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CONSPECTUS

he dramatic increase in the use of nanoparticles (NP) in industry S5 charge *
and research has raised questions about the potential toxicity of " surface
such materials. Unfortunately, not enough is known about how the QD Interhalization

ROS, Cd*

novel, technologically-attractive properties of NPs correlate with the
interactions that may take place at the nano/bio interface. The academic,
industrial, and regulatory communities are actively seeking answers to
the growing concerns on the impact of nanotechnology on humans. In
this Account we adopt quantum dots (QDs) as an illustrative example of
the difficulties associated with the development of a rational science-
based approach to nanotoxicology.

The optical properties of QDs are far superior to those of organic dyes in terms of emission and absorption bandwidths,
quantum yield, and resistance to photobleaching. Moreover, QDs may be decorated with targeting moieties or drugs and,
therefore, are candidates for site-specific medical imaging and for drug delivery, for example in cancer treatment. Earlier this year
researchers demonstrated that QD-based imaging using monkeys caused no adverse effects although QDs accumulated in lymph
nodes, bone marrow, liver, and spleen for up to 3 months after injection. Such persistence of QDs in live animals does, however,
raise concerns about the safety of using QDs both in the laboratory and in the dinic.

Researchers anticipate that QDs will be increasingly used not only in dinical applications but also in various manufactured
products. For example, QD-solar cells have emerged as viable contenders to complement or replace dye-sensitized solar cells;
CdTe/CdsS thin film cells have already captured approximately 10 percent of the global market, and in addition, QDs can serve as
components of sensors and as emitting materials in LEDs. Given the clear indications that QDs will inevitably become components
of a wide range of manufactured and consumer products, researchers and policy makers need to understand the possible health
risks associated with exposure to QDs.

In this Account, we initially review the known mechanisms by which QDs can damage cells, including oxidative stress elicited by
reactive oxygen species (ROS). We discuss lesser-known impairments induced in cells by nanomolar to picomolar concentrations of
QDs, which imply that cadmium-containing QDs can exert genotoxic, epigenetic, and metalloestrogenic effects. These observations
strongly suggest that minute concentrations of QDs could be sufficient to cause long lasting, even transgenerational, effects. We
also consider various modes by which humans could be exposed to QDs in their work or through the environment. Although
considerable advances have been made in enhancing the stability and overall quality of QDs, over time they can partially degrade
in the environment or in biological systems, and eventually cause small, but cumulative undesirable effects.

A combination of toxicological, genetic, epigenetic and imaging approaches is required to create comprehensive guidelines for
evaluating the nanotoxicity of nanomaterials, incuding QDs. Prior to biological investigations with these materials, an
indispensible step must be the full characterization of NPs by complementary techniques. Specifically, the concentration, size,
charge, and ligand stability of NPs in biological media must be known if we are to understand fully how the properties of
nanoparticles and of their biological environment contribute to cytotoxicity.
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1. Introduction

Real-time in vitro and in vivo imaging of cellular mechanisms
using quantum dots (QDs) has become a major tool in
biology and in exploratory nanomedicine due to the versa-
tility and exceptional photostability of QDs, compared to
organic dyes.! Early on, biologists noted that QDs were not
necessarily as innocuous to cells as soluble dyes, as a con-
sequence of their particulate nature and composition.?> In
the early 2000s, we became aware that QDs may exert
adverse effects in biological systems.*> As we exposed dif-
ferent cell types to CdTe QDs, we noted a number of changes
in cell morphology. Results from studies employing different
QD concentrations, different exposure times, and different
cell types clearly indicated that (i) cadmium-containing QDs,
most prominently CdTe QDs, were the most deleterious to the
cells, particularly QDs with short ligands; (i) QDs with multiple
shells, e.g. CdSe/ZnS QDs, were suitable for experiments with
living cells exposed for longer time periods (hours and even
days) without significant functional deteriorations; and (iii) the
complexity of the cellular system (monolayers vs 3D-mixed
cell populations) played an additional role in determining cell
susceptibility to the QDs: generally cells in monolayers were
the most vulnerable to the nanocrystals.

