slightly from
published data. King-Heiden et al reported a LCso of 42 llM or 4.7 ppm Cd equivalents
for polyethylene glycol (PEGsooo-OCH3) coated QDs, which was an order of magnitude
smaller than the LCso found for CdCh (409 llM or 46 ppm) in their study.206 No LCso
value was reached for another polyethylene glycol (PEG30o-OCH3) coated QD for
concentrations up to 200 llM or 22.5 ppm Cd equivalents. In our study, no LCso was
reached for PAA-coated QDs and a LCso of 100 llM or 11.25 ppm Cd equivalents was
found for PAA-PEG coated QDs. For PMAO and PMAO-PEG coated QDs had similar
toxicity with a LCso of approximately 200 llM or 22.5 ppm Cd equivalents. Interestingly,
the toxicity for our QDs coated with an intermediate PEG chain length (350 < 1800 <
5000) used in our study fell between the toxicities reported in the King-Heiden study
despite differences in PEGylation methods (polymer conjugation in our study versus
ligand exchange in the King-Heiden study).206 Further investigation into the how these
surface coatings influence the interactions, stability and solubility of QDs is needed to
discern the factors leading to QD toxicity.

6.3.2

Transfer of QDs to zebrafish through dietary exposure
Since higher body burdens can result from dietary exposure versus aqueous

exposure, dietary intake may constitute a major route of potential nanomaterial exposure
for a higher trophic level of aquatic organisms. Our results show, similarly to studies on
Ti02 NPs or Cd metal, that QD contaminated daphnia were readily eaten by the zebrafish
and QDs accumulated in the intestines during the feeding period. A representative image
of an adult zebrafish after feeding is presented in Figure 5.3. Because of light scattering
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from the iridophores in the zebrafish skin, QD fluorescence could not be clearly observed
non-invasively using either a fluorescence stereomicroscope or an in vivo whole animal
fluorescence imaging system. However, upon removal of the skin, QD fluorescence was
localized in the intestines with no distinguishable fluorescence in other organs (Figure
5.3).

B

2000

...... QD fluorescence
-- Autoflu orescence

Wavelength (nm)

Figure 5.3
Visualization of QD fluorescence in adult zebrafish. A) Representative
whole animal brightfield (left) and fluorescence (right, false coloring) images taken with
Maestro imaging system with B) corresponding spectra for QD (emission peak @ 600
run) and endogenous fluorescence signals.

Both adult and juvenile zebrafish fed QD contaminated zooplankton exhibited no
mortality and no growth inhibition over the 21 day duration of the experiment. Chronic
exposure of zebrafish to waterborne Cd or Zn has been shown to cause a variety of
physiological and behavioral changes including loss of appetite, reduced growth, and
mortality ?07

There were no signs of these effects nor any deaths during the entire

experiment. In the adult zebrafish, growth was minimal with specific growth rates by
length and by weight calculated to be 0.2% mmlday and 2% g/day respectively. Despite
this small growth, size distribution influenced the uptake data.

Specifically the body
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rtently used at
burden values for day 3 were skewed since larger zebrafish were inadve
ish over the 21
this time point. Normal growth was also observed in the juvenile zebraf
rates by length and
days of the experiment as shown in Figure 5.4a. The specific growth
and 10.2% g/day
by weight for juvenile fish were calculated to be 7.1% mmlday
respectively.
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Figure 5.4
Growth and Biokinetics of QDs in Juvenile Zebrafish. A) Growth curve
based on length. B) Uptake and clearance profile of QDs based on body burden. The
elimination rate constant (ke) was 0.52 day-I. Error bars represent the standard deviation
of the mean (n = 3).
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The QD dose in the zooplankton was determined using ICP-MS before feeding.
As previously reported, the average total Cd content from the QDs was 27 ± 6 ng
Cdldaphnia or 208

