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1. Introduction

Recent breakthroughs in biomedical nanotechnology have
demonstrated the promising clinical applicability of nanostruc-
tures as targeted diagnostic cancer-imaging agents,[1] as aids to
optically guided surgery,[2] as smart drug-delivery systems,[3]

and in hyperthermia therapy.[4] Of the existing biomedically
applied nanotechnologies to date, CdSe-core, ZnS-capped
semiconductor nanocrystals (also known as quantum dots,
QDs) have been at the forefront of biomedical nanotechnology
research.[5–7] Questions regarding the in vivo distribution,
clearance, metabolism, and toxicity of the QDs have not been
thoroughly investigated. Gao et al., Akerman et al., and Ballou

et al. have provided the first qualitative glimpses of the in vivo
distribution of QDs.[1,8,9] A thorough quantitative analysis of
QD in vivo distribution and clearance is required, since this
information could lead to i) an improvement in targeting effi-
ciency of QDs for diagnostics, ii) a better understanding of
QDs’ non-specificity toward tissues, and iii) an assessment of
QD distribution and clearance that serves as the basis in deter-
mining their toxicity. Therefore, the focus herein is to quantita-
tively elucidate the in vivo kinetics of QDs. We found that the
modification of QDs’ surface altered both the QD clearance
from plasma and the sequestration of QDs within organs. Also,
clearance of QDs via urine and feces was not observed within
the experimental duration (ten days), suggesting that the QDs
are sequestered in vivo and not cleared.

QDs are particles of dimensions that are smaller than the ex-
citon Bohr radius. They generally have a core size of 2–7 nm,
but can be as large as 100 nm when organic shells and/or conju-
gated biorecognition molecules are placed onto their surface.
Recently, there has been interest in determining the in vivo
toxicity of QDs, as in vivo exposure to QDs can lead to poten-
tial risks, which stem from three basic factors. The first involves
the metallic component (e.g., Cd and Zn) of QDs, which are
associated with known toxicity.[10,11] The second is due to the
high surface-area-to-volume ratio of the QDs, which provides a
large available surface for enzymatic degradation and release
of metallic ions.[12] The third relates to the size of the QDs: it
has been suggested that the small size of nanostructures, such
as fullerenes, permits them to enter vital organs such as the
brain and cause damage.[13]

Currently, no comprehensive study on the in vivo toxicity of
QDs exists. Thus far, only in vitro cell-culture experiments on
toxicity have been conducted. It has been shown that the break-
down of QDs can lead to metal-induced toxicity within the cells,
and this toxicity is highly dependent on the chemical design of
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Advances in nanotechnology research on quantum dots (QDs)—water soluble ZnS-capped, CdSe fluorescent semiconductor
nanocrystals—for in vivo biomedical applications have prompted a close scrutiny of the behavior of nanostructures in vivo.
Data pertaining to pharmacokinetics and toxicity will undoubtedly assist in designing better in vivo nanostructure contrast
agents or therapies. In vivo kinetics, clearance, and metabolism of semiconductor QDs are characterized following their intra-
venous dosing in Sprague–Dawley rats. The QDs coated with the organic molecule mercaptoundecanoic acid and crosslinked
with lysine (denoted as QD-LM) are cleared from plasma with a clearance of 0.59 ± 0.16 mL min–1 kg–1. A higher clearance
(1.23 ± 0.22 mL min–1 kg–1) exists when the QDs are conjugated to bovine serum albumin (denoted as QD-BSA, P < .05 (P = sta-
tistical significance). The biodistribution between these two QDs is also different. The liver takes up 40 % of the QD-LM dose
and 99 % of QD-BSA dose after 90 min. Small amounts of both QDs appear in the spleen, kidney, and bone marrow. However,
QDs are not detected in feces or urine for up to ten days after intravenous dosing.
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the QD particles.[14,15] Although in vitro experimentation using
cell-culture models provides some information on toxicity,
quantitative in vivo kinetic studies are superior, since the results
will assist in pinpointing the potential target organ and cells
involved. For many pharmaceutical drug agents, quantitative
pharmacokinetic studies in animals are the first step in deter-
mining drug dosing and toxicity; subsequently, based on the
pharmacokinetic data, closer analysis on toxicity is then con-
ducted on in vitro cell and tissue cultures. Ballou et al. con-
ducted the first studies on QD in vivo kinetics by using whole-
animal fluorescence imaging; their results provided a qualitative
assessment of surface-chemistry-dependent kinetics of the
QDs.[9] As a first step toward unraveling the question of whether
or not QDs or engineered nanostructures are toxic in vivo, we
quantitatively analyzed the fate (i.e., plasma-clearance studies,
organ-uptake studies) of two chemically different QDs.