To account for the cellular impairments inflicted by CdTe
QDs, we hypothesized that the QDs may have been con-
taminated with soluble Cd** or that Cd*" was released from
the QDs after internalization in cells. There is no lack of data
on the toxicity of cadmium,® which has been associated with
liver and Kidney injuries, skeletal deformations, neurological
problems, and cancer. On the cellular level, cadmium in-
duces the formation of reactive oxygen species (ROS) by
depletion of cellular antioxidants. It affects mitochondria,
induces apoptosis, disrupts intracellular calcium signaling,
damages DNA, and inhibits DNA repair. Most of these
adverse effects are also characteristic of QD-induced cellular
toxicity, so it is reasonable to conclude that QDs are toxic
because, as a result of imperfections in the nanopatrticles
coating, Cd*" is gradually released in cells after internaliza-
tion of QDs. The fact that CdSe/ZnS QDs are significantly less
toxic than “bare” CdTe QDs also argues in favor of this
conclusion. A corollary, of course, is that chemists can
address, and solve, the toxicity issues related to Cd-based
QDs by covering the Cd core by a robust outer layer,
impervious to the QD environment.

We were concerned that the situation may not be so
simple. Could QDs not be toxic per-se, by virtue of their size
and photophysical properties? Composition, after all, is just
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one aspect of nanoparticle toxicity. Particle size influences
their behavior in cells: smaller particles tend to be more toxic
than larger ones.* Of course, as particle size decreases, the
surface to volume ratio increases; hence, more Cd** ions are
exposed and available for poisoning their environment. But,
it is possible also that specific cellular pathways are open
only to smaller particles, directing them to selected cell organ-
elles or opening access to the nucleus. There is no denying
that ROS can be generated from the QD surface. One can
expect that the (size dependent) redox properties of nano-
particles affect the amount of ROS produced. Photoirradiation
of QDs provides another means to generate free radicals, a
process evidently affected by the quantum size effect in the
core. These considerations make it increasingly difficult to
argue that Cd>* is responsible for all aspects of QD toxicity.

Conceptually, one would expect that if Cd** is indeed
solely responsible for cellular impairment and death,
then cell viability should be inversely proportional to the
intracellular Cd** concentration [Cd?" Jine. BOth quantities can
be determined experimentally, and we measured them for
human breast cancer cells (MCF-7) exposed to several sam-
ples of CdTe QDs and CdSe/ZnS QDs.” Cell viability assays
indicated that CdSe/ZnS QDs were nontoxic to cells whereas
CdTe QDs were toxic and cell viability was proportional to
the initial QD dose. From confocal fluorescence microscopy
imaging, we knew that no observable injury was detected
in cells treated with CdSe/ZnS QDs, whereas CdTe QDs
brought about serious damaging changes in cells. Prominent
changes included lysosomal enlargement and mitochon-
drial rounding, two features exhibited by cells under oxida-
tive stress. We established that, for cells treated with
solutions of CdCl, (not QDs), the decrease in cell viability
correlates linearly with [Cd*" [inwra (Figure 1). Next, we mea-
sured [Cd*'[imra in cells treated with CdSe/ZnS QDs; this
concentration was <5 nM. In cells treated with CdTe QDs,
[CA¥intra ranged from 30 to 150 nM, depending on the
nature of the ligand. However, the | Cd** Jinra did not correlate
linearly with cell viability (Figure 1). Hence, the toxic effect of
CdTe QDs cannot be attributed solely to the release of Cd>".
The two facets of QDs toxicity, which are clearly exhibited by
CdTe QDs, cannot be overlooked, in particular when con-
sidering applications in nanomedicine or when assessing
the environmental impact of QDs.

2. Known (and Suspected) Insults by QDs to
Cells and to Organisms

We present below an overview of the major routes by which
QDs can injure cells and organisms. The adverse effects
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FIGURE 1. Decrease in cell number as a function of [Cd® ], for MCF-7
cells treated with various QD samples (10 xg/mL); inset: metabolic
activity of MCF-7 cells treated with QDs or with CdCl, aqueous solutions.
Adapted from Figures 1 and 5 of ref 7. Copyright 2007 American
Chemical Society.

are organized from the point of view of the affected cellsand
the mechanisms known (or suggested) to be involved in the
cellular response. Figure 2 presents an overview of the
cellular mechanisms (discussed below) that can be triggered
by QD internalization together with representative micro-
graphs of impaired cells. We have balanced the toxicity
studies carried out using CdSe/ZnS QDs, the standard QDs
in biological studies, and other types of QDs, in order to lead
the reader to the conclusion that materials combinations,
size ranges, and surface capping materials really matter with
respect of QDs toxicity in vitro and in vivo.>®® This point was
demonstrated most recently in systematic studies by Chan's
group conducted in vivo using different core—corona nano-
materials that convincingly show that QD composition (PbS
vs CdS), size (2 nm vs 6 nm), shape (spheres vs rods), and
surface chemistry (amino vs carboxylic group) play an im-
portant role in biodistribution and toxicity.® Similarly, a
systematic study by Rotello's team'® showed that the stabi-
lity of the monolayer surface coating of QDs depends both
on the quantum dot particle size and on the monolayer
chemical structure. Their studies using label free mass spec-
trometry determinations show that intracellular stability can
be markedly improved by selecting the appropriate QD size
and surface ligand.

