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Abstract
Purpose: This study compares fluorescence imaging to mass spectroscopy (inductively coupled
plasma–mass spectroscopy, ICP–MS) for detection of quantum dots (QDs) in sentinel lymph
node (LN) mapping of breast cancer.
Procedures: We study the accumulation of near-infrared-emitting QDs into regional LNs and
their whole-body biodistribution in mice after subcutaneous injection, using in vivo fluorescence
imaging and ex vivo elemental analysis by ICP–MS.
Results: We show that the QD accumulation in regional LNs is detectable by fluorescence
imaging as early as 5 min post-delivery. Their concentration reaches a maximum at 4 h then
decreases over a 10-day observation period. These data are confirmed by ICP–MS. The QD
uptake in other organs, assessed by ICP–MS, increases steadily over time; however, its overall
level remains rather low.
Conclusions: Fluorescence imaging can be used as a non-invasive alternative to ICP–MS to
follow the QD accumulation kinetics into regional LNs.
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Introduction

Axillary lymph node (ALN) status is the most important
prognostic factor in patients with breast cancer and a

determinant predictor of recurrence and survival [1, 2]. Until
recently, the standard surgical treatment in breast cancer was
axillary lymph node dissection (ALND), which consists in
whole lymphatic axillary chain removal, but leads to
numerous postoperative morbidities, deteriorating the quality
of life. For these reasons, sentinel lymph node biopsy
(SLNB) has become the new standard method of staging
breast cancer patients [3]. The sentinel lymph node (SLN) is
the first regional step of lymphatic drainage and metastasis
of the primary tumor [1, 4]. SLNB allows to identify sentinel
ALN and involves the use of technetium sulfur colloid and
isosulfan blue dye in the USA, and technetium-labeled
albumin and patent blue dye in EU countries. The combined
use of radiocolloid and blue dye increases recognition of the
SLNs [2, 5]. The day before surgery, the radiocolloid is
injected, many routes of injection being used (peritumoral,
intratumoral, subcutaneous, intradermal, or subareolar),
followed by mammary and axillary lymphoscintigraphy
between 30 min and 4 h post-administration. During the
surgery, a mean volume of 3–4 mL of blue dye is delivered
by the same way, and SLNs are identified as blue and/or hot
lymph nodes (LNs) [6, 7]. Despite the significant improve-
ment of SLNB over ALDN, the problems related to an extra
cost of the radioisotope, to allergic reactions and in a few
cases anaphylactic shocks after radiocolloid or blue dye
injection, and the overall procedure duration are limiting
factors for this technique [8–11]. Moreover, lymphatic
mapping with blue dye results in a high rate of false-positive
nodes because the small dye molecules can readily diffuse
through the true SLN and traverse multiple nodes [12].
Additionally, blue dye has poor tissue contrast and is
difficult to detect in deep, dark anatomical regions such as
the abdomen. Although the use of radioisotope tracers has
improved the detection rate and accuracy of SLN mapping,
the high radioactivity of the primary injection site can
interfere with intraoperative in vivo detection of nearby
nodes [1].

Near-infrared (NIR) fluorescence imaging appears as a
promising alternative for SLN mapping due to its flexi-
bility, non-invasive procedure, high temporal resolution,
and low cost. In particular, semiconductor quantum dots
(QDs) are promising candidates for NIR imaging probes
for this application thanks to their unique optical and
physical properties, namely optimal physical size, high
fluorescent quantum yield, large molar extinction coeffi-

cient, and particularly high resistance to photobleaching
[13–15], that alleviate many of the common organic dye
limitations. QDs are composed of a nanometer-scale
fluorescent semiconductor core such as the most common
CdSe or CdTe. These cores can be overcoated with a first
inorganic shell (e.g., ZnS) to improve their photolumines-
cence quantum yields and limit their potential toxicity due
to the release of toxic core heavy metal ions [16, 17].
These core–shell QDs are solubilized in water by cap
exchange with appropriate surface ligands or encapsulation
by amphiphilic block co-polymers or functionalized lipids
[18–20]. Control over this surface chemistry is crucial as it
will determine the fate of the QDs in a biological
environment (cell, tissue, organism…).