2. Results and Discussion

We studied the pharmacokinetics of QDs coated with mer-
captoundecanoic acid (QD-LM) or bovine serum albumin
(QD-BSA; see Fig. 1). The surface of QD-LM has a layer of
lysine crosslinking, which exposes polar functional groups (i.e.,
carboxylic acid and amine) to the surrounding media.[16] This
surface-modification strategy is typically used by commercial
companies and research laboratories for preparing water-solu-
ble QDs.[5,17–20] The conjugation of BSA to the surface of QD-
LM creates QD-BSA. This provides a basis upon which to
compare pre- and post-bioconjugated QDs. Fourier transform
infrared (FTIR) spectroscopy was used to confirm the modifi-
cations with LM and BSA. Transmission electron microscopy
(TEM) showed these water-soluble ZnS-capped, CdSe core
QDs had a core size of 5.5 nm and were predominantly spheri-
cal, monodisperse, and free of agglomerations (Fig. 1A and B).
The addition of an organic shell (mercaptoundecanoic acid
with lysine crosslinking) increased the hydrodynamic diameter
of the QDs from 7 to 25 nm, whereas conjugation to BSA
yielded a hydrodynamic diameter of 80 nm. For further charac-
terization details, see Jiang et al.[16] These values were deter-
mined using dynamic light scattering analysis (Malvern Particle
Size Analyzer). To avoid interbatch variation, all experiments
were conducted using the yield of one synthesis.

Methods to measure QDs in tissues were explored. The use
of fluorescence to quantify the QD distribution in tissues was
deemed problematic, owing to the high and variable back-
ground fluorescence from native blood and tissue. Moreover,
the fluorescence of the QDs is susceptible to environmental
factors—the quantum yield (unit brightness) has been demon-
strated to change drastically with surface chemistry,[21] rear-
rangement of surface ligands,[22,23] photoenhanced oxidiza-
tion,[24] and solvent effects.[25] Any of these would give rise to
large error deviations in fluorescence measurements. Radio-
labeling has been routinely employed to track injected species
in pharmacokinetic studies, but the synthetic procedure and
starting materials used in the syntheses of the QDs (e.g.,
dimethyl cadmium) render radiolabeling undesirable. Owing to

these limitations, we used inductively coupled plasma atomic
emission spectroscopy (ICP-AES) to measure the Cd concen-
tration, which was correlated to the QD concentration.

Initially, we studied the plasma clearance of QDs to deter-
mine how fast the QDs leave the bloodstream and enter or-
gans. We examined the decay of QDs in plasma as compared to
that in whole blood. We verified with optical microscopy that
QDs exhibited minimal, nonspecific binding to the cellular
blood components of the rat (e.g., erythrocytes). After bolus
injection of a 5 nmol dose of QDs into the jugular vein of the
rat in vivo, the QD-LM and QD-BSA decayed monoexponen-
tially in plasma according to first-order kinetics (Fig. 2). A
dose of 5 nmol per rat (309 ± 53 g) is comparable to the report-
ed dose for other in vivo QD experiments.[1,2,9]

From the ICP-AES analysis, the half-life for QD-LM
(t1/2(QD-LM) = 58.5 ± 17.0 min) was significantly longer than
that of QD-BSA (t1/2(QD-BSA) = 38.7 ± 3.5 min; P < .05 (P = sta-
tistical significance)). The half-life value was determined using
the data from six animals. The volume of distribution (V),
calculated as dose/concentration at zero time for QD-LM
(VQD-LM = 65.8 ± 14.0 mL kg–1), was similar to that for QD-
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Figure 1. Nanoscale QDs used in this study. A) Schematic of CdSe core,
as labeled, surrounded by ZnS capping. The surface of these QDs has an
outer organic layer of mercaptoundecanoic acid crosslinked with lysine,
and they are denoted as QD-LM. B) Schematic of the QD-LMs conjugated
to BSA, denoted as QD-BSA. High-resolution transmission electron mi-
croscopy images of QD-LM and QD-BSA are also shown in (A) and (B),
respectively. C) Comparative Fourier transform IR (FTIR) spectra of QDs
to verify surface modification. In (C), QD-TOPO refers to QDs as synthe-
sized: tri-octyl phosphine oxide-coated ZnS-capped CdSe.

