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In vivo toxicity of quantum dots: no cause for
concern?
“Naturally, substantial time and resources will be required to perfect and
standardize quantum dot formulations … We should not give up hope even if this
process seems slow.”
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Semiconductor nanocrystals, also known as
quantum dots (QDs), possess unique optical
properties that make them useful as fluorescent
probes or traceable nanocarriers for in vivo applications ranging from imaging to theranostics [1] .
The surfaces of QDs can be conjugated with
biomolecules to enable in vivo targeted imaging
and drug delivery [2,3] . These unique capabilities
and qualities of QDs have made them a powerful
platform that can help to reveal important biological insights. Ultimately, they may also provide
unique benefits in clinical diagnostic and therapeutic applications [4] . However, progress toward
clinical applications has been delayed by concerns
about the potential toxicity of QDs. Much of
the QDs community has been hesitant to work
toward clinical applications, based on reports
demonstrating release of toxic heavy metal ions
from degradation of QDs in cell culture studies [5] . In addition, photoexcited QDs have been
shown to generate reactive oxygen species that
are highly toxic to cells [6] . On the other hand,
in small animal studies, bioconjugated QDs did
not have any observable ill effects at concentrations appropriate for in vivo imaging applications
[7–9] . Thus, conclusions drawn from in vitro and
in vivo studies remain somewhat contradictory
and do not yet provide a sound basis for confident
prediction of in vivo toxicity in humans.

Factors influencing QD toxicity
in vivo
Many factors influence the potential toxicity of
QDs, through different biological interactions
in vivo. Along with the local cytotoxicity associated with heavy-metal release and generation
of reactive oxygen species that can be observed
in vitro, QDs may interact directly with blood
components. They may accumulate nonspecifically in high-blood-flow organs, and they may

induce immune responses [10] . Each of these
interactions depends on the size and surface
chemistry of the QD formulation in different
ways. In small animal studies, intravenously
administered QDs mainly accumulated in the
liver, spleen and lymphatic system; very little
accumulation was observed in the heart, lungs
and kidneys [7] . However, the biodistribution
was also shown to vary for different QD formulations [11] . For bioconjugated QDs that do not
aggregate in vivo, the excretion rate depends most
strongly on the hydrodynamic diameter of the
QDs [12] . One strategy for reducing QD toxicity
is therefore to minimize the hydrodynamic diameter to a point where rapid renal excretion occurs
[13] . While the diameter of inorganic QD cores
is typically 2–5 nm, the hydrodynamic diameter of QD formulations can vary widely, from
individual QDs with direct bioconjugation and
hydrodynamic diameter below 10 nm to polymer
micelles encapsulating multiple core–shell QDs
with hydrodynamic diameter up to 200 nm.
Some toxicity concerns may be alleviated by
changes in the composition of the inorganic QD
core. For example, local cytotoxicity related to
release of Cd ions can be eliminated by using
QD formulations based upon indium phosphide
(InP) or silicon [14–16] . InP-based core–shell QDs
are approaching the performance levels of the
better-studied Cd-based QDs, and may ultimately achieve the same desirable optical properties. However, while InP is free of Cd, In is also
a heavy metal with no known biological role, and
its presence may be a cause for concern. Silicon
QDs are expected to be more biocompatible; they
should ultimately degrade to silicic acid, which
can be excreted in the urine. In vivo bioimaging using silicon QDs has been demonstrated
[14,15] . However, for the foreseeable future, the
optical properties of silicon QDs are unlikely to

10.2217/NNM.12.152 © 2012 Future Medicine Ltd

Nanomedicine (2012) 7(11), 1641–1643

Ken-Tye Yong
School of Electrical & Electronic
Engineering, Nanyang Technological
University, Singapore 639798,
Singapore
ktyong@ntu.edu.sg

Mark T Swihart
Author for correspondence:
Department of Chemical & Biological
Engineering, University at Buffalo,
The State University of New York,
Buffalo, NY 14260-4200, USA
swihart@buffalo.edu

part of

ISSN 1743-5889

1641

Editorial

Yong & Swihart

match the Cd-based formulations. Other toxicity
mechanisms, such as photogeneration of reactive oxygen species, are more general to all QDs
[6,17] . Biodistribution and interactions, such as
induced immune responses, are expected to be
unaffected by the QD core composition. Thus,
while some alternate formulations are available or
emerging, Cd-based QDs will remain of interest
for some time, and in vivo studies of them are
likely to produce insights that are also relevant
to formulations with different QD core materials.

