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Abstract
Quantum dots (QDs) are emerging as novel diagnostic agents. Yet, only a few studies have examined the possible deleterious
effects of QD-labeled stem cells. We assessed the potential toxic effects of QD-labeled human embryonic palatal mesenchymal
(QD-HEPM) cells in male NOD/SCID mice for six months, following the administration of a single intravenous injection.
Control animals were administered with non-labeled HEPM cells. No treatment-related clinical signs, hematological, or
biochemical parameters were found in the QD-HEPM animals in comparison to control animals. Histologically, multifocal
organizing thrombi were noted in the pulmonary arteries of all QD-HEPM animals from the one-week study group and in one
animal from the one-month group. Additionally, increased severity of perivascular inﬂammation was noted at the injection sites
of QD-HEPM animals from the one-week group. This is the ﬁrst study reporting histopathological evidence for prothrombotic adverse effects mediated by QD labeling.
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Introduction
Nanoparticles are currently being investigated as
novel intravascular probes for diagnostics and therapeutics. They have potential applications for in vivo
biomedical imaging and drug delivery systems
(Akerman et al. 2002). The nanotechnology ﬁeld is
rapidly developing, and information about safety and
potential hazards is urgently needed (Walker and
Bucher 2009). Not surprisingly, nanotoxicology is a
new emerging discipline in toxicology (Oberdörster
et al. 2005). Although often regarded as a uniform
group, engineered nanomaterials should not be
regarded as such. These materials have different sizes,
shapes, surface areas, chemical compositions and
biopersistence, dictating that the possible environmental and health impact be assessed for each type
of nanomaterial separately (Hoet et al. 2004).
One class of engineered nanoparticles is quantum
dots (QDs), which are composed of atoms from
groups II–VI or III–V in the periodic table,
and deﬁned as particles with physical dimensions
smaller than the exciton Bohr radius (Chan et al.

2002; Rouse et al. 2008). This small size leads to
the effect of quantum conﬁnement, which gives rise to
unique optical and electronic properties (Han et al.
2001; Chan et al. 2002). In addition, their large
surface area-to-volume ratio makes them attractive
for the design of more complex nanosystems
(Akerman et al. 2002). Their extraordinarily intense
and photostable ﬂuorescence properties, when compared with conventional organic ﬂuorophores, make
them perfectly appropriate for use as diagnostic and
imaging agents (Hsieh et al. 2006; Rouse et al. 2008).
Several in vitro studies suggest that certain QD
types may be cytotoxic (Hardman 2006). For example, CdTe QDs were shown to be toxic to rat pheochromocytoma cells in culture (at concentrations of
1–10 mg/ml) (Lovric et al. 2005). Hoshino et al.
(2004b) have shown that incubation of EL-4 cells
with CdSe/ZnS–SSA QDs caused decreased cell viability at concentrations above 0.1 mg/ml. Shiohara
et al. (2004) reported that mercaptoundecanoic acid
coated CdSe/ZnS QDs at concentrations of 100 mg/ml
were cytotoxic to HeLa cells and primary human
hepatocytes. These effects were considered, at least

Correspondence: Dr A. Nyska, Haharuv 18, PO Box 184, Timrat, Israel 36576. Tel: +972 4 654 7846. Fax: +972 4 654 7846. E-mail: anyska@bezeqint.net
ISSN 1743-5390 print/ISSN 1743-5404 online  2010 Informa UK Ltd.
DOI: 10.3109/17435390903470093

Nanotoxicology Downloaded from informahealthcare.com by Tel Aviv University on 02/17/15
For personal use only.