2.1. QDs as Disruptors of Cellular Redox Homeostasis.
An increased ROS production results in an oxidative stress
when cells fail to compensate for the increased [ROS] and
consequently fail to maintain or restore normal physiologi-
cal redox-regulated functions. Several compensatory me-
chanisms are put in motion when redox equilibrium is
disrupted in order to prevent cellular impairments, which
could ultimately lead to cell death.'" The cellular response is
incremental, depending on the ROS production level. Under
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normal conditions, very low amounts of ROS are generated
in cells. As soon as cells detect ROS, “alarm signals” are sent,
triggering antioxidant defenses, such as glutathione and
antioxidant enzymes (Figure 3). This “adaptation phase”
usually restores the reducing environment of the cell. How-
ever if excess ROS generation persists, the natural defense
mechanisms of the cell are overwhelmed, leading to oxida-
tive stress, ultimately leading to cell death (e.g., apoptosis,
necrosis, or autophagy). The concept of hierarchical oxida-
tive stress has been exploited by Nel to devise an integrated
set of cellular screening assays of nanoparticles that quantify
specific cellular responses to each level of oxidative stress.'?

ROS and the Vasculature. The cells that line the luminal
surface of all blood vessels, unavoidably, are exposed to
QDs circulating in the bloodstream following intravenous
injection, the most common administration mode for in vivo
imaging/therapeutic applications. Vascular endothelial cells
are especially susceptible to ROS-induced mitochondrion
damage that may promote atherosclerosis and cardiovas-
cular diseases.'® Yan et al. tested the toxicity of acid coated
CdTe QDs toward human umbilical vein endothelial cells
(HUVEQ), which are models for vascular endothelial cells.’*
QD concentrationsin the 0.1—100 ug/L range were selected,
since they correspond to the doses commonly used for in
vivo imaging. Exposure of HUVEC to CdTe QDs for 24 h
induced an intrinsic, i.e. mitochondria-mediated, apoptosis.

ROS and the Skin and the Eye. Dermal cells constitute
the natural barrier against penetration of QDs through the
skin, for example while handling QDs or in case of manu-
facturer exposure. In vitro studies have demonstrated that
QDs, in the micromolar concentration range, can penetrate
the epidermis to reach the dermis, particularly via the hair
follicles or through stretched skin.">'® More recent studies
have assessed the effects of nanomolar QD concentrations,
which were shown to lead to DNA perturbations, thereby
leading to QD-induced abnormalities at the genomic level.'”
Kuo et al assessed the consequence to the eye of exposure
to CdSe/ZnS QDs coated with PEGs, amines, or carboxylates
(~20 nM)."® QDs administered intrastromally in mice were
retained in the eye for up to 26 days. Complementary in vitro
studies with bovine corneal stromal cells indicated that cell
viability decreased significantly upon prolonged exposure
(48 h) to QDs, particularly with carboxylated QDs.

QDs Effects on the Nervous System. Our early in vitro®
and in vivo studies showed rather marked responses of
astrocytes'® and microglia®® to several types of QDs. The
majority of intraparenchimally injected QDs were localized
within microglial cells, which normally function as the brain
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FIGURE 2. Top: Schematic overview of the cellular mechanisms shown to occur in cells treated with the Cd-containing QDs discussed in section 3.
Bottom: Examples of QD-triggered impairments of the mitochondrion, nucleus, and plasma membrane. Images reproduced and adapted from

Figure 1 in ref 5. Copyright 2005 Elsevier.

phagocytes. While upon exposure of the brain to PEGylated
CdSe QDs the activation of astrocytes in the cerebral cortex
was detected only transiently, the administration of non-
PEGylated CdTe QDs triggered a robust glial activation with-
out significant cell loss. Tang et al. showed that injections of
either CdSe or streptavidin-CdSe/ZnS QDs (0.5 nM) into the
hippocampal dentate gyrus area of rats led to impaired
short- and long-term synaptic activity.?'