NIR-emitting QDs have already been applied to visualize
SLN in gastrointestinal tract [21], pleural space [22], lung area
[23], esophageal area [24], skin [25], axilla [26–29], and
bladder area [30] in rodents and pigs. The authors have
performed fluorescence imaging of LNs for up to 4 h after QD
injection; however, the long-term QD biodistribution was not
investigated after subcutaneous injection. Understanding and
controlling the QD biodistribution is of the utmost importance
in biomedical applications as it will impact the imaging
performance (rapidity, sensitivity, specificity) and the potential
QD toxicity. In particular, in the case of SLN detection, both
the peritumoral injection site and the SLNs would be resected,
and the toxicity would depend on the proportion of QDs
leaking into the rest of the organism. In the present paper, we
study the QD accumulation kinetics in regional LNs and the
whole-body biodistribution of lipid-encapsulated QDs in mice
for up to 10 days after subcutaneous (s.c.) injection of NIR
carboxyl-functionalized lipid coated QDs. We use both NIR
fluorescence, the modality which would be used in fine during
the surgical act, and inductively coupled plasma–mass spectro-
scopy (ICP–MS), which provides quantitative measurements
of QD concentration [31–40]. We demonstrate that NIR
imaging allows a fast and sensitive detection of regional LNs
with QDs. We further evaluate the reliability of NIR imaging
measurements by comparison with quantitative ICP–MS
elemental analysis. The obtained results provide useful
indications for optimization of the surgical procedure to allow
efficient regional LN detection.

Materials and Methods
Near-Infrared-Emitting Quantum Dot Synthesis

CdTeSe/CdZnS core/shell QDs were synthesized following a
recently published protocol [20]. Briefly, CdTeSe cores were
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synthesized by injection of trioctylphosphine (TOP)–Se and TOPTe
in a three-neck flask containing Cd-tetradecylphosphonate, TOP,
and oleylamine at 280°C. The solution was then kept at 230°C, and
additional TOPSe precursors were injected by dropwise injection.
A CdZnS shell was grown over the CdTeSe cores by injection of
TOP-S in a solution of trioctylamine, TOP, Cd-oleate and Zn-
oleate. These CdTeSe/CdZnS QDs were characterized by absorb-
ance and photoluminescence spectroscopy using a Cary-5E UV–vis
spectrophotometer (Varian) and Fluoromax-3 fluorimeter (Jobin
Yvon, Horiba). Transmission electron microscopy (TEM) images
were acquired on a JEOL 2010 field electron gun microscope.

Quantum Dot Solubilization

CdTeSe/CdZnS nanocrystals were solubilized by encapsulation into
functionalized amphiphilic phospholipid micelles, as described
previously [19, 20, 41]. Typically, the core/shell QDs were washed
with two cycles of precipitation in ethanol and resuspension in
hexane, and finally resuspended in chloroform with a mixture of
66% DPPE-PEG2000-Me (dipalmitoyl phosphotidylethanolamine-
polyethylene glycol 2000-methyl ether) and 33% DPPE-PEG2000-
COOH (dipalmitoyl phosphotidylethanolaminepolyethylene glycol
2000-carboxylic acid) and deionized water. The chloroform was
evaporated by heating at 80°C, yielding a limpid solution. These
water-soluble QDs were then purified by ultracentrifugation
following previously published protocols [19, 41] to remove excess
lipids and small QD aggregates. Stock QD solutions were stored at
4°C before use. Dynamic light scattering measurements were
performed on a CGS-3 goniometer system equipped with a HeNe
laser illumination at 633 nm (Malvern) and an ALV 5000/EPP
correlator (ALV). Electrophoresis was run in 2% agarose gel in a
Tris–borate–EDTA pH 8 buffer.