QD-labeling-induced thrombosis
partially, to be due to the presence of Cd, formation of
free radicals, and interaction with intracellular components leading to loss of function (Hoshino et al.
2004b; Shiohara et al. 2004; Lovric et al. 2005;
Hardman 2006). In vivo studies, however, have generally reported a lack of toxicity (Larson et al.
2003; Ballou et al. 2004; Kim et al. 2004; Choi
et al. 2007; Gopee et al. 2007; Yang et al. 2007).
A caveat to be considered, however, is that these
studies were not speciﬁcally performed to evaluate
toxicity (Geys et al. 2008).
One suggested application for QDs is imaging in
stem cell therapy (Lin et al. 2007). In stem cell
therapy, it is necessary to efﬁciently monitor cell
survival and biodistribution after transplantation,
and ﬁnding a reliable method for stem cell tracking
is of a key importance (Seleverstov et al. 2006). For
QDs to be useful cell markers, it is important that they
do not interfere with normal cellular physiology
(Hsieh et al. 2006). Previous studies have shown
that introduction of QDs into cells has no obvious
cytotoxic effects, as evidenced by morphological
observations and cell growth analyses (Hsieh et al.
2006). However, most QD applications have used
non-mammalian or cancer cells, with only a few
studies examining deleterious effects of QDs in
stem cells (Muller-Borer et al. 2007). Therefore, in
the present study, we assessed the potential toxic
effects of QD-labeled human embryonic palatal mesenchymal (QD-HEPM) cells in various tissues at
different time-points, following a single intravenous
(IV) injection to male NOD/SCID mice. For the
delivery of QDs into the live cells, we used the
polyarginine peptide-based QTracker reagents
(Invitrogen, CA, USA). These reagents combine
QDs with a custom targeting peptide to
improve QD solubility and intracellular delivery
(Muller-Borer et al. 2007).

Materials and methods
HEPM cell culturing
HEPM cells (ATCC, Manassas, VA, USA), which are
osteoblast precursor cells, were grown in 175 cm2
culture ﬂasks, kept at 37 C in an atmosphere of 5%
CO2 and 95% humidity. The cultured medium was
composed of Eagle’s minimum essential medium
supplemented with 2 mM glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acid, sodium
bicarbonate 1.5 g/l, heat-inactivated fetal bovine
serum 10%, 100 U/ml penicillin and 100 mg/ml
streptomycin (Biological Industries, Beit Haemek,
Israel).
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Preparing HEPM cells for injection (control group)
On the day of injection, HEPM cells were detached
using trypsin-EDTA (Biological Industries, Beit
Haemek, Israel), centrifuged at 1200 rpm for
10 min and resuspended in growth medium diluted
1:10 in PBS (Biological Industries, Beit Haemek,
Israel). Cells were ﬁltered in a 70 mm-pores cell
strainer, counted, and re-concentrated to 107 cells/ml.

Labeling HEPM cells with QDs
Trypsinized HEPM cells were labeled with a
Qtracker 525 Cell Labeling Kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
protocol. Brieﬂy, 30 nM of labeling solution was
prepared according to kit instructions. 1.35  107
cells were added to the labeling solution and incubated for 1 h at 37 C, 5% CO2 and 95% humidity. At
the end of the incubation period, cells were washed
twice with growth medium and ﬁltered in a 70 mmpores cell strainer and resuspended in growth
medium diluted 1:10 in PBS to achieve a ﬁnal concentration of 1  107 cells/ml.
Animals, treatments, and experimental procedures
Male NOD/SCID mice (strain NOD.SCID/
NCrHsd-Prkdcscid) of about 6–9 weeks of age were
obtained from Harlan Laboratories (Rehovot, Israel)
and maintained on standard chow (Harlan Teklad
diet 2018S, WI, USA). They were allowed free access
to drinking water, supplied to each cage via polyethylene bottles with stainless steel sipper tubes. The
water was ﬁltered (0.1 m ﬁlter), chlorinated and acidiﬁed. During the acclimation and throughout the
entire study duration, animals were housed within a
limited access rodent facility and kept in groups of
maximum ﬁve animals/cage in polypropylene cages
(36.5  20.7  14.0 cm), ﬁtted with solid bottoms
and ﬁlled with wood shavings as bedding material
(7093 Harlan Teklad Shredded Aspen). They were
allowed a six-day acclimation period to facility conditions (20–24 C, 30–70% relative humidity, and a
12-h light/dark cycle) prior to inclusion in the study.
Animal care and administration of HEPM cells were
conducted at a GLP-certiﬁed site (Harlan Biotech
Israel Ltd., Rehovot, Israel), and approved by the
Committee for Ethical Conduct in the Care and
Use of Laboratory Animals of the Hebrew University,
Jerusalem, Israel.
The study included eight groups, four treatment
groups and four control groups consisting of ﬁve male
mice/group. One treated group and one control group
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were subjected to sequential study termination at one
week, one month, three months and six months after
dosing (Table I). In all instances, QD-HEPM cells
were administered at a single dose of 2  106 cells at a
constant dose volume of 0.2 ml/animal. The control
groups were injected with non-labeled HEPM cells
under identical experimental conditions. The cells
were administered by a single IV injection into the
tail veins. The IV route of administration was selected
to obtain maximal distribution of the cells.
Animals were assigned to the various study groups
according to a computer-generated randomization
output. Body weights were measured at randomization, prior to the ﬁrst injection, and weekly thereafter.
The last body weight determination was carried out
prior to scheduled termination. All mice were
observed for abnormal clinical signs once weekly
and for morbidity and mortality once daily (six
days/week). Observations included changes in skin,
fur, eyes, mucous membranes, occurrence of secretions and excretions (e.g., diarrhea) and autonomic
activity (e.g., lacrimation, salivation, piloerection,
unusual respiratory pattern). Changes in gait, posture
and response to handling, as well as the presence of
bizarre behavior, tremors, convulsions, sleep and
coma were also observed and recorded. Animals
were euthanized by CO2 asphyxiation prior to the
scheduled necropsy.