±

3 I-tg Cdlg daphnia. 159 In the artemia, the average Cd content from

the QDs was determined to be 2.14

±

0.2 I-tg Cd/mL or 0.7

±

0.1 ng Cdlartemia. No

significant dissolved Cd was detected in the exposure water, non-detect using ICP-MS.
Cd leaching from the food into the water was of little a concern since left over artemia
were removed after 1 hr for the juvenile zebrafish and all ten daphnids were ingested
within ten minutes by the adult zebrafish.
During the uptake period, 95 ± 4% of the measured Cd total body concentration
was associated with the intestines, 1

±

0.5% with the liver, and 3.5

±

1% with the

remaining carcass. For the adult zebrafish exposures, anticipated QD dose of around 0.27
±

0.06 I-tg Cdlzebrafish was expected since each fish was fed only 10 daphnia per day.

The average uptake measured at day 1 was slightly lower, 0.15

±

0.02 I-tg Cdlzebrafish.

At the end of the uptake experiment, the QD body burdens in Cd equivalents were 8
mglkg and 18

±

±

1

5 mg/kg and the biomagnification factors (BMF) were calculated to be

0.04 and 0.004 for the adult and juvenile zebrafish respectively. No biomagnification
was observed for QDs since the BMF is much less than 1. Interestingly our BMF value
was of the same order of magnitude reported for Ti02 nanoparticles (BMF = 0.024 and
0.009).202
Biphasic clearance, which involved a rapid elimination period during the first 24
hr followed by slower clearance over the following six days, was measured after

resuming an uncontaminated diet. QDs were effectively cleared with > 90% of the initial
dose removed after one day of clearance and ~ 99% clearance by day 7 for both adult and
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juvenile zebrafish as shown in Figure 5.5a and Figure 5.4b respectively. A MichaelisMenten biokinetic model was used to quantify the depuration rate and elimination halflife.

This model was assumed to be applicable because the observed uptake and

depuration kinetics for QDs were comparable with the profiles reported for free Cd
metal. 208 The half-life for QDs was calculated to range between 26 to 38 hr. With the
half-life greater than 24 hr, this could explain the gradual increase in QD body burden
measured over the uptake period since complete clearance of the previous dose would not
occur before the next feeding. The average total body burden of Cd increased by 34%
from day 1 to 13, as shown in Figure 5.5a.
Elevated Cd levels were detected in the liver and carcass of the adult zebrafish
starting at day 5, accounting for 1

±

0.5% and 3.5

±

1% of the total detected dose

respectively. Although the liver Cd concentrations returned to baseline levels after one
day of clearance, the carcass Cd levels remained elevated until two days after clearance
conditions began. This suggests possible assimilation and the assimilation efficiency
CAE) in adult zebrafish was calculated to be 8% after 24 hr of clearance. A smaller AE of
4% was calculated for the juvenile zebrafish. The AEs for QDs found in our study are
similar to the AE reported for free Cd of 3_8%.208 For comparison, the AE for Ti02 NPs
was calculated to be 26-38% from the Zhu et al. study using their depuration model
equation. 202,208 Interestingly, the AEs differed significantly despite comparable
elimination rate constants and elimination half-lives suggesting that AE is nanoparticle
specific and has no correlation with the elimination kinetics.
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Figure 5.5
Biokinetics of QDs in adult zebrafish. A) Uptake and clearance profile of
QDs based on body burden. B) Clearance profile of QDs based on dose remaining. Error
bars represent the standard deviation of the mean (n = 3).
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Alternatively, the gut passage time, or time needed for> 90% of the ingested dose
to be retrieved in the feces, after one pulse feeding was determined to be 16 hr. This
supports the elimination data collected with > 90% of the dose collected after 24 hr of
clearance, as shown in Figure 5.5 and Figure 5.6. Compared to the gut passage time of 89 hr reported for zebrafish fed cadmium contaminated daphnia, our result is
approximately double. 208 In light of this slower elimination, the impact on the long term
toxicity of dietary QD exposure is an area for further study.
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Figure 5.6 Distribution of Cd in different organs of adult zebrafish after ingestion of QD
contaminated daphnia. Error bars represent standard deviation of the mean (n = 3).
Our study demonstrated that despite the high total body concentrations of QDs
accumulated in the zebrafish over the two week dietary exposure period, a low
percentage of QDs was absorbed and transported to other tissues. Results showed that
zebrafish retained about 1% of the steady state QD-dose, given as QD labeled
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zooplankton, after the one week clearance period. This matches the findings from other
dietary studies on Ti02 NPs. 200 , 202 While our study and others provide data to further
understand the processes of nanoparticle transfer into fish, further research is required to
identify the contributing factors that influence nanoparticle trophic transfer. In addition,
although no bioaccumulation was observed in this study, further studies are needed to
determine if dietary exposures may result in chronic effects such as reproductive toxicity
or mutagenicity.
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Chapter 6

