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As a growing applied science, nanotechnology has considerable global socioeconomic value, and the
benefits afforded by nanoscale materials and processes are expected to have significant impacts on
almost all industries and all areas of society. A diverse array of engineered nanoscale products and
processes have emerged [e.g., carbon nanotubes, fullerene derivatives, and quantum dots (QDs)],
with widespread applications in fields such as medicine, plastics, energy, electronics, and aerospace.
With the nanotechnology economy estimated to be valued at $1 trillion by 2012, the prevalence of
these materials in society will be increasing, as will the likelihood of exposures. Importantly, the
vastness and novelty of the nanotechnology frontier leave many areas unexplored, or underexplored,
such as the potential adverse human health effects resulting from exposure to novel nanomaterials.
It is within this context that the need for understanding the potentially harmful side effects of these
materials becomes clear. The reviewed literature suggests several key points: Not all QDs are alike;
engineered QDs cannot be considered a uniform group of substances. QD absorption, distribution,
metabolism, excretion, and toxicity depend on multiple factors derived from both inherent physico-
chemical properties and environmental conditions; QD size, charge, concentration, outer coating
bioactivity (capping material and functional groups), and oxidative, photolytic, and mechanical sta-
bility have each been implicated as determining factors in QD toxicity. Although they offer poten-
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In 1959 Richard Feynman’s seminal talk on
nanotechnology, “There’s Plenty of Room at
the Bottom,” presented what was theoretically
possible by manipulating matter at the atomic
and molecular scales. Today, nanotechnology
is an applied science, a rapidly growing indus-
try generating a diverse array of nanoscale
materials and processes (e.g., carbon nano-
tubes, fullerene derivatives, quantum dots).
Manipulation of materials and processes on a
nanometer scale is opening a world of creative
possibilities, and the benefits afforded by
nanoscale technologies are expected to have
substantial impacts on almost all industries and
areas of society (e.g., medicine, plastics, energy,
electronics, aerospace). It is such creative
potential that renders nanotechnology of sig-
nificant social and economic value. With
approximately $8.6 billion invested in nano-
technology research and development world-
wide in 2004 (Nordan et al. 2004), and a
projected nanotechnology economy valued at
$1 trillion by 2012 (Service 2004), the preva-
lence of these materials in society is ensured,
and human exposures, as well as those of
wildlife, are likely to increase. Currently, nan-
otechnology products are sold by more than
200 companies globally; some are widely used
in commercially available products (e.g., elec-
tronic, cosmetic) (Hood 2004; National
Science Foundation 2004). For perspective on
the size of nanoscale products, consider that
2 g of 100 nm-diameter nanoparticles contains

enough material to provide every human
worldwide with 300,000 particles each.

The nascent nature of the nanotechnology
industry, however, leaves many areas unexplored,
or underexplored, such as the potential adverse
effects of engineered nanomaterials on human
health and the environment. Currently, the
paucity of toxicologic information and lack of
standardized testing protocols make assessment
of the adverse effects of engineered nanosized
materials on biologic systems difficult (National
Toxicology Program 2005; U.S. Environmental
Protection Agency 2003). The growing preva-
lence of nanomaterials in society, in conjunction
with their unique physicochemical properties
and the risk of unwanted/unanticipated expo-
sures, renders them of potential concern to
human health and the environment. It is within
this context that the need for understanding the
potentially harmful side effects of these materials
is becoming clear (Colvin 2003; Oberdérster
etal. 2005).

Reviewed here are novel nanomaterials
commonly referred to as quantum dots (QDs).
Although they offer potentially invaluable soci-
etal benefits such as drug targeting and i vivo
biomedical imaging (Alivisatos 2004; Gao
et al. 2004; Michalet et al. 2005; Roco 2003),
they may also, as the reviewed literature sug-
gests, pose risks to human health and the envi-
ronment under certain conditions. Current
literature reveals that assessing QD exposure
routes and potential toxicity is not a simple
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matter; not all QDs are alike, and toxicity
depends on multiple physicochemical as well
as environmental factors.

Applications of Quantum Dots

Quantum dots are semiconductor nanocrystals
(- 2-100 nm) with unique optical and electri-
cal properties (Bruchez et al. 1998; Dabbousi
et al. 1997) currently applied in biomedical
imaging and electronics industries. One of the
more valuable properties of QDs is their fluo-
rescence spectrum, which renders them opti-
mal fluorophores for biomedical imaging
(Alivisatos 2004; Chan et al. 2002). For
instance, fluorescent QDs can be conjugated
with bioactive moieties (e.g., antibodies, recep-
tor ligands) to target specific biologic events
and cellular structures, such as labeling neo-
plastic cells (Gao et al. 2004; Wu et al. 2003),
peroxisomes (Colton et al. 2004), DNA
(Dubertret et al. 2002), and cell membrane
receptors (Beaurepaire et al. 2004; Lidke et al.
2004). Bioconjugated QDs are also being
explored as tools for site-specific gene and drug
delivery (Rudge et al. 2000; Scherer et al.
2001; Yu and Chow 2005) and are among the
most promising candidates for a variety of
information and visual technologies; they are
currently used for the creation of advance flat-
panel LED (light-emitting diode) displays and
may be employed for ultrahigh-density data
storage and quantum information processing

(Wu et al. 2004).

Quantum Dot Physicochemical
Properties

Understanding the potential toxicity of QDs
requires a fundamental grasp of QD physico-
chemical properties. Although naturally occur-
ring biogenic and anthropogenic nanosized
particles abound in nature, engineered QDs
differ because of unique physicochemical prop-
erties that result from a combination of their
crystalline metalloid core structure/composition
and quantum-size confinement, which occurs
when metal and semiconductor particles (QD
cores) are smaller than their Bohr radii
(- 1-5 nm). Structurally, QDs consist of a
metalloid crystalline core and a “cap” or “shell”
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that shields the core and renders the QD
bioavailable (Figure 1). QD cores consist of a
variety of metal complexes such as semi-
conductors, noble metals, and magnetic tran-
sition metals. For instance, group I1I-V series
QDs are composed of indium phosphate
(InP), indium arsenate (InAs), gallium arsen-
ate (GaAs) and gallium nitride (GaN) metal-
loid cores, and group II-IV series QDs, of
zinc sulfide (ZnS), zinc—selenium (ZnSe),
cadmium—selenium (CdSe), and cadmium-—
tellurium (CdTe) cores (Dabbousi et al. 1997;
Hines and Guyot-Sionnest 1996). Synthetic
routes to newer heavier structures (e.g., CdTe/
CdSe, CdSe/ZnTe) and hybrids composed of
lead—selenium (PbSe) have also been established
(Kim et al. 2003).

