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emiconductor nanocrystals, or quan-

tum dots (QDs), have attracted much

attention over the past years as a
novel class of material with unique elec-
tronic and optical properties.'? They dis-
play high extinction coefficients, photolu-
minescence (PL) quantum yields (QYs), and
photostability, and their narrow emission
spectra can be tuned by size and composi-
tion. They have therefore become promis-
ing alternatives to organic chromophores in
many applications as light absorbers or
emitters, from photovoltaics and light emit-
ting diodes to fluorescent probes for bio-
logical imaging.>* In particular, QDs have
the potential to significantly impact the per-
formance of near-infrared fluorescence
(NIR) imaging for biomedical research, diag-
nostics, and optically assisted surgery. Ex-
amples of biomedical applications of QDs
include in vivo tumor detection,’® cell track-
ing,® and detection of the sentinel lymph
node, the status of which is a key prognos-
tic factor for treatment of many types of
cancer.”® Unfortunately, QDs emitting in
the NIR, the optimal spectral window for in
vivo imaging, have been so far composed of
toxic compounds (Cd, Pb, Hg, Te, As, etc.).
Several groups have shown that in vitro tox-
icity of CdSe-based QDs strongly depends
on the presence of a ZnS inorganic shell ca-
pable of slowing down the release of Cd?*
ions into the cellular environment and on
the nature of the organic capping layer that
is responsible for both the cellular distribu-
tion and the protection of the QD against
oxidation.”~'® In contrast, the in vivo toxic-
ity of QDs has been much less studied. Of
particular concern is the long-term seques-
tration of injected QDs in organs such as the
liver'®~? since it will eventually lead to a re-
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ABSTRACT Semiconductor quantum dots (QDs) could significantly impact the performance of biomedical
near-infrared (NIR) imaging by providing fluorescent probes that are brighter and more photostable than
conventional organic dyes. However, the toxicity of the components of NIR emitting [|—VI and IV—VI QDs that
have been made so far (Cd, Hg, Te, Pb, etc.) has remained a major obstacle to the clinical use of QDs. Here, we
present the synthesis of CulnS,/ZnS core/shell QDs emitting in the NIR (~800 nm) with good quantum yield and
stability even after transfer into water. We demonstrate the potential of these QDs by imaging two regional lymph
nodes (LNs) in vivo in mice. We then compare the inflammatory response of the axillary LN induced by different
doses of CulnS,/ZnS and CdTeSe/CdZnS QDs and show a clear difference in acute local toxicity, the onset of
inflammation only occurring at a 10 times more concentrated dose for CulnS,/ZnS QDs than for their (d-containing
counterparts.

KEYWORDS: quantum dots - CulnS, - copper indium sulfide - near-infrared - in
vivo - toxicity - lymph node

lease of these toxic elements in the body.
This represents a major obstacle to the clini-
cal use of QDs and has motivated the devel-
opment of Cd-free NIR QDs, based on llI—-V
or |=1lll—VI, materials. However, so far, there
has not been to our knowledge any demon-
stration that these materials were indeed
less toxic than their CdSe or CdTe-based
counterparts while being used for in vivo
imaging with the same level of
performance.
CulnS, is a I—=1ll—VI, semiconductor
with a direct band gap of 1.45 eV, corre-
sponding to an 855 nm emission wave-
length, and does not contain any toxic
heavy metals. This material could therefore
offer the opportunity to fulfill the potential ~ *Address correspondence to
of semiconductor QDs without the toxicity ~ themas-pons@espcifr.
limitations encountered by [I-VI QDs and Received for review October 15, 2009

provide PL emission ranging from the and accepted March 31, 2010.

visible to the NIR. Several syntheses of . . .
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QDs based on CU|n52 or other I=11-=VI, 10.1021/nn901421v

semiconductors have already been

described;zo’” however, most of the © 2010 American Chemical Society
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Figure 1. Left: PL spectra of CulnS, QDs (see Supporting Information for experimental details). Right: PL and absorbance spectra of
CulnS; and CulnS,/ZnS QDs.

obtained QDs provided poor QYs in the NIR region,
and only one demonstration of in vivo imaging using
these QDs has been recently reported.? In this report,
we describe the synthesis of bright and photostable
core/shell CulnS,/ZnS QDs with emission ranging from
the red to NIR using air-stable compounds. We show
that these QDs could be easily transferred in water us-
ing two standard solubilization techniques and demon-
strate their use for in vivo imaging of two regional LNs
draining thoracic mammary fat pads in mice. We then
compare the dose-dependent inflammatory response
in the regional lymph nodes (LNs) induced by NIR CdTe-
Se/CdZnS and CulnS,/ZnS functionalized with the same
surface chemistry and show that CulnS,/ZnS presents
a much reduced toxicity compared to Cd-based QDs.