Conclusions and Future Work

This research is the first to quantify the biokinetics of CdSe/ZnS quantum dots in
two freshwater aquatic organisms, Daphnia magna and Dania rerio.

It expands the

limited knowledge on the biological effects of QDs in vivo, with specific interest in its
potential to bioaccumulate or biomagnify.

The following points summarize the

conclusions of this work:

• Endogenous fluorescence characterization is necessary to accurately distinguish
the signal of luminescent nanomaterials, such as QDs, in aquatic organisms.
Fluorescence detection is a powerful technique for imaging and quantifying QDs in
biological samples. However, competing endogenous fluorescence, including food
sources such as algae, may overlap or overpower the QD emission signal, especially
at low exposure concentrations. Therefore accounting for all sources of fluorescence
is critical to prevent misinterpretation of images and data collected from aquatic
samples.
•

Surface coating influences QD toxicity in daphnia and zebrafish differently. In
daphnia, an LC50 value was only determined for PMAO-coated QDs for
concentrations up to 2 ppm Cd equivalents. Particle stability influenced uptake with
exposure to better dispersed QDs, such as the ones coated with PEG, resulting in
lower body burdens. The mortality observed was attributed to aggregation of the
PMAO-coated QDs. This aggregation facilitated QD uptake leading to significantly
higher body burdens.

In addition, PMAO-coated QDs adsorbed to the carapace,

antennae and thoracic appendages, which immobilized the daphnia, resulting in
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starvation and death. In zebrafish embryos, an LCso value was determined for all but
PAA-coated QDs for concentrations up to 22.5 ppm Cd equivalents. The PAA-PEG
coated QDs exhibited the highest toxicity of the four coated QDs, which was
unexpected since the PAA-coated QDs resulted in little toxicity. Since PEG coated
QDs were also found to exhibit high toxicity in a published study, future
investigations should closely examine the interactions of PEG coated QDs with
developing zebrafish larvae.

• Aquatic organisms readily ingest QDs and reach a steady state concentration.
Daphnia exposed to QDs without or in the presence of food ingested QDs and
concentrated the QDs in their intestines. Surface coating influenced the extent of
uptake where uptake was less for more dispersed QDs. Steady state concentrations in
daphnia were observed after 12 hr of exposure.

Zebrafish fed QD contaminated

zooplankton, either artemia or daphnia, had no growth effects and no mortality.
Steady state concentrations were observed after 7 days of exposure. For both daphnia
and zebrafish > 90% of the total Cd measured from exposure to QDs was associated
with the intestines.
•

Daphnia bioaccumulate QDs and exhibit slower clearance, indicating retention,
when removed from exposure. The bioaccumulation potential of QDs is surface
coating dependent with high potential associated with PMAO-coated QDs and
moderate potential associated with PAA-coated QDs. During clearance, there is a
shift in the distribution of QDs in the intestines, from the entire intestinal tract filled
with QDs to primarily the hind gut after 48 hr of clearance. This retention may be
due to increased gut passage time. QDs are expected to clear 90% of the ingested
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dose after 9 days, which is a significantly longer than the 8-24 hr gut passage time for
algae. Despite bioaccumulation, no evidence of assimilation of QDs was observed.
Fluorescence imaging revealed QD fluorescence only within the intestinal tract with
no QD signal observed across the intestinal epithelium.
•

No biomagnification of QDs was observed in the zooplankton to zebrafish model
food chain. Comparing the total body burden after one day of clearance to the steady

state concentration, the calculated biomagnification factor was much less than 1
indicating no biomagnification.

