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Fluorescent ⅡeⅣ Quantum dots (QDs) have demonstrated to be highly promising biological probes for
various biological and biomedical applications due to their many attractive merits, such as robust
photostabilty, strong photoluminescence, and size-tunable ﬂuorescence. Along with wide ranging bioapplications, concerns about their biosafety have attracted increasingly intensive attentions. In
comparison to full investigation of in vitro toxicity, there has been only scanty information regarding
in vivo toxicity of the QDs. Particularly, while in vivo toxicity of organic synthesized QDs (orQDs) have
been investigated recently, there exist no comprehensive studies concerning in vivo behavior of aqueous
synthesized QDs (aqQDs) up to present. Herein, we investigate short- and long-term in vivo biodistribution, pharmacokinetics, and toxicity of the aqQDs. Particularly, the aqQDs are initially accumulated in liver after short-time (0.5e4 h) post-injection, and then are increasingly absorbed by kidney
during long-time (15e80 days) blood circulation. Moreover, obviously size-dependent biodistribution is
observed: aqQDs with larger sizes are more quickly accumulated in the spleen. Furthermore, histological
and biochemical analysis, and body weight measurement demonstrate that there is no overt toxicity of
aqQDs in mice even at long-time exposure time. Our studies provide invaluable information for the
design and development of aqQDs for biological and biomedical applications.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
To date, while a variety of functional nanomaterials (e.g., carbon
nanotubes, silicon nanowires, gold/silver nanoparticle, quantum
dots et al.) have been well developed due to their unique electric/
optical/mechanical properties, sufﬁcient and objective assessment
of nanomaterials-relative biosafety is necessary for their wide
ranging bioapplications [1e6]. Among them, ﬂuorescent ⅡeⅣ
Quantum dots (QDs) are recognized as novel high-performance
biological probes and at the forefront of nano-biotechnology
research, since they possess many attractive optical properties,
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including high photoluminescent quantum yield (PLQY), broad
absorption coupled with narrow emission, and strong photostability [1,7,8]. To meet requirement of practical biological and
biomedical applications, a large amount of studies on biosafety
assessment of the QDs have been carried out [9e21]. Particularly,
previous studies have suggested that cytotoxicity of QDs is ascribed
to release of toxic metals [9,10] and production of reactive oxygen
species [11,12], which could be largely alleviated by surface modiﬁcation (e.g., epitaxial growth of ZnS shell) [10,16e18].
Such in vitro achievements are useful for biosafety assessment
of the QDs; notwithstanding, comprehensive studies concerning
in vivo toxicity are superior, since the results will assist in pinpointing the potential target organ and cells involved [13].
However, in comparison to sufﬁcient investigations on the QDs
cytotoxicity, there has been relatively scanty information
regarding in vivo behavior of the QDs. Merely a few relevant
studies have been reported up to present. Typically, Chan’s group
presented the ﬁrst quantitative report on the in vivo biodistribution of QDs in 2006 [22]. In their latest study, they further
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Fig. 1. Absorption (a) and photoluminescence (b) spectra of three-sized aqQDs used in our study, whose maximum luminescent wavelength is 535 nm (aqQDs535), 605 nm
(aqQDs605), and 685 nm (aqQDs685), respectively. (c) displays representative dynamic-light-scattering histogram of the three-sized aqQDs. Their corresponding TEM images are
shown in (d)e(f).