sinus bleeding under light CO2 anesthesia. The tubes
were kept at 2–8 C until transported to the analytical
laboratory. The samples were assayed for hematology
using the Sysmex KX-21 Hematology Analyzer
(Kobe, Japan) and for biochemistry using the
Roche/Hitachi Modular P800 analyzer (Roche
Diagnostics, Almere, The Netherlands).

Necropsy and tissue handling
Complete necropsy and macroscopic examinations
were performed on all treated and control animals.
Samples from the following tissues and organs were
collected and ﬁxed in 4% formaldehyde solution:
adrenals; brain; cecum; colon; duodenum; epididymides; femur and bone marrow; heart; ileum; injection site (tail); jejunum; kidney; liver; gall bladder;
lungs; mesenteric lymph nodes; skeletal muscle (left
thigh); spleen; stomach; and testes. Tissues were
trimmed, embedded in parafﬁn, sectioned at approximately 5 mm thickness, and stained with Hematoxylin
& Eosin (H&E). The injection site (tail) was trimmed
in the middle and on both sides (proximal and distal)
at about 2 mm from the middle section. All of the
prepared tissue sections were examined microscopically. The brain, epididymides, heart, kidneys, liver,
lungs, spleen and testes were weighed immediately
following their dissection.

Hematology and biochemistry
Lesion grading
Blood for hematology and biochemistry parameters
was collected just prior to euthanasia and following
food deprivation of at least 3 h. Blood samples of
whole blood collected into EDTA-coated tubes for
hematology and serum collected into non-coated
tubes for biochemistry, were obtained by retro-orbital

The severity of pulmonary thrombosis was scored
using a semi-quantitative grading scale, taking into
consideration the relative number of vessels affected:
0 = no lesion; 1 = minimal change, up to three vessels
affected; 2 = mild change, 4–10 vessels affected.

Table I. Experimental study design.
Treatment
Group no.

No. of animals per group

Test material

Dose (cells/0.2 ml)

Frequency and route

Study period

1

5

HEPM cells

2  106

Single IV injection

1 week

2

5

HEPM cells

2  106

Single IV injection

1 month

3

5

HEPM cells

2  106

Single IV injection

3 months

4

5

HEPM cells

2  106

Single IV injection

6 months

6

5

5

HEPM-QD cells

2  10

Single IV injection

1 week

6

5

HEPM-QD cells

2  106

Single IV injection

1 month

7

5

HEPM-QD cells

2  106

Single IV injection

3 months

8

5

HEPM-QD cells

2  106

Single IV injection

6 months

QD-labeling-induced thrombosis
Statistical analysis
Data analysis of all measurable parameters was performed using a two-tail p-value test.
Results
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(Group 2 and 4, respectively) and one QD-HEPM
animal that was subjected to necropsy six months
post-dosing (Group 8). Enlargement of the thymus is
a common pathological ﬁnding in the NOD/SCID
mouse strain and is attributed to malignant lymphoma that develops spontaneously in this strain
of mouse.