More recently, CdSe/ZnS QDs were shown to increase
intracellular Ca®" in rat hippocampal neurons** and in
mouse chromaffin cells.>® Studies of renal epithelial cells

exposed to QDs have revealed that F-actin binds to QDs and
can be depolymerized by Cd** ions.?* Since F-actin is pos-
tulated to play a role in controlling secretory granule access
to the plasma membrane, it is possible that the reduced
neurosecretion may be due to F-actin impairment by QDs
and/or released Cd*".

2.2. Metalloestrogenic Effects of QDs. A lesser known
property of cadmium is that, on the picomolar level, it can
exert estrogenic effects.?®> Could it be possible that very low
concentrations of Cd-containing QDs have corresponding
estrogenic effects? We examined this issue by monitoring
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the response of MCF-7 cells to CdTe QDs in concentrations
not displaying significant nonestrogenic cytotoxicity.° CdTe
QDs induced cellular proliferation, ERa (estradiol receptor a)
activation, and estrogen-associated rapid nongenomic
signaling events, comparable to, or even exceeding, those
caused by 17-estradiol. Green (smaller) QDs elicited a more
robust estrogenic effect than orange (larger) QDs (Figure 4).
The QD estrogenic effects were completely suppressed in
cells supplemented with the selective estrogen receptor
antagonist ICl 182780, indicating that the QD-induced estro-
genic signaling is mediated by the estrogen receptor. MCF-7
cells express the estrogen receptors ERa. and ERS and the
plasma membrane estrogenic receptor GPR30.
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QD-estrogenicity in vivo in black BalbC57 mice was
detected after intraperitoneal injections of CdTe QDs
and compared with 17p-estradiol (0.25 mg/kg) and Cd*"
(0.25 mg/kg).%® The doses of 17p-estradiol and Cd*" were
those reported to elicit maximal estrogenic response. Green
QDs elicited the most potent estrogenic effects in both
prepubescent animals and in older, ovariectomized animals.
This study suggests that cadmium-containing QDs should be
considered as potential endocrine disruptors, causing an
increase of the overall estrogenic burden in cells and tissue
and, possibly, leading to carcinogenicity. In vitro and in vivo
studies are warranted in order to delineate signal transduc-
tion pathways mediating metallo-estrogenic effects caused
by suspect endocrine disruptor QDs and to establish likely
epigenomic influences modulating the estrogen-like effects.

2.3. Nanogenomic Effects of QDs. By definition, geno-
toxic agents damage DNA, with resulting loss of DNA
integrity, mutagenesis, and chromosomal aberrations. Nano-
particles (NP) as a group are known to induce genotoxic
effects by a variety of mechanisms,?’ including (1) direct
interaction with DNA in the case of NPs (such as small QDs)
able to enter the nudeus; (2) impairment of the cellular
transcription and translation machinery as a consequence
of the proximal perinuclear localization favored by QD-
loaded lysosomes; (3) interactions with surface receptors,
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FIGURE 4. QD induced metalloestrogenicity. Surface compromised CdTe QDs can leach Cd**, either extracellularly leading to Cd** internalization via
transporters or after internalization and degradation within the cell. Released Cd*" may trigger estrogenicity via genomicand/or nongenomic effects:
(A) cell proliferation induced by green (G*) and orange (O") CdTe QDs (10 ug/mL) in ER-expressing (MCF-7) and non-ER-expressing (PC-12) cells;

(B) estradiol (E.) equivalence of Cd>* and QDs after 24-h treatment of MCF-7 cells with estrogen. Adapted from Figures 1 and 4 of ref 26. Copyright 2012
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resulting in receptor activation and enablement of intracellu-
lar signaling cascades (see metalloestrogenic effects of QDs);
and (4) inducement of DNA point mutations or/and single- or
double-strand breaks via ROS generated by NPs localized in
the lysosomes.

Addition of QDs to DNA solutions is known to lead to DNA
damage upon irradiation with light of > 310 nm, a spectral
region where DNA itself does not absorb,?® or, in the dark,
via ROS mediated chemical reactions.?° Hoshino et al. were
among the first to report the detection of DNA impairments
inflicted by CdSe/ZnS QDs to mammalian cells.*° Other
groups suggested DNA damage by QDs, on the basis of
changes in nuclear morphology and from up- or down-
regulation of specific proteins. The effects of QD exposure
to gene expression itself were monitored in a study invol-
ving treatments of a human dermal fibroblast (HDF) cell line
with CdSe/ZnS QDs (30—60 nM, diameter ~15 nm).'” Cells
exposed to such QDs modulated genes and proteins indica-
tive of oxidative stress, apoptosis, inflammation, and more
general immune responses point toward the need to study
mechanisms of actions triggered by QDs among different
cell types of the same organ, both in vitro (preferably in
human cells) and in vivo.