Fig. 2. Schematic structures of the aqueous synthesized quantum dots (aqQDs) and organic synthesized quantum dots (orQDs). Hydrophilic ligand indicates thiol- and carboxylmodiﬁed short chain organic molecules with hydrophilic property (e.g., 3-Mercaptopropionic acid and thioglycolic acid). Hydrophobic ligand indicates long hydrophobic chain
organic molecules often used in synthesis of orQDs, such as trioctylphosphine oxide and trioctylphosphine. Hydrophilic shell includes silica shell or polymer shell, which is
generally used for improve hydrophibility of the orQDs.
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systematically studied short- and long-term toxicity, animal
survival, hematology, biochemistry, and organ histology of the
QDs. Signiﬁcantly, they demonstrated that the QDs did not cause
appreciable toxicity in vivo even over long-term periods (e.g., 80
days), which differs from in vitro results (e.g., obvious QDsinduced cytotoxicity) [23]. Besides, Choi et al. recently revealed
that in vivo behavior of QDs was greatly dependent on their
hydrodynamic diameters. Of particularly note, they found that,
compared to those of large hydrodynamic diameter (>15 nm), the
QDs with smaller hydrodynamic diameter were more rapidly and
efﬁciently eliminated from the mice through renal clearance. On
the basis of which, they suggested that QDs with ﬁnal hydrodynamic diameter <5.5 nm produced feeble in vivo toxicity, and thus
were more favorable for further bioapplications [24]. These
studies are important for understanding the in vivo toxicity of QDs,
and for designing QDs with acceptable biocompability for
biomedical applications.
It is worthwhile to point out that, the QDs studied in all these
mentioned publications are prepared via organometallic routes
(organic synthesized QDs, orQDs), which are hydrophobic and
require additional surface modiﬁcation (e.g., polymer or silica
coating) to improve their hydrophibility. As well known, such
posttreatment would lead to signiﬁcant size increase of QDs
(hydrodynamic diameter is generally equal to or larger than 10 nm),
which is probably adverse to efﬁcient QDs elimination from the body
[24]. Compared to the organometallic methods, aqueous synthetic
strategies are simpler, cheaper, and more environmentally friendly.
More importantly, the aqueous synthesized QDs (aqQDs) are naturally water-dispersed without any posttreatment due to a large
amount of hydrophilic ligand molecules (e.g., 3-Mercaptopropionic
acid, thioglycolic acid et al.) covered on their surface. As a result, the
aqQDs possess much smaller hydrodynamic diameter (<5.0 nm)
with comparison to the orQDs. In the past several years, highly
luminescent aqQDs have been well developed and used as novel
ﬂuorescent nanoprobes for various bioapplications, such as bioimaging, protein chip et al. [25e32]. More recently, systematical
in vitro toxicity of the aqQDs has been investigated, revealing that the
cytotoxicity is based on the concentration of total aqQDs ingested by
cells, not only on the released cadmium ions [33,34]. Despite such
mentioned progress, to the best of our knowledge, in vivo behaviors
of the aqQDs are little known up to present, which severely hampers
their further bioapplications.
Consequently, systematical assessment of the aqQDs in vivo
biosafety is urgently required to provide invaluable information
and guidelines for the design and use of aqQDs in biological and
biomedical ﬁeld. In this work, by using CdTe aqQDs as models, we
carry out a comprehensive investigation on in vivo behaviors of the
aqQDs, including their short- and long-term in vivo biodistribution,
pharmacokinetics, and toxicity.
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5 min. After the microwave irradiation, the aqQDs sample was
taken when the temperature cooled to lower than 50  C naturally.
The microwave system used for synthesizing the multiluminescent QDs-decorated SiNWs was made by Preekem of
Shanghai, China. The system operates at 50 MHz frequency and
works at 0e1350 W power. Exclusive vitreous vessels with

2. Experimental section
2.1. Preparation of aqQDs
The CdTe aqQDs are synthesized based on our previous reports
[25,26]. In brief, the CdTe precursor solution was obtained by
adding freshly prepared NaHTe solution to N2-saturated CdCl2
solution at pH 8.4 in the presence of 3-mercaptopropionic acid
(MPA). The precursor concentrations were [Cd] ¼ 1.25 mmol/L,
[MPA] ¼ 1.25 mmol/L, [Te] ¼ 0.625 mmol/L, respectively. By
controlling the reaction time and temperature, we obtain aqQDs of
different sizes. Particularly, three-sized aqQDs, i.e. QDs with
maximum luminescent wavelengths of 535 nm (aqQDs535, PLQY:
w25%), 605 nm (aqQDs605, PLQY: w30%), and 685 nm (aqQDs685,
PLQY: w20%), are prepared at 100  C/5 min, 140  C/5 min, 160  C/