Clinical observations
No mortality occurred in any of the animals prior to
the scheduled study termination. No noticeable clinical signs were evident in any of the animals throughout the entire study period.
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Body and organ weights
No treatment-related changes in mean body weight,
mean body weight gain, or mean calculated percentage change in body weight were noted. In addition, no
treatment-related changes were noted in mean organ
weight or organ-weight-to-body-weight ratio.
Hematology and biochemistry
There were no treatment-related effects on any of the
hematological or biochemical parameters measured in
this study.
Macroscopic ﬁndings
No gross pathological ﬁndings were evident in any of
the treated animals at the time of their scheduled
necropsy, excluding slightly enlarged thymus
which was noted in two control animals that were
subjected to necropsy 1 and 6 months post-dosing

Histopathological ﬁndings
Treatment-related changes were limited to the lungs
and injection site of the ﬁrst sacriﬁce period (i.e.,
one-week interim sacriﬁce), and to the lungs of the
one-month interim sacriﬁce (Table II). No treatmentrelated changes were seen at the three-month and
six-month sacriﬁce periods.
One-week sacriﬁce
Multifocal organizing thrombi were noted in the
pulmonary arteries of all animals of the QD-HEPM
group, with severity ranging from minimal to mild.
The arteries were of medium to large caliber, and the
lumen was partially to almost entirely occluded by a
maturing thrombus (Figure 1A–C). The thrombi
predominantly consisted of irregular collections of
ﬁbrin, surrounded by smooth muscle cell proliferation. Sporadically, the presence of erythrocytes, polymorphonuclear cells and macrophages was noted
within the thrombus. The organized masses of
thrombi were usually covered by a single layer of
ﬂattened endothelial cells. At the injection site, an
apparent increased severity (from minimal to mild),
when compared to the control group, of subchronic
perivascular inﬂammation was noted.

Table II. Incidence of pulmonary histopathologic ﬁndings in the different sacriﬁce periods.
Mean severity in affected animals
(Number affected/Total number of animalsa)
Lesion

HEPM cells

Blood vessels – organizing thrombosis, multifocal

0.0 (0/5)

Blood vessels – organizing thrombosis, multifocal

0.0 (0/5)

Blood vessels – organizing thrombosis, multifocal

0.0 (0/5)

Blood vessels – organizing thrombosis, multifocal

0.0 (0/5)

HEPM-QD cells

1 week following a single injection
1.6 (5/5)

1 month following a single injection
1 (1/5)

3 months following a single injection
0.0 (0/5)

6 months following a single injection

n = 5 animals for each treatment group.

a

0.0 (0/5)
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Figure 1. (A) Medium caliber pulmonary artery from the IV QD-HEPM group sacriﬁced one week following injection. The lumen is partially
occluded by a maturing thrombus (arrow). The thrombus consists of irregular collections of ﬁbrin, surrounded by a smooth muscle cell
proliferation. H&E. (B) Same sample as presented in (A) at higher magniﬁcation. The thrombus consists of irregular collections of ﬁbrin (blue
arrows), surrounded by smooth muscle cell proliferation (red arrows). The organized masses of thrombi are usually covered by a single layer of
ﬂattened endothelial cells (black arrows). H&E. (C) Medium caliber pulmonary artery from the IV QD-HEPM group sacriﬁced one week
following injection. The lumen is almost completely occluded by a maturing thrombus. The thrombus consists of irregular collections of ﬁbrin
(arrows), surrounded by smooth muscle cell proliferation. H&E. (D) Large caliber pulmonary artery from the IV QD-HEPM group sacriﬁced
one month following injection. The lumen is partially occluded by a maturing thrombus, which consists of mature, poorly nucleated
mesenchymal tissue and irregular collections of mineralized granules (arrows). H&E.

One-month sacriﬁce

Discussion and conclusion

In a single mouse from the treated group (i.e., QDHEPM), an organizing thrombus was noted in a
pulmonary artery (Figure 1D). Compared to the
multiple thrombi noted in affected animals at the
one-week sacriﬁce, the thrombus was noted only in
one large caliber vessel. It consisted of mature
scarring, relatively poorly nucleated tissue, and
irregular collections of mineralized granules. At
the injection site, only few cases of minimal subchronic inﬂammation were noted in the treated
group.
The lack of treatment-related changes in the threemonth and six-month sacriﬁces is indicative of a
complete recovery at these time periods.