Further assignation of biocompatible coat-
ings or functional groups to the QD core-shell
can give QDs a desired bioactivity. Newly syn-
thesized QDs are inherently hydrophobic in
nature and not biologically useful, given a
hydrophobic cap formed on the metalloid core
during their synthesis in organic solvents. To
render them biologically compatible/active,
newly synthesized QDs are “functionalized,” or
given secondary coatings, which improves water
solubility, QD core durability, and suspension
characteristics and assigns a desired bioactivity.
For example, QD cores can be coated with
hydrophilic polyethylene glycol (PEG) groups
to render QDs biocompatible and can be fur-
ther conjugated with bioactive moieties to tar-
get specific biologic events or cellular structural
features (described above). Hence, bonding
various molecular entities to the QD core func-
tionalizes QDs for specific diagnostic or thera-
peutic purposes. Functionalization may be
achieved via electrostatic interactions, adsorp-
tion, multivalent chelation, or covalent bond-
ing, important physicochemical features when
considering QD durability/stability and in vive
reactivity. In the literature, QD physicochemi-
cal characteristics are typically referred to as
“core—shell-conjugate” or vice versa. CdSe/ZnS,

Quantum dot

ZnS

QD core-shell
(e.g., CdSe/ZnS)

Bioactive coating
(e.g., protein, peptide)

5nm

Figure 1. QDs consist of a metalloid core and a
cap/shell that shields the core and renders the QD
bioavailable. The further addition of biocompatible
coatings or functional groups can give the QD a
desired bioactivity.
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for example, would refer to a QD with a CdSe
core and ZnS shell, and a CdSe/ZnS QD con-
jugated with sheep serum albumin (SSA) would
be referred to as CdSe/ZnS-SSA. Controlling
the physicochemical properties during synthe-
sis, which can be done with high precision,
allows tailoring QD for specific functions/uses.
Herein lies both their strength and weak-
ness: QDs can be given highly specific bioac-
tivities by tailoring their coatings, for example,
for diagnostic (e.g., molecular imaging) and
therapeutic (e.g., drug delivery) purposes.
Their potential weakness is in the very coating
that makes them valuable: Compromise of the
coating can reveal the metalloid core, which
may be toxic either as a composite core (e.g.,
CdTe) or upon dissolution of the QD core to
constituent metals (e.g., Cd). Degradation of
the QD coating may also result in reaction of
the QD in undesirable/unanticipated ways
in vivo. Further, some QD coating materials
have themselves been found to be cytotoxic,
such as mercaptoacetic acid (MAA; discussed
further below). From this, it can be seen that
QD physicochemical properties are fundamen-
tal to understanding QD toxicity; it is the sta-
bility of QD core-coating bioactive complexes
that may render QDs potentially harmful, and
because QDs have been found to degrade
under photolytic and oxidative conditions,
QD stability likely will figure significantly in
commercialization of QD products.

Quantum Dot Toxicity

Discussion of QD toxicity can be somewhat
confusing because of the diversity QDs being
synthesized. To make a review of this topic sim-
pler, it should be made clear that not all QDs
are alike. Each individual type of QD possesses
its own unique physicochemical properties,
which in turn determines its potential toxicity
or lack thereof. In general, there are discrepan-
cies in the current literature regarding the toxic-
ity of QDs that can be attributed to several
factors: the lack of toxicology-based studies, the
variety of QD dosage/exposure concentrations
reported in the literature, and the widely vary-
ing physicochemical properties of individual
QDs. Studies specifically designed for toxico-
logic assessment (e.g., dose, duration, frequency
of exposure, mechanisms of action) are few.
Many of the studies from which QD toxicity
information is derived and that have been cited
in reference to QD toxicity were performed by
nanotechnology researchers rather than toxicol-
ogists or health scientists. Most of the current
studies reviewed here were designed to ask
questions concerning the physicochemical
properties of novel QD products such as fluo-
rescence, detectability, stability, and cell label-
ing efficacy, not QD toxicity per se.
Importantly, and a potential source of con-
fusion in assessing QD toxicity, QD toxicity
depends on multiple factors derived from both

individual QD physicochemical properties and
environmental conditions: QD size, charge,
concentration, outer coating bioactivity (cap-
ping material, functional groups), and oxida-
tive, photolytic, and mechanical stability have
each been shown to be determining factors in
QD toxicity. For example, some QDs have
been found to be cytotoxic only after oxidative
and/or photolytic degradation of their core
coatings. Last, because QD dosage/exposure
concentrations reported in the literature vary in
their units of measurement (e.g., milligrams per
milliliter, molarity, milligrams per kilogram
body weight, number of QDs per cell), corre-
lating dosage across current studies is challeng-
ing. Following is a review of in vitro and in vivo
studies that describe the characteristics of QDs
that may render them potentially toxic to verte-
brate systems.

Routes of exposure. Although the potential
adverse effects of nanomaterials on the envi-
ronment and human health have recently been
addressed by research initiatives organized
under the National Science Foundation and
the U.S. Environmental Protection Agency, no
factual information is currently available
regarding routes of QD exposure. QD stabil-
ity, aerosolization, half-lives, and how they par-
tition into environmental media are currently
pootly understood. However, consideration of
exposure routes may be extrapolated from what
is known regarding materials of similar size and
physicochemical properties.

Potential routes of QD exposure are envi-
ronmental, workplace, and therapeutic or diag-
nostic administration. Workplace exposures
(e.g., engineers, researchers, clinicians) may
result from inhalation, dermal contact, or inges-
tion. For inhalation routes, an extensive body of
toxicologic research exists on other nanoscale
particles (e.g., asbestos, ultrafine particles) that
may provide a foundation from which to
approach QD inhalation studies. QDs vary in
size, ranging from approximately 2.5 nm up to
100 nm, depending on coating thickness, and
vary in their sites of deposition in pulmonary
tissues once aerosolized. For instance, QDs
< 2.5 nm may reach the deep lung and interact
with the alveolar epithelium, whereas larger
aerosolized QDs deposit in bronchial spaces.
However, under what conditions QDs
aerosolize and whether they form aggregates in
ambient air are not known (a salient review on
nanomaterials and inhalation exposures is given
by Oberdorster et al. 2005). Inhalation expo-
sures may pose potential risks given that QDs
have been shown to be incorporated via endo-
cytosis by a variety of cell types and may reside
in cells for weeks to months. What risks expo-
sures via dermal absorption and accidental
ingestion may pose is currently unknown.

What will likely be a significant concern as
a route of exposure, given the social and eco-
nomic value of therapeutic/diagnostic QD
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products, are exposures resulting from QD
administration to humans for medicinal pur-
poses. These types of exposures are at present
theoretical, as QD products are not currently
approved for therapeutic/diagnostic pur-
poses; however, the potential for undesired/
unanticipated effects resulting from medicinal/
diagnostic administration of these materials
likely will figure prominently in the develop-
ment of medically based QD products. Their
potential toxicity via administrative routes of
exposure is highly dependent on a suite of vari-
able and poorly understood factors: QD tox-
ico- and pharmacokinetics, toxico- and
pharmacodynamics, and 7 vive stability. It
may be that once QD kinetics and dynamics
are characterized, the risks posed by these expo-
sures may be mitigated through quality control
mechanisms (e.g., consistency and reliability
in volume production), as they currently are
with pharmaceuticals.