“…while some alternate formulations are
available or emerging, Cd-based quantum
dots will remain of interest for some time…”
Present understanding of the toxicological and
pharmacological effects of QDs remains rather
poor [18] . This lack of understanding is largely a
result of the variety of QD formulations considered in the literature combined with the variety
of toxicity assays, animal models and dosage measures used. To date, more than 70 types of bioconjugated QD formulations have been reported.
Many of these have been tested in vitro but not in
vivo. With such limited information and so many
formulations, judging whether a specific QD
formulation is suitable for in vivo use remains a
major challenge for the QD research community.

Future needs & current directions
A comprehensive study of the toxicity of a few
standardized QD formulations, including longterm toxicological and pharmacokinetic investigations of the degradation, excretion, persistence
and immunogenicity of QDs, will ultimately
be needed if QD formulations are to reach the
clinic in applications such as image-guided surgery for tumor removal. However, such studies
are tedious, complex and, by definition, long.
These in vivo toxicity experiments are expensive to perform and require the long-term care
of small animals by trained professionals. In an
environment of limited research resources, such
studies must be coordinated and standardized to
minimize unnecessary duplication and to ensure
that results for different QD formulations can be
reliably compared.

“A comprehensive study of the toxicity of a few
standardized quantum dot formulations … will
ultimately be needed if quantum dot
formulations are to reach the clinic…”

The current literature is showing an increasing
trend for researchers from different countries and
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scientific backgrounds to collaborate to investigate the long-term toxicity of QDs in vivo, using
animals ranging from mice to primates. This is
an encouraging step toward optimally sharing
and utilizing ‘global resources’ for evaluating the
long-term toxicity of QDs in vivo. For example,
our groups in the physical science and engineering departments in the USA and Singapore have
recently collaborated with medical researchers
at a hospital in China to investigate the in vivo
toxicity of QDs in nonhuman primates [19] . The
results were encouraging, showing that rhesus
macaques injected with phospholipid micelleencapsulated CdSe/CdS/ZnS QDs at relatively
high dosage did not exhibit any evidence of acute
toxicity. All blood chemistry and biochemical
markers remained within normal ranges over a
90-day period following intravenous injection
of the QD formulation and histology of major
organs did not show any abnormalities 90 days
after injection. This study serves to temper some
of the concerns over the toxicity of QDs intended
for clinical applications. Nevertheless, chemical
analysis showed that the vast majority of the initial QD dose remained in the liver, spleen and
kidneys of the animals 90 days after injection.
This suggests that the degradation and excretion of QDs in this formulation is quite slow.
Longer-term studies will be needed to investigate
the ultimate distribution of these QDs and the
impact of their persistence in primates.

A broader perspective
Some useful perspectives on the toxicity of QDs
can be provided by comparison with other toxic
yet clinically useful formulations. Consider
paclitaxel, a common chemotherapy drug used
worldwide [20] . The drug was discovered in 1967
when this compound was isolated from the
Pacific yew tree. Paclitaxel, a mitotic inhibitor
that is used to treat a large variety of cancers, was
first employed to treat both ovarian cancer and
melanoma cases in 1988. Its side effects include
nausea and vomiting, loss of appetite, change in
taste, thinned or brittle hair, pain in the joints of
the arms or legs, changes in the color of the nails
and tingling in the hands or toes. Bone marrow
suppression, mucositis and peripheral neuropathy occur at higher doses (beyond the clinical
range). Nonetheless, many patients are successfully treated and cured each year with paclitaxel,
at appropriate dosages and following appropriate
treatment regimens. It took over 35 years to optimize the paclitaxel formulation and dosage that
is used clinically today and the search for better targeted formulations with fewer side effects
future science group
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continues. Paclitaxel is widely used because its
benefits outweigh the associated risks. QD formulations for in vivo biomedical applications are
in a position somewhat similar to that of paclitaxel 30 years ago. For applications such as sentinel lymph node mapping or imaging-guided
surgery using antibody-targeted QDs to label
cancerous tissue, the benefits of QDs as imaging agents may dramatically outweigh the risks
associated with their use. Naturally, substantial
time and resources will be required to perfect
and standardize QD formulations for specific
applications to a level where they can be tested
in clinical trials. We should not give up hope
even if this process seems slow.

“To most efficiently move toward clinical

applications, we must communicate and
coordinate activities across both
geographical and disciplinary boundaries.”
The QD research community today includes
many active and distinguished researchers
worldwide who are engineering and testing QDs
that will eventually lead to formulations that
are employed clinically for human diagnostic
and therapeutic applications. These researchers
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come from diverse backgrounds ranging from
physical chemistry and materials science to
molecular biology and clinical medicine. To
most efficiently move toward clinical applications, we must communicate and coordinate
activities across both geographical and disciplinary boundaries. In response to the question in
the title of this article: yes, there is still much
cause for concern about the in vivo toxicity of
QDs, but there is also much cause for hope as
researchers cross boundaries and work together
to identify and address toxicity concerns and
demonstrate applications where the benefits of
QD use outweigh the associated risks.
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