Gagné et al. analyzed hepatic gene expression in rainbow
trout exposed to either CdS/CdTe QDs or (soluble) Cd?+
using a DNA microarray comprised of 207 stress-related
genes.®' On a mass concentration basis, QDs were more
potent than Cd*" in suppressing immunocompetence. Both
forms of cadmium induced expression of the metallothionein
and CP2K1 genes involved, respectively, in metal detoxifica-
tion and xenobiotic transformation/inflammation conditions.
However, the response pattern was different for the two Cd
forms. Exposure to QDs significantly affected 25 genes that are
mainly implicated in oxidative stress and inflammation. Only 9
genes were affected by exposure to Cd**. The impaired genes
in this case are implicated in the binding and transport of
solutes, such as urea, sodium, potassium, etc,, or in aspects of
the immune status different from those altered as a conse-
quence of QD exposure.

2.4. Nanoepigenomic Effects of QDs. Epigenetic agents
modify the expression of genetic information, without alter-
ing the primary DNA sequences.3? The alterations of genetic
information may eventually lead to a long-term reprogram-
ming of gene expression. Epigenetic programming typically
occurs during development. However, an increasing num-
ber of studies suggest that the adult epigenome is sensitive
to environmental factors.>® Proposed epigenetic cellular
mechanisms include the following: (1) modifications of the
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FIGURE 5. Changes in mRNA levels of (A) antiapoptotic and (B) pro-
apopoptotic genes in MCF-7 cells treated with CdTe QDs (5 ug/mL) in the
absence or presence of trichostatin (TSA) and control. Adapted from
Figure 3 of ref 34. Copyright 2008 Springer.

chromatin and histone structures, such that access of the
transcriptional machinery to genes is prevented; (2) inhibi-
tion of translation and degradation of RNA; and (3) damag-
ing effects on DNA itself, since DNA bears epigenetic infor-
mation in its methylation pattern. Epigenetic changes may
have long-term effects on gene expression programming,
long after the initial signal has been removed and, if these
changes remain undetected, this situation could lead to
long-term untoward effects in biological systems.

Small green CdTe QDs can enter the nucleus and cause
significant reorganization of the chromatin, which strongly
suggests that gene transcription is affected. Chromatin re-
organization was detected upon exposure of MCF-7 cells to
low amounts (5 ug/mL) of green CdTe QDs for 24 h. It was
accompanied by a significant change in global hypoacetyla-
tion, implying an epigenomic response.>* The magnitude
of the reduction in histone acetylation was inversely propor-
tional to [QD], such that the higher the [QD], the more
histone acetylation decreased. These epigenetic changes cor-
responded with (i) the reduction in the transcription of genes
associated with cell death prevention, such as clAP-1 (inhibitor
of apoptosis) and Hsp70 (heat shock protein 70), and the
suppression of GPx (glutathione peroxidase) mRNA expression
and (ii) the activation of the ubiquitous responder to genotoxic
stress, p53, resulting in translocation of p53 with subsequent
upregulation of the downstream targets Puma and Noxa
(Figure 5). QD-induced epigenetic changes along with the
genotoxic effects merit thorough examination, not only in
model cells but also in living organisms. This study strongly
advocates in favor of the inclusion of epigenomic assays in the
battery of tests routinely used in nanoparticles toxicological
studies.
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3. Known (and Anticipated) Means of Exposure
to Quantum Dots

Unlike silver or titanium dioxide NPs, which can be found in
many consumer products, QDs have yet to reach the mass
market. This situation may change rapidly. A recent review
on CdTe QDs lists major achievements toward their use in
the fabrication of all inorganic photovoltaic devices, solar
cells, and sensors or as emitting materials in light emitting
diodes etc.3® Should QDs become parts of consumer prod-
ucts, what are the potential routes of exposure by which
humans could be exposed to QDs, at least in theory?