Exposures through environmental media
(contamination) are a potential route of con-
cern primarily because of QD metalloid core
compositions, and to some extent because of
QD core coatings. Many QD core metals (e.g.,
Cd, Pb, Se) are known to be toxic to vertebrate
systems at relatively low concentrations (parts
per million); however, understanding the risks
posed by QDs in the environment will prove
complex, as toxicity varies widely with the
chemical state of the metals, and environmental
transformation/degradation and partitioning
will determine the level of the human health
hazard. Currently, nothing is known regarding
the stability of QDs in the environment, prod-
uct lifetimes, or how these materials partition
into environmental media. Introduction of
QDs into environmental media may occur via
waste streams from industries that synthesize or
use QDs and via clinical and research settings.
Consequently, disposal of QD materials and
the risks of leakage and spilling during manu-
facturing and transport are potential sources of
concern. Environmental exposures are a signifi-
cant source for several reasons: 2) the environ-
mental concentration of anthropogenic
substances increases in direct proportion to
their use in society, and QDs, given their wide
range of applications, may see substantial pro-
duction volumes; 6) the half-lives of these
materials may be quite long (months to possi-
bly years); and ¢) environmental exposure will
depend on where these materials partition
(e.g., air, water, soil types). Because of the
diversity of physicochemical properties among
varied types of QDs, it is likely that elucidating
environmental partitioning will be difficult.
These are important considerations given that
degradation of these materials in environmen-
tal media, in the event they reach environmen-
tal compartments, will undoubtedly occur, and
their rates of decay are likely to be highly vari-
able, depending on both QD physicochemical

characteristics and the environmental media in
which they partition. As mentioned, certain
types of QDs have been shown to degrade
under photolytic and oxidation conditions
(discussed further below).

Although little information currently exists
regarding routes of QD exposure, all routes
described are of potential concern given QDs
have been shown to be incorporated into a
variety of cell types via endocytotic mecha-
nisms. Current research also suggests that there
may be a risk of bioaccumulation of these
materials (e.g., metals) in organs and tissues, as
QDs have been shown to reside in cells for
weeks to months and potentially may present
problems with body burdens. Common to all
routes of exposure is the issue of QD stability.
Virtually nothing is known about QD metabo-
lism in vertebrate organisms or their routes of
excretion. Although QDs have been shown to
degrade under photolytic and oxidative condi-
tions, degradation products have not been
identified/defined 77 vivo except for the release
of component core metals such as Cd and Se.
Finally, in considering routes of exposure, it is
important to remember that not all QDs are
alike; each individual QD type possesses its
own unique physicochemical properties that
will dictate its likely route of exposure.

QD cytotoxicity. In vitro studies suggest
certain QD types may be cytotoxic. Lovric
et al. (2005) found that CdTe QDs coated
with mercaptopropionic acid (MPA) and cys-
teamine were cytotoxic to rat pheochromo-
cytoma cell (PC12) cultures at concentrations
of 10 pg/mL. Uncoated CdTe QDs were
cytotoxic at 1 pg/mL. Cell death was charac-
terized as chromatin condensation and mem-
brane blebbing, symptomatic of apoptosis.
Cytotoxicity was more pronounced with
smaller positively charged QDs (2.2 + 0.1 nm)
than with larger equally charged QDs (5.2 +
0.1 nm) at equal concentrations (cytotoxicity
determined by MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay.
QD size was also observed to affect subcellular
distribution, with smaller cationic QDs local-
izing to the nuclear compartment and larger
cationic QDs localizing to the cytosol. The
mechanisms involved in cell death were not
known but were considered to be due to the
presence of free Cd (QD core degradation),
free radical formation, or interaction of QDs
with intracellular components leading to loss
of function. The effect of QD-induced reac-
tive oxygen species on cell death was assessed
with N-acetylcysteine (NAC; a known
inhibitor of Cd toxicity), bovine serum albu-
min (BSA), and Trolox (a water-soluble vita-
min E). Both NAC and BSA but not Trolox
significantly reduced CdTe QD toxicity, sug-
gesting that QD-induced toxicity may be par-
tially induced by Cd. A similar study by
Hoshino et al. (2004a) found that treatment
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with the QD capping material mercapto-
undecanoic acid (MUA) alone (without QD)
for 12 hr caused severe cytotoxicity in murine
T-cell lymphoma (EL-4) cells at 100 pg/mL.
Treatment with cysteamine alone proved
weakly genotoxic at 100 pg/mL (12 hr).
Hence, in the Hoshino et al. (2004a) study,
cytotoxicity was attributed to QD capping
material rather than the core metalloid com-
plex itself. It is, however, unlikely that the tox-
icity observed by Lovric et al. (2005) can be
solely attributed to the QD coatings (MPA
and cysteamine), as both size and charge and
the effects of NAC and BSA suggest other-
wise. Briefly, CdTe QD-induced cytotoxicity
in the Lovric et al. study was shown to be
partly dependent on QD size and may be due
to QD coating, intracellular reactions of the
surface coatings, or intracellular degradation of
QD:s to metalloid ions. QD-induced cytotoxi-
city was also observed by Shiohara et al.
(2004): MUA-coated CdSe/ZnS QDs were
observed to be cytotoxic to Hel a cells and pri-
mary human hepatocytes at concentrations of
100 pg/mL (MTT assay).

Several in vitro and in vivo studies have
been cited in the literature as demonstrating a
lack of evidence for QD-induced cytotoxicity
(Ballou et al. 2004; Dubertret et al. 2002;
Hoshino et al. 2004a; Jaiswal et al. 2003;
Larson et al. 2003; Voura et al. 2004).
However, a few of the above studies do sug-
gest that QDs can affect cell growth and via-
bility. QD micelles, CdSe/ZnS QDs in a
hydrophobic core of #-polyethyleneglycol
phosphatidylethanolamine (PEG-PE) and
phosphatydilcholine, resulted in cell abnor-
malities (viability, motility) when injected into
Xenopus blastomeres at concentrations of 5 X
10? QDs/cell (- 0.23 pmol/cell), whereas cells
injected with 2 x 10° QDs/cell exhibited a
normal phenotype and were said to be statisti-
cally similar to uninjected embryos (Dubertret
et al. 2002). Hence, QD cytotoxicity was dose
dependent. Hoshino et al. (2004a) also found
QD-induced cytotoxicity to be dose depen-
dent. EL-4 cells incubated (10° cells/well)
with concentrations of 0.1, 0.2, and
0.4 mg/mL of CdSe/ZnS-SSA QDs exhibited
a dose—response relationship (24 hr). Cell via-
bility decreased at QD concentrations above
0.1 mg/mL, and almost all cells incubated
with 0.4 mg/mL were nonviable beyond 6 hr.
Interestingly, approximately 10% of EL-4 cells
retained QDs after 10 days of culture. The
fluorescence intensity (QDs) of cells gradually
decreased and was highly concentrated in
endosomes, suggesting intracellular degrada-
tion of QDs. Although cytotoxicity was
observed at 0.1 mg/mL in vitro, EL-4 cells
incubated in 0.1 mg/mL SSA-conjugated
QDs, and subsequently injected into nude
mice (iv), were not observed to be toxic
in vivo. In a subsequent study, Hoshino et al.
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(2004b) observed reversible DNA damage in
WTKI cells (comet assay). DNA damage was
noted at 2 hr of treatment with 2 pM
QD-COOH (carboxylic acid), but after 12 hr
QD-induced DNA damage was efficiently
repaired.