Animals

Ten- to twelve-week-old female balb/c mice (Balb/cOlaHsd;
Harlan, Gannat, France) weighing from 18 to 22 g were used in
these experiments. Mice were kept in a 12-h light/dark cycle and
had access to food and water ad libitum. The mice were acclimated

for 2 weeks prior to use. Specific purified diet (TD.94045, Harlan
Teklad, Madison, WI, USA) was used to reduce tissue autofluor-
escence in the NIR spectral region. The animals received care in
accordance with established guidelines of the Federation of Euro-
pean Laboratory Animal Science Associations, and animal proce-
dures were performed in compliance with institutional and national
guidelines. All experiments were performed under anesthetic using
intraperitoneal injection of 0.01 mL/g of body weight of a solution
containing 9 mg/mL of ketamine (Ketalar®, Panpharma, Fougères,
France) and 0.9 mg/mL of xylazine (Rompun®, Bayer Pharma,
Puteaux, France). Control mice were injected subcutaneously in the
distal part of the right anterior paw with 20 µL of phosphate
buffered saline (PBS), and for experimental groups, 20 µL of a 1-µM
QD solution (20 pmol) was administered in the same way. After
product delivery, the right paw was kneaded to improve product
migration.

Near-Infrared Fluorescence Imaging

In vivo optical imaging of QDs was performed using a Fluobeam®
(Fluoptics, Grenoble, France) NIR imaging system. This system is
compact and portable, and is composed of two principle parts
(Fig. 1a). The first part is an electric panel box including a laser
emitting at 690 nm and its power supply, an analogical/digital box, and
a power supply for light-emitting diodes (LEDs). The second part is
the optical head containing a highly sensitive charge-coupled device
(CCD) camera and white LEDs (Fig. 1a, b). From the electric box, the
laser beam is guided by a fiber until the extremity of the optical head,
thus rendering possible the divergence of the optical system and
excitation of a broad field of about 6 cm in diameter to the distance of
15 cm from the extremity of optical head. A 750-nm longpass
emission filter is used. The power density of laser irradiation on tissue
was 3 mW/cm2. For semi-quantitative in vivo fluorescence measure-
ments, the optical head is supported by a hinged jib and was kept at the
same place during the experimental period (Fig. 1b). The regions of
interest (ROIs) were depilated using a commercial hair removal cream
before imaging. Three mice were injected subcutaneously with QDs
and three control mice were injected with PBS. The CCD camera
shows the specificity to adjust the fluorescence signal on the pixel
which presents the strongest fluorescence intensity. Thus, the injection
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Fig. 1. Photographs of portable and compact Fluobeam® system. a Composition of Fluobeam® system. b Image of optical
head supported by a hinged jib to carry out semi-quantitative fluorescence imaging in vivo.
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point of QDs was hidden, allowing thereby a better ROI visualization.
In vivo fluorescence of ALNs and lateral thoracic LNs (LTLNs) was
acquired at 5, 15, 30, and 60 min; 4, 24, 48, 96 h and 10 days after s.c.
QD administration at a camera exposure time of 10 ms for right LNs
and 100 ms for left LNs. Ten days after delivery of QDs or PBS, mice
were sacrificed and ex vivo fluorescence signals of organs (ALNs,
LTLNs, spleen, kidneys, liver, lungs, and brain) were measured after
an exposure time of 100 ms. Semi-quantitative data can be obtained
from the fluorescent images by drawing ROIs around the different
organs to be quantified, and background signal (autofluorescence of
tissues) is subtracted from all images. In vivo or ex vivo fluorescent
signals were expressed in arbitrary units (AU) using the Image J 1.37
software. All images were acquired under the same conditions and
were comparable from day to day and animal to animal. All data are
represented as mean ± standard deviation (SD).