Stem cells present an exciting new therapeutic modality to treat a variety of conditions and diseases.
Therefore, it is important to ﬁnd methods for monitoring their survival and biodistribution after transplantation. Because of their many advantages over
conventional organic dyes, QDs are good candidates
to monitor these parameters (Lin et al. 2007). In a
pioneering study by Jaiswal et al. (2003), the authors
showed that QDs can be internalized by live cells
(HeLa cells), allowing tracking of these cells for
more than 10 days, and likewise demonstrated that
these cells grew and developed normally without any
morphological signs of toxicity. Accordingly, it was
anticipated that this method can be used for long-term
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imaging studies and drug deliveries without any evident toxicity (Ryman-Rasmussen et al. 2007).
Indeed, following this study, several other experiments have demonstrated that the use of QDs is
safe, and that labeling of cells with these nanocrystals
neither interferes with normal cell physiology nor
causes any adverse effects on cells (Jaiswal et al.
2003; Chen and Gerion 2004; Voura et al.
2004; Hsieh et al. 2006; Lin et al. 2007). In view
of these ﬁndings it was suggested that at the concentrations used for in vivo applications, QDs are safe and
thus constitute a well-tolerated means of labeling stem
cells (Lin et al. 2007).
However, in the few last years, there have been
increasing reports of QD cytotoxicity in the
literature. Lovric et al. (2005) have shown that
QDs can cause cell death in rat pheochromocytoma
cells, characterized by chromatin condensation and
membrane blebbing. It was suggested that this toxicity
may be mediated by free Cd, liberated as a result of
QD deterioration, which leads to the formation of free
radicals (Lovric et al. 2005). Indeed, in a different
study, cytotoxicity was found to correlate with the
liberation of free Cd2+ ions (Derfus et al. 2004).
Another proposed mechanism for toxicity is interaction of nanoparticles with individual cellular components, leading to their malfunction and ultimately, to
cell death (Lovric et al. 2005).
Using cell viability assays, which measured the
amount of hormazan generated following exposure
to tetrazolium salt, mercapto-undecanoic acid-coated
CdSe/ZnS QDs were found to decrease cell viability
with increasing concentrations (Shiohara et al. 2004).
Importantly, cell viability was decreased even at low
concentrations, but without leading to cell death.
QDs may have also genotoxicity potential, as treatment of WTK1 cells for only 2 h led to DNA damage
(Hoshino et al. 2004a). This damage was repaired
after 12 h.
In our current study, we have observed increased
severity of perivascular inﬂammation at the injection
sites of QD-HEPM injected animals from the oneweek group. Recently, a potential inﬂammatory effect
has been attributed to QDs, when it was shown that
carboxylic acid-coated QDs signiﬁcantly increased
release of IL-1b, IL-6, and IL-8 from human epidermal
keratinocytes (Ryman-Rasmussen et al. 2007). In line
with these results, MCP-1 and IL-6 were also found
to be elevated after QD labeling of mesenchymal stem
cells (Muller-Borer et al. 2007). Additionally, the
administration of QDs to mesenchymal stem cells
may hinder their proper differentiation process. For
example, internalized QDs were found to interfere with
the induced chondrogenesis of mesenchymal stem
cells, as indicated by the suppression of mRNA and
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protein expression of chondrocyte-speciﬁc markers
(Hsieh et al. 2006). The administration of QDs
may lead to cellular stress, causing the activation of
autophagy, and to damaged mitochondria (either a
primary event, which leads to the initiation of autophagy, or as a consequence of autophagy) (Seleverstov
et al. 2006). This mechanism of cellular defense was
more evident in small-sized QDs (similar to the ones
used in our current study). However, no signiﬁcant
metabolic or proliferative function impairments were
noted, suggesting that the cells can replace damaged
organelles (Seleverstov et al. 2006).
Although some of these in vitro studies suggested
potential cytotoxicity, they do not necessarily predict
the behavior of cells under in vivo conditions. For
example, application of QDs to lymphoma cell lines
led to decreased cell viability, but when these cells
were injected into mice, no apparent adverse effects
were noted (Hoshino et al. 2004b). Therefore, additional knowledge on the potential toxic effects of QDs
in in vivo studies is of paramount importance. This is
especially true considering that the properties of these