QD-induced cytotoxicity was not observed
in several in vivo and in vitro studies. In an
in vivo study employing mice, Ballou et al.
(2004) injected (iv) amphiphilic polyacrylic
acid polymer-coated QDs (amp-QDs), and
amp-QDs conjugated to PEG-amine groups
(mPEG-QDs), at QD concentrations of
20 pmol QD/g animal weight. Necropsy
showed no signs of necrosis at the sites of tissue
deposition, and injected mice were viable for
133 days until the time of necropsy. No obvi-
ous sign of QD breakdown 7 vivo was detected
by electron microscopy (in vivo QD stability
was presumed to be due to the amphiphilic
polymer coating). In another in vivo study,
Larson et al. (2003) observed no noticeable ill
effects in mice injected (iv) with 20 nM and
1 pM solutions of CdSe/ZnS QDs (“ill effects”
was not defined). Voura et al. (2004), treating
B16F10 melanoma cells with dihydroxy-
lipoic acid (DHLA)—capped CdSe/ZnS QDs
(5 pL/mL), noted no detectable difference in
growth between QD-treated and untreated
cells. Similarly, HeLa and Dictyostelium dis-
coideum cells treated with 400-600 nM con-
centrations of CdSe/ZnS QDs capped with
DHLA were observed to remain stably labeled
for more than a week with no detectable effects
on cell morphology or physiology (Jaiswal et al.
2003). Hanaki et al. (2003), exposing Vero
cells to 0.24 mg/mL (2-hr exposure, cells
washed and reincubated) CdSe/ZnS QDs
capped with MUA and coated with SSA, found
no effect of QDs on cell viability (MTT assay).
Although it was noted that Vero cells without
MUA-QD granules dominated the population
during successive cell divisions, the authors
stated they could not eliminate the possibility
that MUA-capped QDs affect the cell viability
when MUA-capped QDs are distributed in
the cytosol, because they had not investigated
it. Last, Chen and Gerion (2004), using
CdSe/ZnS QDs conjugated with the viral
SV40 nuclear localization signal peptide,
observed no cytotoxicity in HeLa cells trans-
fected with the peptide-coated QDs. The
authors observed that QD concentrations of
100 pmol/10° cells (- 100 nM QD concentra-
tion) had minimal impact on cell survival
(measured by colonigenic assay).

Photolysis and oxidation: QD stability.
Possibly the most important aspect of QD tox-
icity is their stability, both 7z vive and during
synthesis and storage. Several studies suggest
QD cytotoxicity to be due to photolysis or oxi-
dation. Under oxidative and photolytic condi-
tions, QD core-shell coatings have been found
to be labile, degrading and thus exposing
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potentially toxic “capping” material or intact
core metalloid complexes or resulting in disso-
lution of the core complex to QD core metal
components (e.g., Cd, Se). Primary rat hepato-
cytes exposed to 62.5 pg/mL MAA-CdSe
QD:s exhibited cell death, attributed to photo
lysis and oxidation of the QD coating. The
hepatotoxicity of MAA-tri-7-octylphosphine
oxide (MAA-TOPO)-capped CdSe QDs was
found to be dependent on QD processing con-
ditions and QD dose (Derfus 2004). If
MAA-TOPO-capped CdSe QDs were
exposed to air 30 min before MAA coating, a
marked dose-dependent decrease in cell viabil-
ity was observed, from 98 to 21%, at
62.5 pg/mL. Likewise, MAA-TOPO-capped
CdSe QDs exposed to ultraviolet (UV) light
(15 mW/cm?) showed a dramatic dose-depen-
dent decrease in cell viability, with longer
exposure times increasing toxicity (1-8 hr:
91% decrease in cell viability). It was con-
cluded that prolonged exposure of QDs to
oxidative and photolytic environments can
cause decomposition of MAA-TOPO-capped
CdSe QD nanocrystals. Relatively high con-
centrations of free Cd were observed in the
medium of QD solutions exposed to air
(126 ppm) and UV (82 ppm), with 6 ppm
nonoxidized QD core material (CdSe) remain-
ing in solution. QDs were also observed to
decompose in 1 mM hydrogen peroxide,
releasing free Cd ions (24 ppm). Derfus (2004)
concluded that QD toxicity was relative to
environmental conditions; CdSe QD-induced
toxicity was observed only above concentra-
tions exceeding 0.25 mg/mL and 1 hr of UV
exposure. Adding one or two monolayers of
ZnS to the QDs virtually eliminated cytotoxic-
ity due to oxidation (using the same protocol).
Although ZnS capping material significantly
reduced ambient air oxidation, it did not fully
eliminate photooxidation, with high levels of
free Cd observed in solution after 8 hr under
photooxidative conditions. BSA-coated ZnS-
capped QDs were also found to have reduced
cytotoxicity compared with non-BSA-coated
ZnS-capped QDs at the same concentration
(0.25 mg/mL). Aldana et al. (2001) also
observed photochemical instability in thiol-
coated CdSe QDs, although not at relevant
UV wavelengths (254 nm). It was noted, how-
ever, that the photochemical stability of CdSe
nanocrystals was closely related to the thickness
and packing of the ligand monolayer.

Last, Staphylococcus aureus cultures exposed
to transferrin-conjugated QDs showed marked
increase in fluorescence after 2 weeks of expo-
sure, attributed to intracellular oxidation of the
QDs, with a marked increase in intracellular Se
concentration. Kloepfer et al. (2003) observed
the internalization of both free Cd and Se
in S. aureus cells but not internalization of
measurable transferrin-conjugated QDs. The
authors also noted that photostability of the

QD conjugates was an issue during prepara-
tion, and QD conjugation procedures were
performed under little or no light to minimize
QD phortolysis.

Intracellular and in vivo degradation.
Given that studies indicate QDs may be sus-
ceptible to photolysis and oxidation, the ques-
tion arises as to their in vivo/intracellular
oxidative stability, and a few studies suggest the
possibility of intracellular degradation.
Although Hoshino et al. (2004a) noted that
CdSe/ZnS-SSA QDs could be observed in
EL-4 cells for more than a week, with approxi-
mately 10% of the cells retaining QDs after
10 days in culture, the fluorescent intensity of
cells was observed to gradually decrease and
was highly concentrated in endosomes. QD
fluorescence was possibly diminished by low
pH, oxidation of QD surface structures, or
intracellular factors adsorbed onto QD sur-
faces. Similarly, a substantial loss of QD fluo-
rescence over time was noted by Gao et al.
(2004) and Akerman et al. (2002) upon
administration of QDs to live animals.
Although the exact origin of the loss of QD
fluorescence was not clear, Gao et al. (2004)
stated that recent research in their group sug-
gested that QD surface ligands and coatings
were slowly degraded i vivo, leading to surface
defects and fluorescence quenching. They
noted, however, that QDs coated with a high-
molecular-weight (100 kDa) copolymer and a
grafted 8-carbon alkyl side chain demonstrated
greater in vivo stability than those with simple
polymer and amphiphilic lipid coatings.
Similarly, Chen and Gerion (2004) attributed
the lack of observable genotoxicity of QDs to a
silica coating, which successfully prevented the
interaction of Cd, Se, Zn, and sulfur with pro-
teins and DNA in the nucleus.

Cytotoxicity of QD capping materials.
Relative to 7 vivo degradation, Hoshino et al.
(2004b) observed that QD surface coatings
such as MUA may be detached under acidic
and oxidative conditions in endosomes and
released into cytoplasm. To assess the toxicity
of surface coatings, Hoshino et al. (2004b)
assayed three QD coating materials (MUA,
cysteamine, and thioglycerol) and two possi-
ble impurities (TOPO and ZnS) for cyto-
toxicity. Treatment of WTKI1 cells with
MUA alone for 12 hr resulted in cytotoxicity
at doses > 100 pg/mL. DNA damage was
observed at 50 pg/mL (2 hr of treatment).
Cysteamine was observed to be weakly geno-
toxic when cells were treated for 12 hr. The
toxicity of thioglycerol was negligible.
Hoshino et al. (2004b), observing TPOP to
be cytotoxic and genotoxic, stated that
removal of TPOP from the QD samples is
important in reducing toxicity. Their findings
provided evidence that QD-induced genotox-
icity was not caused by the QD core but by
hydrophilic QD coatings.
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Summary of QD toxicity. The studies
reviewed here suggest that QD toxicity
depends on multiple factors derived from both
the inherent physicochemical properties of
QDs and environmental conditions. QD size,
charge, concentration, outer coating bioactivity
(capping material and functional groups), and
oxidative, photolytic, and mechanical stability
are each factors that, collectively and individu-
ally, can determine QD toxicity. Of these
physicochemical characteristics, functional
coating and QD core stability figure promi-
nently and likely will be significant factors in
assessing the risk of QD toxicity in real-world
exposure scenarios.