Inductively Coupled Plasma–Mass Spectroscopy
(ICP–MS)

A Varian 820 MS instrument (Varian, Les Ulis, France) was used
to perform ICP–MS analyses. All samples (organs, blood fractions,
and excretions) were completely dissolved with 70% HNO3 and
heated at 90°C until total mineralization. Each mineralized sample
was solubilized in 25 mL of milli-q water (resistivity >18.2 MΩ)
and analyzed by ICP–MS at the Laboratoire Environnement-
Hygiène of ASCAL (Forbach, France). The ICP–MS instrument
was initialized, optimized, and standardized using manufacturer
recommendations. The limit of cadmium quantification was 50 ng/
mL. Five samples of 1 mL QD solutions at 20 nM (20 pmol) have
been analyzed in the same conditions, previously described, to
correlate cadmium and QD concentrations. Ten groups of animals
(n=3 per group) were used for the biodistribution study: one
control group received PBS and nine experimental groups were
injected with QDs. Sacrifice of control group was performed
10 days after PBS injection and experimental groups were
sacrificed at 5, 15, 30, and 60 min; 4, 24, 48, 96 h and 10 days
after QD injection by cervical dislocation. ALNs, LTLNs, spleen,
kidneys, liver, lungs, brain, and injection point defined as the distal

part of the right anterior paw were removed and their weights were
recorded. Blood samples were collected through cardiac puncture in
heparinized tubes at the different times after QD injection. Blood
samples were centrifuged at 3,000×g for 10 min to separate plasma
and blood cells. Urine and feces were collected daily during
10 days. All removed samples were stored at −80°C prior to
elemental analysis. All data are represented as mean ± SD.

Histology of Lymph Node Section

Two groups of animals (n=3 per group) were used for histological
study of ALNs and LTLNs. Animals were sacrificed 10 days after
QD or PBS injection by cervical dislocation. ALNs and LTLNs
were removed for histological analysis. All tissues were fixed in
10% formaldehyde, 5-µm sections of LNs were prepared, and
hematoxylin and eosin (H&E) coloration was performed and
examined to visualize inflammatory changes.

Statistical Calculations

Means, SD, correlation coefficients, and statistical significance of
differences between groups (Student’s t test) were determined using
standard software (Microsoft Excel, Microsoft Corporation, Red-
mond, WA, USA); p values G0.05 were considered statistically
significant.

Results
QD Synthesis and Characterization

We synthesized NIR-emitting QDs composed of CdTeSe
cores surrounded by a CdZnS shell [20] with ∼6 nm in core–
shell diameter. Absorbance (Abs) and photoluminescence
(PL) spectra of these QDs are shown in Fig. 2a, with an
emission maximum at around 780 nm. The QDs were
solubilized in water by encapsulation into phospholipid
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Fig. 2. a Absorbance (Abs) and photoluminescence (PL) emission spectra of CdTeSe/CdZnS QDs. b Schematics representing
a CdTeSe/CdZnS QD encapsulated in a mixed PEG:PEG-COOH phospholipid micelle (drawing is not to scale; only a few
phospholipids were represented for clarity).
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micelles functionalized with 66% polyethylene glycol (PEG)
2000 and 33% PEG2000-carboxylic acid (COOH), as shown
by the schematic in Fig. 2b [19, 41]. The carboxylic acid
groups confer a negative electric charge to the QD surface,
as indicated by migration under gel electrophoresis. Hydro-
dynamic diameters (HD) of the QDs micelles are typically
∼22 nm, as indicated by dynamic light scattering (DLS). The
QD fluorescence quantum yield was typically ∼20–30%
after solubilization, and was stable for several weeks in
neutral (PBS, pH 7) or slightly basic (borate, pH 8) buffer,

and at least several days in slightly acidic PBS (pH 6) buffer
[20].

Near-Infrared Fluorescence Imaging

In vivo imaging Twenty picomoles of QDs were injected
subcutaneously in the distal part of the right anterior paw.
Right ALN (RALN) and right lateral thoracic LN (RLTLN)
are visualized as early as 5 min after injection and for the
whole 10-day observation period, while only background