Fig. 3. In vivo biodistribution of the aqQDs535 (a), aqQDs605 (b), and aqQDs685 (c), at
serial time points after QDs injection.
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a volume of 15 mL or 20 mL are equipped for the system to provide
security during reaction demanding high temperature and
pressure.
In order to exclude the inﬂuence of residual reagents such as MPA,
Cd2þ and Te2 in solution, the samples are carefully puriﬁed before
subsequent biological experiments. In detail, 2-propanaol is added
dropwise under stirring until the sample solution becomes slightly
turbid. The turbid dispersion is kept on stirring for 15 min, and then
subjected to centrifugation. The precipitate is collected while the
supernatant is added another portion of 2-propanol to obtain the
second precipitated fraction. This procedure is repeated three times.
Afterward, these precipitate are washed by Milli-Q water for three
times to adequately remove residual reagents from samples. Finally,
the aqQDs samples are employed for biological studies.
The aqQDs are characterized by UVevis absorption, photoluminescence (PL), transmission electronic microscopy (TEM), and
Dynamic Light Scatterer (DLS). All optical measurements are performed at room temperature under ambient air conditions. UVevis
absorption spectra are recorded with a Perkin Elmer Lambda 750
UVevis-near-infrared spectrophotometer. Photoluminescence
(PL) measurements are performed using a HORIBA JOBTN YVON
FLUOROMAX-4 spectroﬂuorimeter. The PLQY of samples is estimated using Rhodamine 6G (QY ¼ 95%) or Rhodamine B (QY ¼ 99%)
in an ethanol solution as a reference standard, which is freshly
prepared to reduce the measurement error [25e28]. The TEM/
HRTEM overview images are recorded using Philips CM 200 electron microscope operated at 200 kV. Light-scattering analysis is
performed using a DynaPro Dynamic Light Scatterer (DLS).
2.2. Animal injection, weight measurements and sample collection
Female BALB/c mice (4e5 weeks old), obtained from Shanghai
SLAC Labs Animal CO. LTD, are given food and water ad libitum and
housed in a 12 h/12 h light/dark cycle. To characterize the biodistribution and accumulation of the QDs, 0.2 nmol aqQDs in
a volume of 0.1 mL are intravenously injected into the tail vein
(n ¼ 4 or 5 for each time point, and each QD type); this group of
mice constitute the test group. BALB/c mice (n ¼ 4 or 5) with
injection of physiologic saline are selected as the control group. At
increasing time points after injection, mice are weighed and
assessed for behavioral changes. And then animals are sacriﬁced by
exsanguination. The heart, liver, spleen, lung, kidney and intestine
are collected. Histological samples are carefully removed with
a sharp razor blade and placed directly into ﬁxative.
Note that: 1) Concentrations of the aqQDs are calculated
following a previously published method by Yu et al. [35]. 2) A dose
of 0.2 nmol per mouse (12.5  2.5 g) is comparable to the reported
dose for other in vivo QD experiment [22,23].
2.3. Pharmacokinetic analysis
Organ samples (the heart, liver, spleen, lung, kidney, lung and
intestine) are collected, weighed and digested with nitric acid in
microwave digestion system (EXCEL, Preekem Scientiﬁc Instruments Co. Ltd, Shanghai, China). The solution is diluted with Mill-Q
water and the cadmium ions content is quantiﬁed with inductively
coupled plasma-mass spectrometry (ICP-MS) to determine the total
cadmium in the original organ. The percent of injected dose per
gram tissue (% ID/g) of QDs in a speciﬁc tissue is calculated by the
following equation:

%ID=g ¼

2.4. Serum biochemistry and histology
Blood samples are harvested from mice injected with QDs for
0.5, 1, 4 h, 15 and 80 days and from mice receiving no injection.
Blood is collected from the orbital sinus by quickly removing the
eyeball from the socket with a pair of tissue forceps. Indicators for
liver and kidney function (alanine aminotransferase, ALT; aspartate
aminotransferase, AST; urea; alkaline phosphatase, ALP; total
protein; albumin/globulin, A/G) are measured. Upon completion of
the blood collection, mice are sacriﬁced. The heart, liver, spleen,
lung and kidney are removed, and embedded in parafﬁn, sectioned,
and stained with hematoxylin and eosin. And then they are
examined by light microscopy by a blinded veterinary pathologist
(S.N.).
3. Results and discussion
To systematically investigate diameter effect of aqQDs on in vivo
behaviors, three-sized aqQDs, i.e. QDs with maximum luminescent
wavelengths of 535 nm (aqQDs535, PLQY: w25%), 605 nm
(aqQDs605, PLQY: w30%), and 685 nm (aqQDs685, PLQY: w20%),
are used in our experiment (Fig. 1a and b). As shown in Fig. 1c, their
corresponding hydrodynamic diameters are 2.9, 3.5, and 4.5 nm,
respectively, which are a bit larger than those (2.8, 3.2, and 3.5 nm)
determined by TEM. The deviation in diameter measured by DLS
and TEM is attributed to different surface states of the samples
under the tested conditions [23,24,36,37]. In details, the aqQDs
samples are directly tested in the aqueous phase for DLS
measurement; comparatively, water in the aqQDs samples must be
strictly removed in TEM characterization. In addition, organic
molecules are readily detected by DLS, but could not be observed by
TEM due to their extremely low contrast. Consequently, hydrodynamic diameter is generally bigger than that measured by TEM
(Fig. 2a). Of particular note, while the orQDs possess similar TEM
diameter to the aqQDs, they have much larger HD diameter
(8e20 nm) because of a hydrophilic shell coated on their surface
(Fig. 2b). As a consequence, such distinct HD diameters between
aqQDs and orQDs would lead to different in vivo behavior. Inspired
by the speculations, in the following sections, we study the shortand long-term in vivo biodistribution, pharmacokinetics, and
toxicity of these aqQDs in a detailed way.
3.1. In vivo biodistribution
In order to obtain a precise amount of the aqQDs in organs, we
use ICP-MS to detect the element cadmium after the organs are
digested, instead of measurement of ﬂuorescence signals of QDs.
Because the ﬂuorescence measurement is generally susceptible to
environmental factors and easily interfere with tissue autoﬂuorescence. The biodistribution data for mice exposed to the
three-sized aqQDs is presented in Fig. 3.
As shown in Fig. 3a, the liver is the initial target once aqQDs535
injection. After 4 h intravenous injection, the aqQDs535 with 30.5%
injected dose (ID) g1 are accumulated in the liver. Residual
aqQDs535 are mainly distributed in spleen (3.8  1.4% ID g1),
kidney (10.7  3.1% ID g1), lung (9.6  1.1% ID g1) and intestine
(11.1  1.9% ID g1), respectively. At 15 days post-injection (p.i.),
uptake in liver decreases to 17.9% ID g1, while uptake in kidney
greatly increases to 34.2% ID g1. Afterward, uptake in liver or
kidney is relatively stable with time elongation, which is

ð½QD in tissue suspensionÞ  ðvolume of tissue suspensionÞ
ð½QD in injected solutionÞ  ðvolume of injected QDÞ  ðwet weight of tissueÞ
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Fig. 4. Representative organ histology for control and treated animals. For control (AeE) and injected with aqQD535 (FeJ), aqQD605 (KeO) and aqQD685 (PeT) animals, heart (He),
liver (Li), spleen (Sp), lung (Lu) and kidney (Ki) are shown. Our analysis shows that organs did not exhibit signs of toxicity.

18.4% ID g1 or 39.6% ID g1 after 80 days post-injection. Similarly,
a majority of aqQDs605 or aqQDs685 is accumulated in liver in
short-time post-injection (e.g., w30 ID g1 at 4 h p.i.), which are
further increasingly absorbed by the kidney during long-time blood
circulation (e.g., w40 ID g1 at 80 days p.i.). The observed dominant
accumulation by the liver is known to be ascribed to the clearance
of nanoparticles from the blood by cells of the mononuclear
phagocyte system (MPS) [13,22]. It is worth pointing out that,
kidney uptake is decreased from 40 ID g1 to 30 ID g1 (Fig. 2c)

when the hydrodynamic diameter increases from 2.9 (aqQDs535)
to 4.5 nm (aqQDs685). It indicates that aqQDs with smaller sizes are
more easily absorbed by the kidney, which is well consistent with
previous reports [24]. We want to highlight that distributions of the
three-sized aqQDs in the spleen are signiﬁcantly distinct. Particularly, short-term (0.5e4 h) uptake in spleen is obviously enhanced
accompanied with size increase. For example, 4 h spleen uptake is
merely 3.8 ID g1 of aqQDs535 (Fig. 2a), which is largely increased
to 9.4 or 27.2 ID g1 instead of the aqQDs605 (Fig. 2b) or aqQDs685

Fig. 5. Serum biochemistry results from animals treated with QD535, QD605, QD685 and physiologic saline. AeF results illustrate mean and standard deviation of ALT (A), AST (B),
ALP (C), urea (D), total protein (E), albumin/globulin (F), when the mice are exposed to QDs for 0.5, 1, 4 h and 15 days. They are compared with young control mice injected with
physiologic saline (control-Y, G). H results illustrate mean and standard deviation of total protein (TP), albumin/globulin (ALB/GLB), ALT, AST, ALP and urea, when the mice are
exposed to QDs or physiologic saline for 80 days.
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aqQDs, dose change of all kinds of indicators shows similar
tendency with time prolongation from 0.5 h to 15 d. More importantly, with comparison to those of controls (Fig. 5G), the doses of
these indicators are in the same level. In addition, little difference
between the experiment and control groups is observed during
long-time (80 days) measurement (Fig. 5H). We reason that the
levels of heavy metal ions (e.g., Cd2þ) present in aqQDs-treated
mice are lower than the mean level of normal mice [23]. Consequently, the in vivo toxicity is not evident for all three-sized aqQDs,
since they are insufﬁcient to cause toxicity.
3.4. Body weight measurement