Absorption, Distribution,
Metabolism, and Excretion

of Quantum Dots in Vivo

Several studies have shown QDs may be sys-
temically distributed and may accumulate in
organs and tissues. Absorption, distribution,
metabolism, and excretion (ADME) charac-
teristics are, not surprisingly, highly variable
for QDs because of the wide variation in QD
physicochemical properties. QD size, charge,
concentration, stability, and outer coating
bioactivity each contribute to not only the
potential toxicity of a given QD but also to
their ADME characteristics. Physicochemical
properties in conjunction with environmental
factors and QD stability (oxidative and photo-
lytic lability) together are a paradigm in which
ADME characteristics of QDs can be highly
variable and difficult to predict.

Several in vitro studies have shown QD:s to
be incorporated via endocytic mechanisms by
a variety of cell types. Mammalian (HeLa) and
Dictyostelium discoideum (AXS) cells were
observed to incorporate avidin and DHLA-
conjugated CdSe/ZnS QDs via endocytosis
(Jaiswal et al. 2003), and rat primary hepato-
cytes were observed to incorporate
CdSe-MAA QDs (Derfus 2004). Hoshino
et al. (2004a) observed adherence of
CdSe/ZnS-SSA QDs to the surface of EL-4
cells, with subsequent endocytosis and increase
in cytosolic QD concentration in a time-
dependent manner (minutes to hours). Other
studies have shown similar nonspecific uptake.
Hanaki et al. (2003), exposing Vero cells to
CdSe/ZnS-MUA QDs coated with SSA,
observed endosomal/lysosomal localization of
the QDs near the perinuclear region 5 days
after exposure. Parak et al. (2002) observed
endocytosis and vesicular storage and trans-
port of CdSe/ZnS silicon dioxide—coated QDs
to the perinuclear region in human mammary
tumor cells, and an 77 vivo study by Dubertret
et al. (2002) demonstrated endocytosis and
active transport of QD micelles (phospholipid
block-copolymer) in Xenopus embryos.

In one instance, QD size was shown to be
a determining factor in subcellular distribution.

Lovric et al. (2005) observed 5.2 nm cationic
CdTe QD:s to localize throughout the cyto-
plasm of N9 cells (murine microglial cell line)
but not in the nucleus. In contrast, 2.2-nm
cationic CdTe QDs were observed to localize
in the nuclear compartment within the same
time frame. Hence, in this instance, size, not
charge, was a determining factor in subcellular
localization. It was noted, however, that
because relatively unrestrained passage of
macromolecules up to 9 nm in diameter occurs
through nuclear pores, the size of the QDs (2.2
and 5.2 nm) cannot be the only explanation
for the entry of smaller QDs (2.2 nm) into the
nucleus. Altering the bioactivity of the smaller
2.2 nm CdTe QDs by conjugation to BSA was
seen to limit its localization to the cytosol.

Where nonspecific endocytic mechanisms
have been shown to be instrumental in QD
uptake by cells, receptor-mediated processes
may also contribute to cellular internalization
when QDs carry bioactive moieties specific
for cell receptor types or surface proteins.
Epidermal growth factor (EGF)-conjugated
CdSe/ZnS QDs proved to be highly specific
for the EGF receptor (erbB1), demonstrating
rapid internalization into endosomes of
Chinese hamster ovary cells. The endocytic
vesicles were observed to undergo a directed
linear motion mediated by microtubule-
associated motor proteins and vesicular fusion
(Lidke et al. 2004). QDs coated with anti-
Pgp showed good specificity for live HeLa
cells transfected with Pgp-EGFP (EGF pro-
tein), with no apparent nonspecific cell label-
ing (Jaiswal et al. 2003). Other studies yielded
similar results: CdSe/ZnS QDs conjugated to
peptides specific for lung, vascular, and lym-
phatic tissues exhibited specificity for labeling
cell membranes of their targeted tissue types
(Akerman et al. 2002). Dahan et al. (2003)
found that QDs conjugated with glycine
receptor (GlyR1) ligands exhibited specificity
for endogenous GlyR1 subunits on cultured
spinal neurons. Last, prostate-specific mem-
brane antigen—conjugated QDs specifically
targeted prostate tumors in mice (Gao et al.
2004), and QDs complexed with a viral
(SV40) nuclear localization signal peptide
were observed to readily enter the nuclear
compartment of human HelLa cells (Chen
and Gerion 2004).

In invertebrate cell types, Kloepfer et al.
(2003) observed transferrin-conjugated CdSe
QDs to enter S. aureus bacterial cells, which
do not endocytose but rely on membrane
transporters. The transferrin-conjugated QDs
also showed clear internal labeling in the fungi
Schizosacharomyces pombe and Penicillium
chrysogenum. No internal labeling of nonpath-
ogenic staphylococci and micrococci was
observed, and it was suggested that transferrin-
mediated transport processes were involved in
cell-specific uptake.
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Importantly, where endocytic mechanisms
have been observed in a variety of cell types,
the question of systemic distribution arises.
Although few 77 vivo studies exist, they suggest
that QDs may be systemically distributed in
rodent animal models and accumulate in a
variety of organs and tissues. EL-4 cells con-
taining CdSe/ZnS-SSA QDs (via endocytosis)
were observed in the kidneys, liver, lung, and
spleen of mice up to 7 days after injection,
with spleen and lung having the most accumu-
lation (fluorescence) (Hoshino et al. 2004a).
Similarly, Ballou et al. (2004), employing QD
coatings of different molecular weights
[MW; methoxy-terminated PEG, MW 750
(mPEG-750), carboxy-terminated PEG, MW
3,400 (COOH-PEG-3400), and ethoxy-ter-
minated PEG, MW 5,000 (mPEG-5000)],
observed differential tissue and organ deposi-
tion in mice in a time- and size (MW)-depen-
dent manner. For instance, mPEG-750 QDs
and COOH-PEG-3400 QDs were cleared
from circulation by 1 hr after injection,
whereas mPEG-5000 QDs remained in circu-
lation for at least 3 hr. At 24 hr after injection,
mPEG-750 QDs were observed in the lymph
nodes, liver, and bone marrow. In contrast, sig-
nificantly less retention of COOH-PEG-3400
and mPEG-5000 QDs was observed in lym-
phatic tissue compared with bone marrow,
liver, and spleen. At 133 days, continued fluo-
rescence of mPEG-750 QDs was observed in
the lymph nodes and bone marrow. A study by
Akerman et al. (2002) yielded comparable
findings. Lung- and tumor-targeting peptide-
coated CdSe/ZnS QDs injected into mice (iv),
regardless of the peptide used for the coating,
accumulated in both the liver and spleen in
addition to the targeted respiratory tissues.
Interestingly, additionally coating CdSe/ZnS
QDs with PEG (a polymer known to mini-
mize molecular interactions and improve col-
loidal solubilities) nearly eliminated the
nonspecific uptake of QDs into the liver and
spleen. An 77 vivo study employing Xenopus
embryos revealed that QDs, once internalized
by cells, subsequently may be transferred to
daughter cells on cell division. Dubertret et al.
(2002), injecting a CdSe/ZnS micelle
(PEG-PE and phosphatidylcholine) conju-
gated with an oligonucleotide into Xenopus
embryos, observed QD labeling of all embry-
onic cell types, including somites, neurons,
axonal tracks, ectoderm, neural crest, and
endoderm. The internalized QDs were local-
ized to both the cytosol and nuclear envelope
and were transferred to daughter cells on cell
division. The progeny of the QD-injected cells
were shown to contain fluorescent QDs after
several days of development.