Background        5 min       10 days 
 

a 

 b 

 c 

Fig. 3. In vivo fluorescence imaging ofmice after s.c. injection of 20 pmol of QDs. a Images of the right flank (visualization of RALN).
b Images on dorsal decubitus (observation of RLTLN). c Images of left flank (visualization of LALN). Left column corresponds to
background signal,middle and right columns to images at 5 min and 10 days post-injection, respectively. For (a) and (b) images, the
exposure time is 10 ms, and for (c) images, the exposure time is 100 ms. The white arrow indicates the injection point.
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signal was observed in control QD-free mice (Fig. 3).
Figure 3 displays the NIR images taken at selected points:
right flank (Fig. 3a), dorsal decubitus (Fig. 3b), and left
flank (Fig. 3c) to visualize RALN, LTLN, and left ALN
(LALN), respectively. Detailed kinetics of fluorescence
intensities are presented in Fig. 4. Intensity of fluorescence
signals in RALN and RLTLN increases during the first 4 h
post-injection, then gradually decreases for the rest of the
observation period (Fig. 4). Fluorescence from the LALN is
visualized 24 h after QD delivery in two out of three mice,
but its signal is much weaker and cannot be quantified due
to low signal-to-background ratio (Fig. 3c).

Ex vivo imaging QDs were detected ex vivo in four resected
LNs 10 days after s.c. administration (Fig. 5a). A strong ex
vivo fluorescence intensity is observed in RALN and RLTLN
compared to LALN and left LTLN (LLTLN) 10 days post-QD
injection (Fig. 5b, c). Indeed, fluorescence signal in RALN is

260-fold greater compared to LALN (Fig. 5b, c) and 160-fold
more elevated in RLTLN than that in LLTLN (Fig. 5b, c). No
difference in fluorescence signals was detected in other organs
compared to control mice (data not shown).

Biodistribution Study by ICP–MS

We injected 20 pmol of QDs subcutaneously in the right
anterior paw of mice and monitored accumulation kinetics
between 5 min and 10 days after administration. Major organs,
blood, and excretions were collected at all experimental times
and analyzed by ICP–MS to determine cadmium concentration
(Fig. 6). Percentage of injected doses (% ID) were then
estimated using prior calibration of our QD sample (20 nM
QDs corresponded to 685±4 µM of cadmium; Fig. 7).

The remaining cadmium at the site of injection, defined
as the distal part of the right anterior paw, is shown in
Figs. 6a and 7a. Cadmium concentrations remain constant
between 5 and 60 min corresponding to a loss of
approximately 60% ID from the injection site. Given the
cadmium concentrations measured from the rest of the
organs and the blood, this loss is due to QD diffusion into
the tissue in the immediate vicinity of the injection site
corresponding to the whole right paw and the right shoulder.
After 60 min, the cadmium concentration decreases steadily
during the next 10 days. At the end of this observation
period, the cadmium concentration reaches 33.41±2.14 µg/
g, corresponding to 14.63±1.96% ID (Figs. 6a and 7a).

QDs are readily detected in RALN and RLTLN as early
as 5 min after their administration, and the corresponding
cadmium concentration increases. Maximum cadmium
concentrations in RALN and RLTLN are observed at 4 h
post-injection (337.8±50.3 µg/g and 283.6±8.1 µg/g,
corresponding to 1.36±0.21% ID and 0.94±0.13% ID,
respectively; Figs. 6a and 7b). Cadmium concentrations then
progressively decrease for the rest of the 10-day observation
period. However, the % ID remains constant in these nodes
between 4 h and 10 days post-delivery (Fig. 7b). It is
important to note that mass spectroscopy, in terms of
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cadmium concentration (Fig. 6a), and NIR fluorescence
profiles of QDs into RALN and RLTLN (Fig. 4) are strictly
similar. Statistical analyses demonstrate a strong correlation
between these two detection techniques with a correlation
coefficient of 0.89 (pG0.01) and 0.81 (pG0.01) for RALN and
RLTLN, respectively (Fig. 8).
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In LALN and LLTLN, cadmium concentrations are much
weaker and are detectable only after 4 h post-injection, then
gradually increase for up to 10 days (Fig. 6a).

Kidneys, spleen, and liver display a progressive, time-
dependent QD accumulation during the whole observation
period (Figs. 6b and 7b). Ten days after QD injection, 2.91±
0.22 (1.06±0.09% ID), 9.82±1.84 (1.40±0.24% ID), and
13.03±1.71 µg/g (15.36±1.39% ID) were found in kidneys,
spleen, and liver, respectively. By contrast, brain and lungs
show a different QD accumulation profile with much lower
QD concentrations (Fig. 6b).