Despite high total body concentrations of QDs

measured in the zebrafish during exposure, a low percentage was measured outside
the intestines suggesting little absorption and transport to other tissues.

The

assimilation efficiency (AE) was calculated to be 8% for adult zebrafish and 4% for
juvenile zebrafish after 24 hr. Comparing our data to another trophic transfer study
on Ti02 NPs, AE seems to be nanoparticle specific and has no correlation with the
elimination kinetics. The AE for QDs is comparable to the AE reported for free Cd
metal (3-8%io 8 but significantly less than the AE for Ti02 NPs (26-38%io 2 despite
similar elimination rate constants and elimination half-lives.

The main outcome of this research is an initial understanding the biological
effects and transport of QDs in model aquatic organisms.

To ensure detection and

sufficient material for quantification, high QD concentrations were used under highly
controlled exposure conditions.

Future work should test the detection limits of the

imaging and quantification techniques used in this thesis on more environmentally
relevant QD concentrations. In addition, since no mortality was observed in daphnia and
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zebrafish exposed to PAA-coated QD, additional studies should probe for potential sublethal effects such as reproductive toxicity or mutagenicity. Studies on nC60 in daphnia
and Ti02 in zebrafish observed reproductive toxicity suggesting QD exposure could also
affect reproduction. 211 , 212
This work suggests surface coating significantly influences QD toxicity. While
only four amphiphilic polymer coated QDs were tested, many other surface coatings can
be used as well as bioconjugates, and future work should systematically explore the effect
of different chemical moieties on QD toxicity and uptake. In particular, the influence of
bioconjugates on QD toxicity and biodistribution is not well understood despite the
development of QDs as targeted imaging agents and drug carriers. To date no studies
have tested bioconjugated QDs in aquatic organisms and evidence of bovine serum
albumin affecting the assimilation of carbon nanodiamonds in C. elegans supports the
need for further investigation. 213
Although standard toxicity assays for daphnia and zebrafish were used in this
work, many different exposure protocols have been reported in the literature which has
prompted the nanotechnology research community to stress standardization in
measurement techniques and assay choices. Using QDs as a case study, the current
literature toxicity values for CdSe QDs in daphnia are summarized in Table A.l. QDs
from 5 different suppliers with 8 different coatings have been tested with a range of LCso
values, from 0.01 to> 2 ppm, reported. For all 5 studies, the standard EPA acute toxicity
protocol was used which should validate cross comparison of LCso values. 1S7 However,
it is important to recognize that inconsistency in implementing the EPA protocol may
also contribute to the reported differences. Two EPA interlaboratory studies of acute
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toxicity test precision using KCI as reference toxicant yielded coefficients of variation
(CV) close to 50%.214 The first study between 11 labs found the KCI LCso = 264 mgIL /
CV = 48.5% and second study between 171 labs found the KCI LCso = 432 mg/L / CV =

39.8%. This inherent variation raises questions on the effectiveness of standardized
protocols.

While methods consistency is often necessary for valid interlaboratory

comparisons, it does not ensure precision in interlaboratory data collection. Therefore,
developing standard classification schemes based on common summary statistics (such as
LCso) versus standard protocols may be more useful for future nanotoxicological

assessments.
The combinatorial nature of nanomaterial synthesis makes the case-by-case
testing approach inefficient for large-scale screening.

Recently, high throughput

screening (HTS) has been demonstrated to be a more robust method to collect toxicity
data on nanomaterials (NMS).21S The zebrafish embryo acute toxicity test is particularly
suited for HTS since embryos can be produced in large numbers, around 100-200 eggs
per spawning, and an embryo can live up to seven days in a single well of 96- or 386-well
plates. 216 HTS can be used to rapidly screen libraries ofNMs on zebrafish embryos and
probe for gross toxicity endpoints such as mortality and deformities, as well as other sublethal endpoints such as neurotoxicity and genotoxicity.