Metabolic processes and excretory mecha-
nisms involved in the elimination of QDs,
as well as in vivo bioactivity, remain poorly
understood and have not been well studied.
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In vivo studies suggest that, regardless of the
specificity of the QD, vertebrate systems tend
to recognize QDs as foreign, with elimination
of the materials through the primary excre-
tory organs/systems: the liver, spleen, and
lymphatic systems. However, this a rough
generalization, and discrepancies in the litera-
ture exist. For instance, subcutaneous injec-
tion of CdSe/ZnS-PEG-coated QDs in mice
showed clearance of the QDs from the site of
injection, with accumulation of QDs in
lymph nodes. In contrast, Akerman et al.
(2002) observed that modification of lung-
and tumor-targeting peptide-conjugated
CdSe/ZnS QDs with a PEG coating nearly
eliminated nonspecific elimination of QDs
via the lymphatic system.

The above studies suggest that QDs may
see variable systemic distribution dependent on
individual QD physicochemical properties.
Although studies are limited, QD tissue/organ
distribution seems to be multifactorial,

depending on QD size, QD core—shell compo-
nents, and the bioactivity of conjugated or
otherwise attached functional groups. Size
alone can markedly affect distribution kinetics,
and QD surface coating can govern serum life-
time and pattern of deposition (Ballou et al.
2004; Lovric et al. 2005). QDs lacking special-
ized functional groups or specificity have been
shown to be incorporated via endocytic mecha-
nisms by a variety of cell types, both in vive
and #n vitro. In contrast, QDs bearing natural
ligands specific for cell receptors and cell mem-
brane proteins have been shown to be specific
for given cell membrane proteins/receptor
types. Several studies have shown nonspecific
QDs to adhere to cell surfaces, possibly
through interactions of QD with glycoproteins
and glycoplipids in cell membranes. Although
many studies indicate endocytic processes and
intracellular vesicular trafficking and storage of
QDs, the exact mechanisms remain to be elu-
cidated. Subcellular localization is variable, like

systemic distribution, and dependent on QD
physicochemical properties. Such variables,
determined by the unique physicochemical
properties of individual QD types, will prove
significant in developing characterization pro-
tocols for QD toxicity screening, given the
nonuniformity in size, QD functional coatings,
core-shell complexes, and outer coating photo-
lytic and oxidative stability.

Correlation of Quantum Dot

Concentrations and Toxicity

Quantum dot dosage/exposure concentrations
reported in the literature vary widely in units of
measurement (e.g., micrograms per milliliter,
molarity, milligrams per kilogram body weight,
QD:s per cell), and correlating dosage across
studies is currently challenging. Further, some
QDs were found to be cytotoxic only after
degradation of their core coatings both 77 vivo
and/or 7n vitro. Nevertheless, reported values of
dose—response relationships can be assessed in

Table 1. Review articles summary of QD types, exposure concentrations, experimental conditions, and observed toxicity.

Exposure conditions/

ab Model administration QD concentration Exposure duration Toxicity Reference

CdSe/ZnS-SSA EL-4 cells 1% 108 cells/well 0.1-0.4 mg/mL 0-24 hr Cytotoxic: 0.1 mg/mlL altered cell growth; Hoshino et al.

most cells nonviable at 0.4 mg/mL 2004a

CdSe/ZnS-SSA EL-4 cells 200 pL cell 0.1 mg/mL QDs per 2 hrto 7 days No toxicity in mice in vivo Hoshino et al.

suspension injected 5 x 107 cells 2004a
(iv) into mice
CdSe/ZnS WTK1 cells 5x 10% cells/mlL 1-2 pM 12 hr 2 M QD-COOH induced DNA damage ~ Hoshino et al.
conjugates: NH,, at2hr 2004b
OH, OH/COOH, DNA repair on prolonged incubation
H,/0H, MUA, COOH (12 hr)

CdSe/ZnS-MUA Vero, Hela, and 100 L QDs/3 x 10*  0-0.4 mg/mL 24 hr Cytotoxic: 0.2 mg/mL, Vero; Shiohara et al.
primary human cells 0.1 mg/mL, Hela; 2004
hepatocytes 0.1 mg/mL, hepatocytes;

CdTe Rat 1% 10° cells/cm? 0.01-100 pg/mL 2-24 hr 10 pg/mL cytotoxic Lovric et al.
pheochromocytoma 2005
cells, murine
microglial cells

CdSe-MAA, Primary rat 62.5-1,000 pg/mL 1-8 hr Cytotoxic: 62.5 pg/mlL cytotoxic under Derfus 2004

TOPO QDs hepatocytes oxidative/photolytic conditions
No toxicity on addition of ZnS cap
QD micelles: Xenopus 5% 10° QDs/cell 1.5-3 nL of 2.3 pM QDs Days 5x 10° QDs/cell: cell abnormalities, Dubertret et al.
CdSe/ZnS QDs in blastomeres (~0.23 pmol/cell) injected, ~ 2.1 x 10%to altered viability and motility 2002
(PEG—PE) and 4.2 x 10% injected No toxicity at 2 x 10° QDs/cell
phosphatydilcholine QDs/cell
CdSe/ZnS Mice 200-pL tail vein Injections; ~ 180 nM QD, 15 min cell No signs of localized necrosis at the Ballou et al.
amp-QDs, and injection ~ 20 pmol QD/g animal incubations, sites of deposition 2004
mPEG QDs weight 1-133 days
invivo

CdSe/ZnS—-DHLA Dictyostelium 400-600 nM 45-60 min No effects on cell growth Jaiswal et al.
discoideum and 2003
Hela cells

Avidin-conjugated Hela cells 0.5-1.0 uM 15 min No effect on cell growth, development  Jaiswal et al.

CdSe/ZnS QDs 2003

CdSe/ZnS— Mice Tail vein injection 60 pM QD/g animal weight, ~ Not given Mice showed no noticeable ill effects Larson et al.

amphiphilic micelle 1 M and 20 M final QD after imaging 2003
concentration

CdSe/ZnS—-DHLA Mice, B16F10cells ~ 5x 10*B16F10cells 100 pL of B16F10 cells used 46 hr cell No toxicity observed in cells or mice  Voura et al.