In blood, cadmium is detected as early as 5 min after QD
administration and reaches a maximum at 4 h, corresponding to
8.78±2.46 µg/mL for plasma and 1.52±0.13 µg/mL for blood
cells. Cadmium concentrations then progressively decrease with
time to reach background levels at 10 days post-injection (Fig. 6c).

Urine and feces were collected daily but no QD excretion
was detected during 10 days (data not shown).

Morphology and Histology of Lymph Nodes

The weights of the RALN, RLTLN, LALN, and LLTLN
were measured at all time points (Fig. 9a). No changes were
observed in the weight of RALN and RLTLN during the
first 4 h post-QD administration (3.20±0.98 mg for RALN
and 2.57±0.40 mg for RLTLN, respectively, at 4 h) and
were not different from controls (p>0.05). Right LN weights
started to significantly increase at 24 h post-injection (pG
0.05; Fig. 9a). For example, 10 days after QD injection,
RALN and RLTLN weights were 8.59±0.595 and 7.59±
2.20 mg, respectively (Fig. 9a).

H&E colorations of LN sections have revealed the
presence of inflammation sites (light areas) in the two right
LNs 10 days after QD delivery but not in left and control
LNs (Fig. 9b). These signs of inflammation included
numerous polynuclears, some histiocytes, and vacuoles of
digestion in studied areas (Fig. 9c).

Discussion
QDs show rapid uptake in RALN and RLTLN after s.c.
injection in mice, consistently with previous reports [27, 28,
33, 42, 43]. Both right LNs are readily detected as early as
5 min post-injection, using a very short CCD exposure time
(10 ms). RALN and RLTLN show similar QD accumulation
profiles assessed by in vivo fluorescence or ICP–MS
(cadmium concentration; Figs. 4 and 6a). Indeed, a very
good correlation between these two detection techniques was
highlighted by statistical analyses with a correlation coef-
ficient of 0.89 and 0.81 for RALN and RLTLN, respectively
(Fig. 8). We note, however, that stronger in vivo fluores-
cence signals were observed in RALN compared to RLTLN
at all times whereas QD concentrations measured by ICP–
MS are equivalent in these two LNs (Figs. 4 and 6a). This
could be explained by the fact that LTLNs are deeper in the
tissue than ALNs, which are just under the skin. The
appearance of deep structures is significantly blurred in in
vivo fluorescence imaging, and the signal detected from
them is significantly attenuated as a function of structure
depth [44, 45].

QD accumulation in RALN at 24 h post-delivery
corresponds to 1.22% ID (Fig. 7b), as measured by ICP–
MS, a result comparable with our previous study [43] in
which accumulation of red-emitting QDs in RALN was
performed by fluorescence measurements (1.24% ID at 24 h)
and with Gopee’s group [33] who found 1.07% ID in LNs
24 h after QD administration. RLTLN, which is considered
as the second LN in the mouse axillary chain, also shows
QD accumulation as early as 5 min after their delivery and
display % ID values similar to RALN from 24 h for up to
10 days (Fig. 7b). These results are in agreement with
Kobayashi’s and Hama’s studies [27, 28] which have shown
lymphatic communication between ALN and LTLN after
s.c. injection in the anterior paw of mice with QDs and NIR
dyes, respectively. Maximum % ID in RALN and RLTLN
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values between cadmium concentrations measured by ICP–
MS and in vivo fluorescence signals assessed by Fluobeam®
system for RALN (a) and RLTLN (b).
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was detected 4 h after QD injection and are followed by a
plateau for the rest of the observation period (Fig. 7b). These
results are consistent with the size of QDs (HD of 22 nm)
since small particles (G10 nm) can rapidly pass the first LN
without being retained, whereas larger particles (>100 nm)
are trapped in the first LN, without possessing specific
binding affinity to lymphatic vessels or LNs [46]. As a
consequence, ideal lymph tracers that would both be
efficiently retained and able to pass through the first LN
must have a diameter comprised between 10 and 100 nm to
fulfill both conditions. We observe that, although % ID in
right LNs remains constant between 4 h and 10 days after
QD delivery, cadmium concentrations per gram of tissue
decrease (Figs. 6a and 7b). These observations can be

explained by the increase in weight and volume of RALN
and RLTLN from 24 h post-injection, reaching 2.7 times the
weight of control LNs after 10 days (Fig. 9a, b).