FU
LL

P
A
P
ER

H. C. Fischer et al./Pharmacokinetics of Nanoscale Quantum Dots



BSA (VQD-BSA= 67.9 ± 10.9 mL kg–1; P > .05). The plasma clear-
ance of the QD-LM (CLQD-LM = 0.84 ± 0.30 mL min–1 kg–1),
estimated as dose/area under the plasma concentration–
time curve, was significantly lower than that for QD-BSA
(CLQD-BSA= 1.22 ± 0.20 mL min–1 kg–1; P < .05). The observed
difference in the pharmacokinetics between QD-LM and
QD-BSA likely stems from the described surface modification
and the size of the QDs. However, further systemic investiga-
tions are required to understand the effect of surface chemistry
and size on the pharmacokinetics of engineered nanostruc-

tures. Moreover, QDs are not ideal nanostructures for address-
ing these issues, because the surface charge and thickness of
the organic shells of QDs (for different sizes) are difficult to
manipulate and control. Therefore, we are currently using me-
tallic nanostructures to investigate how these nanostructure
parameters affect their in vivo kinetics.

Next, we examined the uptake of QDs into the various
organs after leaving the bloodstream. Figure 3A and B show
the organ-uptake curves of QDs. Previous studies reported on
the accumulation of QDs in the liver and spleen using optical
imaging, but these studies failed to show how much of the dose
was taken up and at what rate.[9] Our results revealed that the
majority of the QD dose was in the liver and not the spleen,
even though the optical images of the QDs between the two
tissues appeared similar. The much larger uptake of the liver
versus the spleen is partially due to the much larger size of the
liver, resulting in a higher fraction of dose sequestered. There
was a big quantitative difference in tissue distribution between
the QD-LM and QD-BSA in the liver, spleen, lung, and kid-
ney. For example, 90 min after intravenous dosing, the accumu-
lation of QD-LM (36.4 ± 8.1 % dose) in the liver was signifi-
cantly lower than that of QD-BSA (99.5 ± 9.2 % dose; Fig. 3A
and B). The spleen exhibited a much lower uptake of QD-LM
(2.07 ± 0.43 % dose) and QD-BSA (2.19 ± 0.7 % dose; Fig. 3A
and B) than the liver. The proportion of QD dose sequestered
in the lymph nodes was even lower, and was undetected
with ICP-AES (detection limit, 8 pmol g–1 tissue). However,
the scant presence of QDs in the lymph nodes was observed
by fluorescence imaging (Fig. 4). The bone marrow showed a
higher accumulation of QD-BSA than QD-LM. A representa-
tive fluorescence image of QDs in bone marrow is shown in
Figure 4.
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Figure 2. Plot of average data of QD-LM and QD-BSA concentrations vs.
time after intravenous dosing of 5 nmol in the rat (mean ± standard devia-
tion, number of animals, n = 6). The pharmacokinetic parameters (half-life,
volume of distribution, and clearance) for each experiment were estimated
individually and averaged to provide the mean data. The resulting half-life
for QD-LM (�) was statistically longer than that for QD-BSA (�)
(58.5 ± 17.0 vs. 38.7 ± 3.5 min, P < .05).