QDs with 10 pL QDs for tail vein injection, incubation, mice 2004
(~10 pmol), tail vein ~ ~2x105to 4 x 10%cells  sacrificed at
(iv) injection injected 1-6 hr
CdSe/ZnS-MUA QDs;  Vero cells 0.4 mg/mL 0.24 mg/mL 2 hr 0.4 mg/mL MUA/SSA-QD complexes ~ Hanaki et al.
QD-SSA complexes did not affect viability of Vero cells 2003
CdSe/ZnS Hela cells 1% 108 cells 10 pmol QDs/1 x 10°cells 10 days (cell 10 nM @D had minimal impact on cell  Chen and Gerion
(~10 nM) culture) survival 2004
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Table 1. Of note, those studies that observed
no cytotoxicity generally employed protocols
that used short-term acute exposures, where
cells were in contact with QDs for 15 min to
8 hr (e.g., Hanaki et al. 2003; Jaiswal et al.
2003; Voura et al. 2004). For instance, studies
by Jaiswal et al. (2003), in which no cytotoxic-
ity was observed, employed acute exposures of
cells to QDs for 15 min to 2 hr, after which
time cells where washed and observations
made. Similar exposure times (2 hr) were
employed by Hanaki et al. (2003). In contrast,
QD-induced cytotoxicity was generally found
in those studies that tended to be longer in
nature, with exposure times from 2 hr to sev-
eral days. For example, Hoshino et al. (2004a),
Shiohara et al. (2004), and Lovric et al. (2005)
employed 24-hr exposures.

Discussion

Cadmium and selenium, two of the most
widely used constituent metals in QD core
metalloid complexes, are known to cause acute
and chronic toxicities in vertebrates and are of
considerable human health and environmental
concern (Fan et al. 2002; Hamilton 2004;
Henson and Chedrese 2004; Kondoh et al.
2002; Poliandri et al. 2003; Satarug and
Moore 2004; Spallholz and Hoffman 2002).
For instance, Cd, a probable carcinogen, has a
biologic half-life of 15-20 years in humans,
bioaccumulates, can cross the blood—brain bar-
rier and placenta, and is systemically distrib-
uted to all bodily tissues, with liver and kidney
being target organs of toxicity. The potential
environmental impacts of Se contamination
are well understood from Kesterson Reservoir,
California, and Belews Lake, North Carolina,
where a marked impact on the local ecosystem
resulted from elevated environmental concen-
trations of Se. Because of QD metalloid core
composition, the uniqueness of each type of
QD, the oxidative and photochemical lability
of certain types of QDs, and the dearth of
information on routes of exposure and the
environmental transport and fate of QD mate-
rials, the potential risks posed by QD materials
to human health and the environment should
be seriously considered.

The likely increase in prevalence of QD
products in society, in tandem with their
potential toxicity, necessitates elucidation of
the potential adverse effects of these materials,
not only for the protection of human health
and environmental integrity but also to aid
industry and regulatory bodies in maximizing
the use of these materials. Given the potential
societal benefits offered by QD technology,
elucidating the mechanisms and sources of QD
toxicity will help avoid the pitfalls encountered
by the misapplication of previous technologies.
Nanotoxicologic information, currently lack-
ing, will be vital to this process, in aiding
industry in producing QDs of minimal risk,

and in elucidating the mechanisms of action of
QDs, as well as their environmental transport
and fate. Only with this knowledge can the
biocompatibility of QD technology with the
social and ecologic systems in which these
materials will be applied be achieved, and can
we ensure that this technology develops
responsibly, with sound public support.

Summary

The studies reviewed here suggest several key
points, in particular, that not all QDs are alike
and that engineered QDs cannot be considered
a uniform group of nanomaterials. QD ADME
and toxicity depend on multiple factors derived
from both inherent physicochemical properties
and environmental conditions; QD size,
charge, concentration, outer coating bioactivity
(capping material and functional groups), and
oxidative, photolytic, and mechanical stability
have each been implicated as determining fac-
tors in QD toxicity. Hence, it is likely that
grouping or classification of QDs as to their
potential toxicities based on size or other
physicochemical properties alone will, early on,
prove troublesome, and each QD type will
need to be characterized individually as to its
potential toxicity. In summary, the findings in
these reviews suggest that under certain condi-
tions QDs may pose environmental and human
health risks as determined by rodent animal
models and 77 vitro cell cultures.

REFERENCES

Akerman ME, Chan WCW, Laakkonen P, Bhatia SN, Ruoslahti E.
2002. Nanocrystal targeting in vivo. Proc Natl Acad Sci USA
99(20):12617-12621.

Aldana J, Wang YA, Peng X. 2001. Photochemical instability of
CdSe nanocrystals coated by hydrophilic thiols. J Am Chem
Soc 123:8844-8850.

Alivisatos P. 2004. The use of nanocrystals in biological detec-
tion. Nat Biotechnol 22:47-52.

Ballou B, Lagerholm BC, Ernst LA, Bruchez MP, Waggoner AS.
2004. Noninvasive imaging of quantum dots in mice.
Bioconjug Chem 15(1):79-86.

Beaurepaire E, Buissette V, Sauviat MP, Giaume D, Lahlil K,
Mercuri A, et al. 2004. Functionalized fluorescent oxide
nanoparticles: artificial toxins for sodium channel targeting
and imaging at the single-molecule level. Nano Lett
4(11):2079-2083.

Bruchez M Jr, Moronne M, Gin P, Weiss S, Alivisatos AP. 1998.
Semiconductor nanocrystals as fluorescent biological
labels. Science 281(5385):2013-2016.

Chan WCW, Maxwell DJ, Gao X, Bailey RE, Han M, Nie S. 2002.
Luminescent quantum dots for multiplexed biological detec-
tion and imaging. Curr Opin Biotechnol 13(1):40-46.

Chen FQ, Gerion D. 2004. Fluorescent CdSe/ZnS nanocrystal-
peptide conjugates for long-term, nontoxic imaging and
nuclear targeting in living cells. Nano Lett 4:1827-1832.

Colton HM, Falls JG, Ni H, Kwanyuen P, Creech D, McNeil E, et al.
2004. Visualization and quantitation of peroxisomes using flu-
orescent nanocrystals: treatment of rats and monkeys with
fibrates and detection in the liver. Toxicol Sci 80(1):183-192.

Colvin VL. 2003. The potential environmental impact of engi-
neered nanomaterials. Nat Biotechnol 21:1166-1170.

Dabbousi BO, RodriguezViejo J, Mikulec FV, Heine JR, Mattoussi
H, Ober R, et al. 1997. (CdSe)ZnS core-shell quantum dots:
synthesis and characterization of a size series of highly lumi-
nescent nanocrystallites. J Phys Chem B 101(46):9463-9475.

Dahan M, Levi S, Luccardini C, Rostaing P, Riveau B, Triller A.
2003. Diffusion dynamics of glycine receptors revealed by
single-quantum dot tracking. Science 302(5644):442—445.

Environmental Health Perspectives « voLume 114 | numser 2 | February 2006

Derfus A. 2004. Probing the cytotoxicity of semiconductor quan-
tum dots. Nano Lett 4:11-18.

Dubertret B, Skourides P, Norris DJ, Noireaux V, Brivanlou AH,
Libchaber A. 2002. /n vivo imaging of quantum dots encapsu-
lated in phospholipid micelles. Science 298(5599):1759-1762.

Fan TW, Teh SJ, Hinton DE, Higashi RM. 2002. Selenium biotrans-
formations into proteinaceous forms by foodweb organisms
of selenium-laden drainage waters in California. Aquat
Toxicol 57(1-2):65-84.

Gao X, Cui Y, Levenson RM, Chung LW, Nie S. 2004. /n vivo can-
cer targeting and imaging with semiconductor quantum
dots. Nat Biotechnol 22:969-976.