QDs are remarkable tools for biomedical purposes, but
they remain potentially toxic for living organisms. This
toxicity is mainly due to the release of cadmium ions in
biological environments, caused by deterioration and oxida-
tion of QDs in the body [16, 17]. These heavy metal ions
can also lead to the formation of reactive oxygen species that
induce oxidative stress [47], particularly after a long-term
exposure to QDs. Many in vitro toxicity studies of QDs have
been realized [48–50] but only a few in vivo works have
been performed. In our study, 10 days after QD injection, no
signs of toxicity have been observed in living mice. Indeed,
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Fig. 9. Weight and histology of LNs after s.c. PBS (control) or QD injection (20 pmol). a Weight evolution of LN functions of
time after PBS or QD delivery: left panel corresponds to ALNs and right panel to LTLNs. Data are mean ± SD (n=3 per group)
and values marked with an asterisk were significantly different from control (pG0.05). b Histology of LN sections 10 days after
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body weight of mice was unchanged during the course of the
study, no signs of abnormal motivity behavior were noticed,
and no signs of dehydratation were registered. However,
weight of removed right LNs had increased in QD-injected
animals compared to control PBS-injected animals (Fig. 9a).
Histological sections of LNs have shown inflammation of
RALN and RLTLN in injected mice, revealing acute local
toxicity of QDs without however any inflammation signs in
the LALN, LLTLN, and control LNs (Fig. 9b, c). We
attribute this difference to an effect of concentration, with
QD doses corresponding to about 300 µg of cadmium/g
provoking immunity reactions in LNs and smaller doses of
about 30 µg of cadmium/g remaining without effects
(Fig. 6a). This contrasts with results from previous studies
using NIR dyes labeled with immunoglobulin G where no
signs of inflammation were observed in LNs 7 days after
injection [42]. Detailed assessment of QD toxicity in other
organs was not performed in our work; hence, potential
toxicity of QDs in these organs has not been demonstrated.
Very recently, some QD toxicity has been reported in
animals, showing for example pulmonary inflammation
[51] or profound changes in mitochondria [36]. Several
ways can be explored to limit QD toxicity, such as avoiding
the use of heavy metals or design of surface chemistries
allowing their complete elimination from the body, but in
fine the QDs toxicity will strongly depend on the QDs
biodistribution and concentration in the major organs.
Knowledge of this biodistribution is therefore crucial for
estimating the potential QDs toxicity.

We investigated the elimination of our QDs from the
body by feces and urine. During 10 days of observation,
QDs were not cleared from the body neither by urine nor
feces (data not shown), suggesting that QDs are sequestered
in vivo. Many authors have found that QDs were eliminated,
albeit not completely, via urine and feces after intravenous
(i.v.) [31, 35, 36, 52–55] or intranasal [56] injection. Other
studies were similar to ours, and have shown that QDs were
sequestrated in different organs and not cleared [31, 32, 34,
43]. Recent studies suggested that elimination by urine is
strongly size dependent, with a maximum HD of about
5.5 nm for efficient clearance [53].

Increase in the blood cadmium concentration (plasma and
blood cells) is detected as early as 5 min after QD injection
(Fig. 6c), which suggests that QDs can enter blood vessels
immediately after s.c. injection. This penetration could be
either due to passive diffusion caused by concentration gradient
between the different compartments or by leaking from
lymphatic vessels into the blood network, considering that
blood and lymphatic systems are intimately connected at the
LNs. Four hours after QD administration, the cadmium
concentration in blood starts to decrease due to progressive
capture by various organs. This blood kinetics is different from
that reported in other biodistribution studies, certainly due to
differences in the QD delivery mode. Most QD biodistribution
studies were performed after i.v. injection and show a rapid
decrease of the blood QD concentration (typically by a factor 3

or 4 at 24 h compared to 1 h post-injection) and a total QD
clearance from the blood after some days [34, 36, 37].