In addition to fluorescent

markers, reporter genes developed for detecting transcriptional or proteomic changes in
zebrafish can be probed with HTS?17 Toxicogenomic profiles for many chemicals are
being developed to identify the intracellular events that lead to toxic response and
disease. 21S ,219 A similar direction could be taken in nanotoxicology research to develop
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genetic and proteomic screens for analyzing the signaling pathways associated with sublethal NM exposures.
Despite the efficiency of HTS, toxicological evaluation of all NMs is an
expensive and resource-consuming endeavor, especially when only some formulations
will advance to industrial applications.

Computational modeling is an underutilized

approach to estimating organ dosimetry of NMs in aquatic organisms. Computational
toxicology methods include quantitative structure activity relationships (QSARs),
physiologically based pharmacokinetic (PBPK) models and toxicokinetic-toxicodynamic
(TKTD) models to name a few.

QSARs attempt to relate NMs physiochemical

characteristics with their measured biological effects, such as viability, uptake or
oxidative stress potential. For example, Puzyn et al. developed a QSAR model using the
enthalpy of cation formation to predict the ECso of metal oxide NMs in bacteria.22o
PBPK models attempt to predict the absorption, distribution, metabolism and excretion of
NMs. Experimental uptake and elimination measurements, .such as those collected on
QDs in this work, could be used to calibrate PBPK models for predicting tissue
accumulation in aquatic organisms after exposure. 221

More relevant to toxicology

studies, TKTD models not only examine biokinetics but also incorporate factors such as
carry-over toxicity, which occurs when organisms survive exposure but have reduced
health over a certain recovery period?22 This aims to account for the potential stronger
effects that may result from multiple exposures.

Computational modeling is just

beginning in nanotoxicology and if successfully applied could significantly reduce animal
usage, resources and time required to evaluate the toxicity of NM libraries.
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Much of the uncertainty in toxicological risk assessments of NMs results from a
lack of quantitative data. This thesis provides quantitative measurements on uptake,
distribution and toxicity of QDs in two model aquatic organisms. The acute toxicity
concentrations determined using standard protocols allows for cross-compansons
between our data and other published LCso values on QDs. The biokinetic parameters
derived from our data can serve as a foundation for the development of predictive models
of QD exposure. Additionally, the methods developed in this thesis can be applied to
quantitatively assess the ecotoxicity of other NMs. As the mechanisms of QD toxicity
become clearer with future work, the optimization of QD design will come closer to
maximizing safety while maintaining utility.
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A.

Appendix

QD Toxicity in Daphnia Data Comparison
As of March 15, 2011, there are 8 published studies examining CdSe core
quantum dots in daphnia with 5 of them including toxicity data. The data from the 5
toxicity studies are presented in Table A.l.

All were conducted on Daphnia magna

except for Bouldin et al. who used Ceriodaphnia dubia.

Table A.l

Toxicity Data ofCdSe QDs in Daphnia

S~nthesized

PAA

S~nthesized

PAA-PEG

S~nthesized

PMAO

S~nthesized

PMAO-PEG

Size
14-43
nm
14-43
nm
14-43
nm
14-43
nm

PEO

Source

Coating

LCso (in Cd equivalents)

Reference

> 2 ~~m

159

>2 ppm

159

0.244 ~~m

159

> 2 ppm

159

2nm

0.77 ~~m

223

5nm
not
given

3.84 ppm

223

Invitrogen

PEO
Odot 545
ITK carbox~1

172

Nanosquare

MPA

4.5 nm

Nanosguare
Nanosguare

gum arabic
MPA

65.9 nm
65.9 nm

Nanosguare
NN-Labs
NN-Labs

gum arabic
MUA
MUA

65.9 nm
2nm
5nm

> 0.110 ~~m
>2.5 ppm in dark or white
FL, 0.392 ppm in UVB,
0.384 p~m in sunlight
>1 ppm in dark, 0.0674
ppm in white FL, 0.0511
ppm in UVB, 0.0112 ppm
in sunlight
no Le50 reached
0.0959 ppm, 0.0585 ppm
in UVB
0.35 ~~m
0.11 ~~m

Evident
Technologies
Evident
Technologies

224

224
225
225
223
223

Note: FL = fluorescent light, MPA = 3-mercaptopropionic acid, MUA = 11mercaptoundecanoic acid, PEO = polyethylene oxide, UVB = ultraviolet Blight
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