Aerosolization and accidental inhalation of QDs could
occur during their manufacture or potentially as a means of
clinical administration. On the basis of toxicological studies
of airborne NPs, one can envisage that retention of QDs in
the lungs may occur, potentially with translocation in the
central nervous system.?® Inadvertent adsorption through
the skin and eyes could occur during QD manufacture or QD
use in the laboratory and, possibly, in the clinic. Model
studies indicate that QDs are able to penetrate porcine skin
and cause impairing effects, even in low doses.'>~'” The
cornea is another route of drug administration and an
important route of exposure in occupational situations and
in daily life. The observation that QDs can penetrate injured
cornea and be retained in it asks for further studies, since
stromal cells are important to ensure the health and trans-
parency of the cornea. Corneal abrasion is not uncommon in
our daily life, particularly among wearers of contact lenses or
as a consequence of the application of cosmetics or UV-
blocking agents spiked with nanoparticles.

Oral ingestion for therapeutic or imaging purposes is not
envisaged currently, since there are concerns on the limited
stability of QDs in the acidic gastric milieu. Nonetheless,
insidious QD ingestion could occur by transfer of QDs
through the food chain. Gagné et al. reported that CdTe
QDs are ingested by freshwater mussels*® and by rainbow
trout.3° Also, CdTe and CdSe QDs were shown to accumulate
in E. coli cells®” and in Pseudomonas aeruginosa bacteria,>®
respectively. Moreover, Wetlin et al. reported that red
citrate-capped CdSe QDs accumulated in P. geruginosa can be
transferred and biomagnified in Tetrahymena thermophilia
protozoae that prey on the bacteria.®® The Cd-loaded bacter-
ia inhibited their own digestion in the protozoan food
vacuoles, where they remained without being lysed. Hence,
intact QDs remained available in higher trophic levels,
resulting in cadmium concentrations in the protozoae ~5
times higher than in their prey. This study provides the first
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example of biomagnification of QDs in a model microbial
food chain. The authors of this study point out that, to ensure
scientific reliability, unrealistically high QD concentrations
were used and added in the batch mode. Corresponding
measurements with a steady influx of a low concentration of
QDs are necessary to mimic conditions within the ecological
environment.

Finally, one needs to cite the recent report by Chu et al,,
who presented evidence that core/shell CdTe/CdS QDs can
be transferred from female mice to their fetuses across the
placental barrier.*® Smaller QDs were more readily trans-
ferred than larger ones. PEGylation of QDs reduced the
transfer but did not eliminate it, suggesting the need to
establish the consequences of long-term exposure to pico-
molar concentrations of QDs. Because Cd-containing QDs
are candidates for trans-generational effects, their use
should be minimized; if used, they should be handled with
caution.

4. Conclusions and Outlook

Undesirable effects caused by early generations of cad-
mium-containing QDs are likely to be reduced by new
generations of QDs. The quest for novel nanopatrticles as
effective as current QDs, but devoid of proven toxic ele-
ments, has intensified, and new highly promising lumines-
cent NPs have been discovered over the past few years.
Luminescent carbon nanodots (C-dots),*' graphene quan-
tum dots (GQDs), and nanometer-size graphene pieces with
excellent optical and electronic properties were recently
described.** These NPs offer much promise in view of their
chemical inertness, high surface area, and good surface
grafting capacity.*® Preliminary data indicate that both
C-dots** and GQDs*® exhibit minimal cytotoxicity to ex-
posed cells. Silicon QDs as well offer a promising alternative
to semiconductor QDs, although their photoluminescence
quantum yields (5—10%) are lower than those of CdSe QDs.
They exhibit minimal cytotoxicity*® and were used success-
fully for in vitro*” and in vivo®® imaging.

The wealth of data accumulated from the toxicity of
semiconductor NPs is an invaluable asset that should be
exploited to design appropriate methodologies to assess the
toxicity of novel luminescent NPs. Researchers often neglect
to carry out a comprehensive characterization of QDs prior
to using them. In our opinion, this step is imperative,*®
especially before any toxicity screening is started, precisely
because the exact property (or properties) of QDs respon-
sible for their toxicity is still poorly understood. This
omission is one of the reasons behind the current state



of confusion surrounding the question of QD toxicity.>®
As epigenetic changes may lead to long-term reprogram-
ming of gene expression long after the initial insult has
been removed, results from “nanoepigenetic’ assessments
may have important implications on the future use of
new nanomaterials in bioimaging and therapeutic appli-
cations and should be evaluated early in the develop-
ment of new QDs, as well as QD-based devices and
clinical tools. It would be useful also to devise tests to
assess if subtle epigenetic changes could be detected in
blood samples of humans chronically exposed to minute
concentrations of nanomaterials in their working envi-
ronment (e.g., factories producing solar cells or certain
types of electronics).
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