No ex vivo or in vivo fluorescence signals were observed in
organs after 10 days post-injection compared to control organs.
However, the presence of QDs is revealed by ICP–MS in most
organs after injection. We attribute this difference to the lack
of sensitivity of NIR imaging that hinders detection of very
low QD concentrations in organs (0.04–13 µg/g of cadmium
corresponding to 0.01–3.4 pmol/g of QDs).

Liver is the organ of the reticuloendothelial system with
the higher QD concentrations after s.c. injection. These
correspond to approximately 1.1%, 10.3%, and 15.4% ID at
1 h, 24 h, and 10 days post-delivery, respectively (Fig. 7a).
This accumulation is much lower than that observed after QD
i.v. injection [32, 34, 37, 53, 57]. For example, Fisher et al.
[32] have found 36% ID in the liver 90 min after i.v. injection
of QDs with a HD of 25 nm (lysine modified coating) and
100% ID post-injection in rats of biggest QDs with an HD of
80 nm (lysine modified and bovine serum albumin coating)
by inductively coupled plasma–atomic emission spectroscopy
(ICP–AES) analysis. Similarly, Soo Choi and co-workers
[53] have investigated the distribution of 64Cu-radiolabeled
QDs by micro-positron emission tomography (microPET)
and have shown that the fraction of small QDs (HD of
4.36 nm) in the liver at 4 h post-injection corresponded to 4%
ID, but that this quantity increased to 28% ID with larger QDs
(HD of 8.65 nm). Such differences in QD uptake in the liver
can be explained by several factors including injection route
and QD size and surface chemistry. In particular, the uptake of
our QDs by the liver may be slowed down by the presence of
PEG on its surface, as was observed in other studies [54, 55].

Overall, these results provide useful guidelines for use of
QDs for SLN mapping by NIR fluorescence imaging.
Efficient detection of regional LNs is achieved only a few
minutes after s.c. injection.

Even though the QD concentration in the LNs still
increases for up to 4 h post-injection, resection of the tumoral
injection site and the SLN should ideally be performed during
the first 15–30 min after injection to minimize QD leakage
into the organism. At these early times, QD concentrations in
the major organs remain very low, more than a hundred times
lower than at the injection site or in the regional LNs. Since
the SLN were readily detected in our configuration with only
10 ms of CCD exposure time, we can expect that the QD
injected dose can be significantly reduced, so that the QD
dose left in the body after the surgical act could be reduced
well below toxicity concentrations. Investigations in this
direction are in progress in our laboratory.

Conclusion
In conclusion, we have demonstrated that QD-based NIR
fluorescence imaging can be used to very efficiently localize
regional draining LNs in vivo as early as 5 min after s.c.
injection in mice. Moreover, unlike other tracers, QDs
remain trapped in these LNs during several days. Indeed,
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in SLNB, it is recommended to inject radiocolloid the day
before surgery to allow its migration to SLN followed by
administration of physiologic dye in per-operative 5–10 min
before SLN mapping. This short delay for physiological dye
is related to its small size, and as a matter of fact it diffuses
in all lymphatic system. Thus, rapid accumulation of QDs in
regional LNs detected by non-invasive NIR fluorescence
imaging system offers an exciting opportunity to track
lymphatic flow in real time and guide their nodal dissection
after a single QD injection and allows a rapid per-operative
complete procedure.

This optical technique can also provide information about
the kinetics of QD accumulation in specific regional LNs in the
same animal, but fails to compare the relativeQD concentration
between different LNs or to detect low QD concentrations in
organs. We determined the whole-body QD biodistribution by
ICP–MS for 10 days after injection and provide guidelines for
the use of QDs for non-invasive fluorescence detection of
superficial LNs in a clinical setting.
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