Figure 3. Organ distribution of QDs normalized to the intravenous dose (5 nmol), as measured by ICP-AES. A) QD-LM and B) QD-BSA nanoparticles
were predominantly taken up by the liver (�). Accumulation of the QDs in other organs was much lower (spleen, �; lung, �; kidney, �; colon, +; mus-
cle, ×; brain, �; heart, �; lymph node, –; bone marrow, �). C,D) A closer comparison further showed a greater uptake of QD-LM (solid black bar) than
QD-BSA (solid gray bar) by the lung and kidney, respectively, suggesting that the uptake was dependent on surface modification (n = 3). The * denotes a
significant difference between QD-LM and QD-BSA (P < .05).
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A closer analysis of the fluorescence images of the liver
shows localization of the QDs at the edges of the liver sinusoid
(Fig. 5A–D). QDs were also localized in specific cells in the
red pulp in spleen, within a small population of cells in the sub-
capsular sinus in the lymph nodes, and in the vascular sinus per-
iphery in the bone marrow.

Furthermore, we want to highlight differences in the accu-
mulation of QDs in the lung and kidney: QD-LM was present
in higher quantities in both of these organs in comparison to
QD-BSA (Fig. 3C and D). The sequestration of QD-LM in the
lung was double that of QD-BSA (Fig. 3C), and for the kidney
almost fourfold over that of QB-BSA (Fig. 3D). These results
further confirm that molecules placed onto the surface of the
QDs impact their pharmacokinetics and accumulation. These
findings suggest that the elucidation of QD metabolism and
clearance necessitate focused studies on the liver, kidney, and
the reticuloendothelial system (RES).

TEM was used to identify cells that sequester QDs. We se-
lected the liver for study; the rationale being that this organ
contains the highest proportion of the QD dose and provides
the best opportunity to locate the QDs within cells. The elec-
tron microscopy images showed that Kupffer cells took up the
QDs and that the QDs appeared to enter the cells via phagocy-
tic processes. Figure 5E and F both show that the QDs were
trapped in vesicles in Kupffer cells. This observation suggests
that the interaction of these nanostructures with the phagocytic
cells is similar to the well-studied interaction between larger
colloids and the RES.[26,27]

Our results suggest that the inorganic components of the
QDs were not degraded within the short experimental duration

in blood and tissue. The fact that the QDs retained their fluo-
rescence in the tissues suggests that the QDs inorganic ZnS
shells and CdSe cores are not degraded or metabolized. No
conclusion on the integrity of the organic capping layer could
be made from these results. Figure 5A–D clearly show the
presence of bright fluorescence of the QDs in tissues. Ballou et
al. also demonstrated that QDs maintained their fluorescence
after several months in vivo.[9] Several groups have shown that
the breakdown of the inorganic core/shell portion of the QDs,
via photoexcitation or hydrogen peroxide oxidation, can lead
to a decrease or loss of fluorescence from the QDs.[14,28] We
used other techniques to verify that our conclusion on QD deg-
radation is correct, since fluorescence may not be a dependable
indicator of QD structural integrity. Hence, we explored
further using TEM and a digestion–ultracentrifugation proce-
dure. In the TEM images, the measured diameter of the QDs
within Kupffer cell vesicles was similar to that of QDs prior to
injection (Fig. 6).

We also conducted digestion–ultracentrifugation studies to
verify that the ICP-AES measurements represented intact
QDs in tissue. Homogenized spleen and liver tissues containing
QDs 90 min post-injection were incubated in a sodium dode-
cylsulfate (SDS)–Proteinase K lysate buffer, and then ultracen-
trifuged at 500 000 × g for 105 min to provide the supernatant
for analysis by ICP-AES. Cd, added to blank tissue, persisted
in the supernatant after digestion and centrifugation. Cd would
be absent in the supernatant obtained after digestion and cen-
trifugation if the QDs remained intact in the tissue, and this ab-
sence was confirmed (Fig. 7). The measured Cd concentration
from the spleen and liver tissues of rats dosed with 5 nmol of
QDs failed to show signals above those of the blank tissues
(which had no QDs; Fig. 7).