Fig. 6. Change in body weight obtained from mice injected with the aqQD535,
aqQD605, aqQD685 (n ¼ 5, experiment groups) or physiologic saline (n ¼ 5, control
groups), respectively.

(Fig. 2c), respectively. Moreover, with comparison to previous
reports that spleen takes up merely w2% orQDs of dose in shortterm blood circulation, these ﬁndings suggest that the spleen
would be one of important organs for the aqQDs metabolism [22].
3.2. Histology results
In order to investigate toxicity of the aqQDs, a histological
analysis of organs is performed to determine whether or not the
aqQDs themselves or their degradation products cause tissue
damage, inﬂammation, or lesions. In our experiment, mice are
sacriﬁced at 80 days post-injection. Afterward, ﬁve representative
organs, i.e. heart, liver, spleen, lung, and kidney, are removed,
embedded in parafﬁn, and then sectioned, and ﬁnally stained with
hematoxylin and eosin. The treated tissue slices are observed using
laser-scanning ﬂuorescent confocal microscopy. As shown in Fig. 4,
all the organs of the experiment mice are normal, preserving the
same structures as those of the control group. Typically, no
hydropic degeneration is observed according to the cardiac muscle
tissue in the heart samples (Fig. 4A, F, K and P); liver samples show
no inﬂammatory inﬁltrates (Fig. 4B, G, L and Q); hyperplasia or
pulmonary ﬁbrosis is not discovered in the spleen (Fig. 4C, H, M and
R) or lung (Fig. 4D, T, N and S) samples; a glomerulus structure is
easily identiﬁed in the kidney samples (Fig. 4E, J, O and T). Overall,
there are no apparent histopathological abnormalities or lesions
related to treatment of these animals with all the three-sized QDs.
3.3. Serum biochemistry analysis
While histology provides macroscopic and visual evidence, it is
difﬁcult to make a quantitative assessment of the aqQDs-induced
in vivo toxicity. We thus measure various typical biochemical
markers (e.g., Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), urea, total protein,
albumin, and globulin.) of the QDs-accumulated organs, which are
considered as serum indicators to quantitatively assess liver and
kidney function, and hepatocellular injury [23]. To conﬁrm objective comparison, we deﬁne the mice younger than 2 months as
young ones (Y), and those older than 3.5 months as old ones (O) in
our experiment, since the age of mice has overt effects on the
measurement. As shown in Fig. 5AeE, despite size increase of the

A ﬂuctuation in body weight, recognized as a useful indicator for
qualitatively assessing in vivo toxicity of agents, is recorded in our
experiment as well. The three-sized QDs in physiologic saline are
administered to 5 BALB/c mice through tail vein injection, as
experiment groups. Another ﬁve mice with injection of physiologic
saline are compared as controls. Fig. 6 presents the body weight of
mice recorded during 80 days post-injection. Signiﬁcantly, over the
whole period, the body weight of the mice in experiment groups
normally increases from 12.5  2.5 g (0 day) to 12.5  2.5 g (80
days), which is nearly the same as that of the control group. It
provides another accessorial demonstration that the aqQDs
produce no overt in vivo toxicity.
4. Conclusions
We have systematically studied short- and long-term in vivo
biodistribution, pharmacokinetic, and toxicity of the aqQDs with
extremely small hydrodynamic diameters (2.9e4.5 nm). Particularly,
the aqQDs are initially accumulated in liver at short-time (0.5e4 h)
post-injection. Afterward, the aqQDs are increasingly accumulated in
the kidney during long-time (15e80 days) blood circulation. Moreover, obvious size-dependent biodistribution is observed: aqQDs
with smaller sizes are more easily absorbed by the kidney; those
with larger sizes are more quickly accumulated in the spleen. On the
other hand, in vivo toxicity studies (histology and biochemistry
results, body weight measurements) demonstrate that mice intravenous injected with the aqQDs survived for 80 days without evident
toxic effects.
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