Hamilton SJ. 2004. Review of selenium toxicity in the aquatic food
chain. Sci Total Environ 326(1-3):1-31.

Hanaki, K-I, Momo A, Oku T, Komoto A, Maenosono S,
Yamaguchi Y, et al. 2003. Semiconductor quantum dot/
albumin complex is a long-life and highly photostable
endosome marker. Biochem Biophys Res Commun
302(3):496-501.

Henson MC, Chedrese PJ. 2004. Endocrine disruption by
cadmium, a common environmental toxicant with paradox-
ical effects on reproduction. Exp Biol Med (Maywood)
229(5):383-392.

Hines MA, Guyot-Sionnest P. 1996. Synthesis and characteriza-
tion of strongly luminescing ZnS-capped CdSe nanocrystals.
J Phys Chem 100:468—471.

Hood E. 2004. Nanotechnology: looking as we leap. Environ
Health Perspect 112:A740-A749.

Hoshino A, Fujioka K, Oku T, Suga M, Sasaki Y, Ohta T, et al.
2004b. Physicochemical properties and cellular toxicity of
nanocrystal quantum dots depend on their surface modifica-
tion. Nano Lett 4(11):2163-2169.

Hoshino A, Hanaki K, Suzuki K, Yamamoto K. 2004a. Applications
of T-lymphoma labeled with fluorescent quantum dots to cell
tracing markers in mouse body. Biochem Biophys Res
Commun 314:46-53.

Jaiswal JK, Mattoussi H, Mauro JM, Simon SM. 2003. Long-term
multiple color imaging of live cells using quantum dot bio-
conjugates. Nat Biotechnol 21:47-51.

Kim S, Fisher B, Eisler HJ, Bawendi M. 2003. Type-ll quantum
dots: CdTe/CdSe(core/shell) and CdSe/ZnTe(core/shell)
heterostructures. J Am Chem Soc 125:11466-11467.

Kloepfer JA, Mielke RE, Wong MS, Nealson KH, Stucky G,
Nadeau JL. 2003. Quantum dots as strain- and metabolism-
specific microbiological labels. Appl Environ Microbiol
69(7):4205-4213.

Kondoh M, Araragi S, Sato K, Higashimoto M, Takiguchi M, Sato
M. 2002. Cadmium induces apoptosis partly via caspase-9
activation in HL-60 cells. Toxicology 170(1-2):111-117.

Larson DR, Zipfel WR, Williams RM, Clark SW, Bruchez MP, Wise
FW, et al. 2003. Water-soluble quantum dots for multiphoton
fluorescence imaging in vivo. Science 300(5624):1434-1436.

Lidke DS, Nagy P, Heintzmann R, Arndt-Jovin DJ, Post JN,
Grecco HE, et al. 2004. Quantum dot ligands provide new
insights into erbB/HER receptor-mediated signal transduc-
tion. Nat Biotechnol 22(2):198-203.

Lovric J, Bazzi HS, Cuie Y, Fortin, GRA, Winnik FM, Maysinger D.
2005. Differences in subcellular distribution and toxicity of
green and red emitting CdTe quantum dots. J Mol Med
83(5):377-385. Epub 2005 Feb 2.

Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ,
et al. 2005. Quantum dots for live cells, in vivo imaging, and
diagnostics. Science 307(5709):538-544.

National Science Foundation. 2004.Nanoscale Science and
Engineering (NSE). Program Solicitation. Document no.
nsf03043. Arlington, VA:National Science Foundation.

National Toxicology Program. 2005. Toxicological Evaluation of
Nanoscale Materials: Fact Sheet. Research Triangle Park,
NC:National Toxicology Program. Available: http:/ntp.niehs.
nih.gov/ntp/htdocs/liason/factsheets/nanoscaleFacts.pdf
[accessed 20 January 2005]

Nordan M, Allard K, Tinker N, Modzelewski M, Kemsley J, Mills
S, et al. (2004). The Nanotech Report 2004: Investment
Overview and Market Research for Nanotechnology. 3rd ed.
New York:Lux Research Inc.

Oberddrster G, Oberddrster E, Oberddrster J. 2005.
Nanotoxicology: an emerging discipline evolving from
studies of ultrafine particles. Environ Health Perspect
113:823-839.

Parak WJ, Boudreau R, Le Gros M, Gerion D, Zanchet D, Micheel
CM, et al. 2002. Cell motility and metastatic potential studies
based on quantum dot imaging of phagokinetic tracks. Adv
Mat 14(12):882-885.

Poliandri AH, Cabilla JP, Velardez MO, Bodo CC, Duvilanski BH.

171



Hardman

2003. Cadmium induces apoptosis in anterior pituitary cells
that can be reversed by treatment with antioxidants. Toxicol
Appl Pharmacol 190(1):17-24.

Roco MC. 2003. Nanotechnology: convergence with modern biol-
ogy and medicine. Curr Opin Biotechnol 14:337-346.

Rudge SR, Kurtz TL, Vessely CR, Catterall LG, Williamson DL. 2000.
Preparation, characterization, and performance of magnetic
iron-carbon composite microparticles for chemotherapy.
Biomaterials 21(14):1411-1420.

Satarug S, Moore MR. 2004. Adverse health effects of chronic
exposure to low-level cadmium in foodstuffs and cigarette
smoke. Environ Health Perspect 112(10):1099-1103.

Scherer F, Anton M, Schillinger U, Henke J, Bergemann C,
Kriiger A, et al. 2001. Magnetofection: enhancing and
targeting gene delivery by magnetic force in vitro and
in vivo. Gene Ther 9(2):102-109.

Service RF. 2004. Nanotechnology grows up. Science 304:
1732-1734.

Shiohara A, Hoshino A, Hanaki K, Suzuki K, Yamamoto K. 2004. On
the cytotoxicity of quantum dots. Microbiol Immunol 48(9):
669-675.

Spallholz JE, Hoffman DJ. Selenium toxicity: cause and effects
in aquatic birds. Aquat Toxicol 57:27-37(2002).

U.S. Environmental Protection Agency. 2003. Research
Planning Workshop Report: Vision for Nanotechnology
R&D in the Next Decade. Arlington, VA:National Science
and Technology Council Committee on Technology
Subcommittee on Nanoscale Science, Engineering and
Technology. Available: http://es.epa.gov/ncer/nano/
publications/index.html [accessed 12 May 2005].

Voura EB, Jaiswal JK, Mattoussi H, Simon SM. 2004. Tracking
metastatic tumor cell extravasation with quantum dot

nanocrystals and fluorescence emission-scanning
microscopy. Nat Med 10:993-998.

Wu Y, Li X, Steel D, Gammon D, Sham LJ. 2004. Coherent optical
control of semiconductor quantum dots for quantum infor-
mation processing. Physica E Low Dimen Sys Nanostruct
25(2-3):242-248.

Wu X, Liu H, Liu J, Haley KN, Treadway JA, Larson JP, et al. 2003.
Immunofluorescent labeling of cancer marker Her2 and
other cellular targets with semiconductor quantum dots. Nat
Biotechnol 21(1):41-46.

Yu S, Chow G. 2005. Carboxyl group (-CO,H) functionalized
ferrimagnetic iron oxide nanoparticles for potential bio-
applications. J Mat Chem 14:2781-2786.

172

vOLUME 114 | NumBER 2 | February 2006 - Environmental Health Perspectives