Feces and urine were collected and analyzed to determine if
the QDs were cleared via the bile, intestinal lumen, or kidney.
Surprisingly, measured levels of Cd excreted were not signifi-
cantly different (P > .05) from background values of control
rats, which received only the aqueous buffer phosphate buf-
fered saline (Fig. 8). We therefore concluded that the QDs are
sequestered and not excreted. Within the literature, there exist
few studies on the excretion of nanoparticles. Renaud et al.
showed that LDL-coated (LDL= low-density lipoprotein)
20 nm diameter gold nanoparticles entered hepatocytes and
were excreted fecally, and further showed that the uptake of
nanoparticles in hepatocytes was dependent upon the surface
molecule on the nanoparticles.[29] In contrast, they showed that
20 nm BSA-coated gold nanoparticles were primarily taken up
by Kupffer cells (similar to our results) and that they were not
significantly excreted (0.07 % dose per day). As a result, they
suggested that biliary excretion required hepatobiliary trans-
port, which does not involve Kupffer cells. This leads one to
conclude that nanoparticles taken up by Kupffer cells are not
excreted via the fecal pathway. Renaud et al. suggest that if
nanoparticles do excrete via the fecal pathway, it would be ex-
tremely slow, since nanoparticles may require degradation for
efficient excretion. The elucidation of QD excretion mecha-
nism and pathways will be important in the assessment of QD
toxicity.
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Figure 4. Representative fluorescence images of QD-BSA in A) the lymph
nodes, and B) bone marrow 90 min after injection. The distribution
of QD-LM in the lymph nodes and bone marrow is similar to that of
QD-BSA. Both tissues were imaged with an Olympus IX71 inverted epi-
fluorescence microscope, at 40× (numerical aperture, NA, 0.85). (Filters:
kExcitation = 360/40 nm; kEmission = 430 nm long pass.)
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Ballou et al. have commented on the excretion of QDs.[9] By
imaging and monitoring QDs in mice in vivo, they observed
fluorescent signals arising from the intestine and concluded
that the QDs were excreted in feces. In contrast, we directly as-
sayed for QDs in feces and found that our results differed from
that of Ballou et al. We did not observe any QDs in urine or
feces. The difference may be due to the difference in coating
chemistries between those used by Ballou et al. and those used
in our study. There are currently over seven different com-
monly used QD surface coating chemistries; these surface
chemistries are rapidly evolving (e.g., poly(ethylene glycol) sur-
face coatings are commonly used for coating QDs for bioimag-
ing) and will require further characterization.

3. Conclusions

We have estimated the in vivo pharmacokinetics and plasma
clearance of QDs and their uptake by various organs, and iden-
tified the substructures of organs and cells that are responsible
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Figure 5. Optical fluorescence images showing
accumulation of the QDs in the liver. Notably, the
QD-LM at 30 min (A) shows less accumulation
than QD-BSA at 30 min (B). At 90 min, both
QD-LM (C) and QD-BSA (D) show an increased
accumulation relative to the corresponding im-
ages at 30 min. Images A–D were generated with
an Olympus IX71 inverted epifluorescence micro-
scope, at 20× (NA 0.50). (Filters: kExcitation = 350/
50 nm; kEmission = 430 nm long pass.) E) TEM im-
age shows uptake in a Kupffer cell at the bound-
ary of a hepatic sinusoid, and sequestration in
phagosomes. The Kupffer cell can be identified
by its active phagocytic surface morphology, and
location within the sinusoid. F) A detailed mi-
croscopy image of the Kupffer cell shows QD ac-
cumulation in a cellular vesicle (inset is a high-
magnification image of the QD agglomeration in
the vesicle). For all fluorescence and TEM imag-
ing, the tissue sections were prepared using stan-
dard histology techniques.

Figure 6. TEM comparison of pre- and post-injected QDs. The observed
size distribution of the QDs sequestered in Kupffer cells (black) corre-
sponds to the size distribution of the injected dose (gray). If the inorganic
core/shell portion of the QDs had degraded, the black bars would be
shifted to the left of the gray bars in the histogram. This was not observed.
This data indicates the inorganic core/shell portion of the QDs is not
degraded.
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for the sequestration of QDs. This is the first quantitative
report on the biodistribution and clearance of QDs in vivo.
Surprisingly, we failed to observe degradation of the inorganic
core/shell part of the QDs, or excretion of the QDs in a short
timeframe, but the QDs were sequestered in the RES cells. At
this point, we speculate that the QDs may likely be re-distrib-
uted in vivo or resorbed at slow rates. Our quantitative findings
are important for the advancement of QDs as contrast agents
for cancer imaging, in terms of understanding the toxicity of

QDs, and for improving the design of nanostructures for in vivo
biomedical applications. This work provides a roadmap and
general framework towards more focused studies for elucidat-
ing QD and nanostructure behavior in vivo.