recently created nanomaterials could lead to new
biological interactions and result in unanticipated
toxicity (Walker and Bucher 2009).
In the current study, we observed pulmonary
thrombosis after IV administration of QD-HEPM
cells. The thrombi were restricted to the pulmonary
arteries, and were not seen in other vessels. It is
anticipated that, when administered IV, the majority
of stem cells are initially trapped in the lungs
(Fischer et al. 2009). The stem cells, when circulating
to the lungs, may not be able to pass through the
narrow pulmonary capillaries or may adhere to endothelial cells in a receptor-mediated route (Gao et al.
2001). This trapping of stem cells in the ‘lung barrier’
may potentially lead to hemodynamic alterations
(Gao et al. 2001). In the present study, non-QD
labeled HEPM cells did not lead to thrombi in the
lung vessels, whereas thrombi were clearly evident in
all of the animals treated with QD-labeled HEPM
cells at one-week post-injection. This suggests that the
delivery of QD to HEPM cells caused changes in
intracellular physiology thereby rendering them more
prone to pulmonary stasis and subsequent induction
of local thrombosis formation.
Some of these effects may be correlated with the
known cytotoxic effects of QDs. For example, Cd
release inside cells may induce the formation of reactive oxygen species (Lovric et al. 2005) and lead to
increased expression of VLA-4 (Tatara et al. 2009),
which in turn may mediate increased adherence of
stem cells to pulmonary arterial endothelium (Fischer
et al. 2009). The secretion of inﬂammatory cytokines
from QD-containing cells (Muller-Borer et al.
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2007; Ryman-Rasmussen et al. 2007), may result in
endothelial cell activation due to cytokine-mediated
activation of the coagulation cascade (Esmon
2005; Ramot and Nyska 2007). Additionally, QDs
may lead to decreased cell motility, thereby contributing to cell stasis in the capillaries (Hardman 2006).
All of these potential mechanisms may ultimately lead
to an increased tendency towards thrombosis. It can
not be excluded that some of the adverse effects
observed in the current study could have stemmed
from the inﬂuence of the labeling procedure itself on
the cells, and not from the mere presence of QDs in
the labeled cells.
The thrombi observed in our current study were of
limited (minimal to mild) severity. It is important to
note that these thrombi underwent spontaneous
regression, as after one month only one animal still
showed evidence of thrombi in the pulmonary vessels,
and after three months, none of the animals demonstrated any evidence of thrombosis in the lungs or any
other organ. Furthermore, no clinical abnormality
was evident in any of the treated animals, and no
differences in blood parameters were noted between
control and treated animals (e.g., no differences in
platelet counts).
It should be made clear that QDs are not all alike
(Hardman 2006). Each QD has its own unique physicochemical characteristics, which determine its
potential toxicity or lack thereof (Hardman 2006).
In the current study we utilized small particles
(QD525), which are known to be more toxic than
larger ones, possibly because of the smaller aggregates
formed (Lovric et al. 2005). Therefore, conclusions
from the current study should not be generalized to
any other QD types.
The morphological features of the organized
thrombi noted in the present study, resemble those
of the so-called “arterial plaques” that are known to
occur spontaneously in the lungs of various strains of
mice (Rehm et al. 1985; Ernst et al. 1996). Interestingly, the investigators have suggested that these plaques probably represent thrombi in different stages of
organization (Rehm et al. 1985; Ernst et al. 1996).
In conclusion, the administration of a single IV
injection of QD-HEPM cells to male NOD/SCID
mice was found to be associated with minimal to
mild, multifocal organizing thrombi in the pulmonary
arteries of all treated animals at one week postinjection and in one animal at one-month post-injection. No thrombi were noted in animals of the threemonth study group. This study, undertaken in order
to assess the in vivo toxicity of QD-labeling of stem
cells, is the ﬁrst to report histopathological evidence
for pro-thrombotic adverse effects caused by QDlabeling, and to highlight the risk of unanticipated

toxicity with the use of nanomaterials. In light of the
potential future use of intravascularly administered
QD-labeled stem cells, we suggest that additional
in vivo testing be undertaken in order to meticulously
evaluate any hemodynamic adverse effects.
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