4. Experimental

QD Synthesis: QDs were synthesized using established organometal-
lic procedures [30]. We exchanged the surface of the QDs with mercap-
toundecanoic acid and then crosslinked the surface with lysine, using
dicyclohexylcarbodiimide to render the QD-LM water-soluble. We
also conjugated the protein BSA on the surface of the QDs to yield
QD-BSA, using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide. The
resultant QDs were isolated and concentrated with the use of an Ami-
con column (Amicon, MWCO 100 kDa; 1 Da = 1.66 × 10–27 kg) prior to
use in animal studies. The concentration was determined by measuring
the absorbance of the QD solution, using the molar absorptivity coeffi-
cient reported by Peng and co-workers [31] according to Beer’s law.

In Vitro Experiments: For investigation of whether the QDs inter-
acted with blood components, QDs were incubated with whole blood,
and samples were retrieved and centrifuged at various times. The
supernatant (plasma) was analyzed for QDs using fluorescence spec-
troscopy and ICP-AES, whereas the pellet was further analyzed by
fluorescence microscopy.

In Vivo Experiments: Male Sprague–Dawley rats (309 ± 53 g), ob-
tained from Charles River Labs, St. Constant, QC, were given food and
water ad libitum and housed in a 12 h/12 h light/dark cycle. Upon
induction of anesthesia with pentobarbital (50 mg kg–1 given intraperi-
toneally), a midline incision of the neck region was made, and the jugu-
lar vein as well as the contralateral carotid artery were cannulated with
PE-50 tubing and flushed with physiologic saline solution containing
heparin (1000 IU (international units)).

Plasma Clearance: The QDs (5 nmol in a volume of 0.2 mL) were in-
jected intravenously into the jugular vein cannula of the rat (n = 6 for
each QD type), and blood samples (0.2 mL) were retrieved from the
carotid artery at 2, 5, 10, 15, 20, 30, 60, and 90 min. The samples were
immediately centrifuged to provide plasma. The kinetic parameters
were estimated separately for each animal.

Organ-Uptake Studies: To characterize the biodistribution and accu-
mulation of the QDs, the intravenous dose (5 nmol in a volume of
0.2 mL) was given as a bolus into the jugular vein (n = 3 for each time
point, and each QD type). Animals were sacrificed under anesthesia at
various times (0, 30, 60, and 90 min) by exsanguination. The abdomen
was opened, the vena cava was ligated above the right renal vein, and
ice-cold saline was perfused into the jugular cannula to remove blood
that existed below the ligature at the vena cava. Additional saline solu-
tion was used for flushing until the organs become bleached of blood.
Organs were then collected, blotted, and homogenized over ice in
phosphate buffered saline (PBS; 10 mM, pH = 7.4) and prepared for
ICP-AES analysis.

The liver, right kidney, spleen, descending colon, lumbar lymph
nodes, leg muscle (parts of Vastus lateralis, Vastus Medialis, Rectus
femoris), left femoral bone marrow, lungs, heart, and a central section
of cerebellum were collected. Histological samples were carefully
removed with a sharp razor blade and placed directly into fixative.
Thereafter, tissues were excised and placed in pre-weighed centrifuge
vials, weighed, and then kept on ice. PBS was added to the organ/tissue
at a ratio of 3:1 (v/w). For the liver, a ratio of 2:1 buffer/liver was used.
The tissues were homogenized and stored at –80 °C in 1 mL aliquots.

Optical microscopy was conducted on the excised, paraffin-em-
bedded tissue samples, and these were de-waxed prior to observation.
TEM sample preparation involved the use of electron-microscopy-
grade fixative and embedding according to standard procedures. Ura-
nyl acetate staining was applied only lightly to avoid obscuring the
QDs or causing confusion with granular structures of similar sizes.
Imaging was carried out on a Hitachi H-7000 transmission electron
microscope, at 80 keV.
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Figure 7. Digestion and ultracentrifugation studies to determine if ICP-
AES measurements are derived from whole, intact inorganic core/shell
QDs. We measured the ICP-AES signal of the supernatant after digestion
and ultracentrifugation (500 000 × g for 105 min) of blank spleen (A) and
liver (B) tissues; spleen (C) and liver (D) tissues obtained from intrave-
nous QD-LM dosing; QDs in phosphate buffered saline, PBS (E); blank
spleen (F), and liver (G) tissues spiked with QD-LM. Degradation of the
QD would result in Cd in the supernatant after digestion and centrifuga-
tion; this was shown in the control samples in which an aqueous solution
(H), blank spleen (I), and liver (J) tissues were spiked with Cd. In the
above controls (E–G and H–J), equimolar concentrations of QD and Cd
were used; these concentrations were also comparable to those obtained
in the in vivo experiments. The absence of Cd in the spleen and liver sam-
ples (C,D) confirms the lack of degradation of the inorganic core/shell
portion of the QDs.

Figure 8. ICP-AES measurements of a) feces and b) urine of rats injected
with QD-LM (�), QD-BSA (�), or PBS (� and �). Our results do not
show any significant difference in the Cd level between experimental and
control animals (n = 3).
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Metabolism studies were conducted by incubating 1 mL spleen and
liver tissue homogenate (1:3 tissue to saline dilution) in lysate buffer
(500 lL; 1 % SDS, 0.1 M NaCl, 0.05 M tris(hydroxymethyl)amino-
methane, Tris, pH 8) and 25 lL Proteinase K (10 mg mL–1) with the
QDs overnight. After incubation, samples were diluted and placed into
ultracentrifuge tubes (Beckman, Optiseal) for centrifugation at
500 000 × g for 105 min. Then 4 mL of the supernatant was carefully re-
moved and digested for 2 h with 1 mL of HNO3 in disposable glass cul-
ture tubes. ICP-AES analysis was then conducted to determine
whether there was ionic cadmium in the tissue samples.

Excretion Studies: To address further whether the QDs were elimi-
nated into urine or feces, rats (n = 3) were given tail-vein injections of
QD-LM, QD-BSA (5 nmol in a volume of 0.2 mL), or saline (control)
under sterile conditions, and were kept in Nalgene metabolic cages.
Each animal was housed in a collection cage for 2 h every morning for
ten days (11 days for QD-LM). Urine and feces were collected daily
into pre-tared tubes, and the weight of the urine and feces were ob-
tained by difference. Samples were refrigerated until analysis. For prep-
aration of the fecal samples, a 3 × excess weight of double-distilled
water (DD-H2O) was added to facilitate softening upon soaking for two
days. Urine samples were diluted with an equal volume of DD-H2O.

QD Concentration Analysis: ICP-AES was used to assay the QDs in
the plasma, organ, and excretion samples. The samples were rendered
soluble by the addition of reagent grade 70 % nitric acid. Samples, com-
prising of 50 lL of diluted plasma or 500 lL of tissue homogenate,
were mixed with 0.5 mL or 1.0 mL of nitric acid, respectively. Urine
samples were prepared by adding 1 mL of nitric acid to 0.5 mL of
diluted urine. Fecal samples were prepared in a similar fashion, but
3 mL of nitric acid was used, since the sample contained more solid
matter. All of the samples were prepared in disposable, 25 mL glass
culture tubes that were fitted with polyethylene “snap caps”. For all
ICP-AES measurements, nitric acid blank, blank tissue samples, sam-
ples with QDs for calibration curves, and Cd standards were prepared
and tested concurrently with test samples. With the cap punctured, acid
digestion of the samples was carried out by heating in an oil bath at
110–120 °C for 2–3 h. Any remaining, undissolved solid was removed
by passing the solution through a 0.45 lm pore poly(vinylidene fluo-
ride) membrane syringe filter. The filtrate was re-diluted to 5 mL with
DD-H2O, and transferred to 15 mL polypropylene centrifuge tubes for
storage prior to measurement. The concentrations of QDs in plasma,
tissues, urine, and feces were determined by comparison to standard
curves of QDs of known concentrations. We used optical absorbance to
measure molar concentration [31], and analyzed standard solutions of
known QD concentration with ICP-AES to provide a conversion from
Cd [lg L–1] to QDs [lmol mL–1].
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