RESULTS AND DISCUSSION

QD Synthesis and Characterization. Synthesis of core
CulnS, QDs is achieved in organic solvent at elevated
temperatures. Typically, InCl; and CuCl salts are solubi-
lized in octadecene in the presence of trioctylphos-
phine (TOP) and oleylamine. The sulfur precursor was
injected at 190 °C in the form of bis(N-hexyldithio-
carbamate) zinc, Zn(NHDC),, and the mixture was
stirred at 190 °C for 10 min. We found that this precur-
sor, formed from a primary amine, was more reactive
and the obtained QDs were brighter than those ob-
tained from other dithiocarbamate (e.g., diethyldithio-
carbamate, Zn(DEDC),) compounds as reported by Na-
kamura et al.*' The resulting QDs are typically 3 = 0.5
nm in diameter as measured by transmission electron
microscopy (TEM, Figure S1 in Supporting Information).
They display PL emission in the NIR, at around 800 nm,
with typical QYs of 10—20% (Figure 1). Composition
measurements confirm the presence of Cu, In, and S
along with some incorporation of Zn. Consistently with
previous reports, we found that the emission wave-
lengths of these QDs could be blue-shifted by varying
the reaction time, temperature, or incorporating in-
creasing amounts of Zn.?' This provides, in particular,
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relatively bright near-infrared QDs (quantum yield ~
10—20%) with a rapid and simple synthetic scheme,
compared to previously reported syntheses.?*” How-
ever, these core-only QDs rapidly lose their PL when ex-
posed to air or when transferred into water, which
may be due to easy surface oxidation.

We therefore grew a ZnS shell around the CulnS,
cores. The band offsets between these two materials al-
low for an efficient exciton confinement into the core
and, therefore, should lead to increased PL QY and sta-
bility. We further note that the lattice mismatch be-
tween these materials is very small (~2%) and should
allow growth of thick epitaxial shells without crystalline
defects. Purified CulnS, cores were diluted in octa-
decene in the presence of excess oleic acid ligands.
This solution was heated to 230 °C under inert atmo-
sphere, and a solution of Zn(NHDC), and zinc stearate
in oleylamine and octadecene was injected dropwise in
30 min. The resulting QDs display a PL spectrum that
is slightly blue-shifted compared to the core QDs (Fig-
ure 1), a feature that may be the sign of limited interdif-
fusion of Zn atoms into the CulnS, core and typical PL
QY of 30%. Absorbance and PL excitation spectra reveal
an increase in wavelength range below 350 nm, corre-
sponding to contribution from the ZnS shell (Figure 1).
Transmission electron microscopy (TEM) shows large
monocrystalline nanocrystals of 5.5 = 2 nm in diam-
eter (Figure 2). Such thick ZnS shells can be grown with-
out crystalline defects due to the very close lattice pa-
rameters of the two materials, in comparison with the
CdSe/ZnS system in which only a few ZnS monolayers
can be grown epitaxially. However, the current syn-
thetic procedure leads to polydisperse shell thickness.
X-ray diffraction of core and core/shell nanocrystals
shows characteristic CulnS, (sphalerite) and ZnS (zinc
blende) patterns (Figure S1, Supporting Information).
Elemental analysis demonstrated the expected impor-
tant increase in Zn composition due to growth of the
ZnS shell (Figure S2 and Table S1, Supporting Informa-
tion).
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Figure 2. TEM image of CulnS; core (top panel) and CulnS,/ZnS (middle panel) core/shell QDs. Scale bar: 5 nm. Bottom panel:

Size distributions of core (open circles) and core—shell (filled circles) QDs as measured by TEM.

Water Solubilization. The resulting core—shell QDs
could be successfully transferred into water using two
of the most common water solubilization strategies,
ligand exchange and phospholipid micelle encapsula-
tion. The initial QDs are capped with hydrophobic
ligands, either oleylamine or oleic acid or a mixture of
both. These ligands could be exchanged with DHLA-
PEG1000 (dihydrolipoic acid polyethylene glycol 1000)
ligands.?82° Alternatively, the CulnS,/ZnS QDs could be
encapsulated into phospholipid micelles composed of
DPPE-PEG2000 (dipalmitoyl phosphotidylethanolamine
polyethyelene glycol 2000) terminated by methyl ether
groups or including various percentages of other termi-
nal functional groups (amines, carboxylic acid, etc.)3%3'
In both cases, the QDs display relatively high QYs after
their transfer into water (~20%) and were stable for at
least several weeks in water with negligible PL loss. In
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comparison, CulnS; core-only QDs only maintained a
very weak PL QY after ligand exchange and transfer into
water (<1%). In addition, we observed that our water-
soluble CulnS,/ZnS QDs displayed a much higher resis-
tance to photobleaching than indocyanine green, a
common NIR emitting organic dye (Figure S3, Support-
ing Information).

Regional Lymph Node Imaging. We then demonstrate for
the first time utilization of these heavy-metal-free NIR
QDs for in vivo imaging of the regional LNs. A solution
of QDs encapsulated into phospholipid micelles com-
posed of 33% PEG-COOH and 66% PEG-functionalized
lipids in phosphate buffered saline (PBS) was prepared.
The QD concentration was determined by measuring
the In concentration by inductively coupled plasma
mass spectroscopy (ICP-MS). A dose corresponding to
20 pmol of QDs was injected subcutaneously into the
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Figure 3. NIR fluorescence imaging of the RALN 15 min (left) and 7 days (right)
after subcutaneous injection of 20 pmol micelle encapsulated QDs (66%
DPPEPEG2000-Me/33% DPPEPEG2000-COOH) into the right anterior paw.

distal part of the right anterior paw of healthy mice.
NIR fluorescence imaging was performed using a 690
nm laser excitation and a CCD camera with 10 ms inte-
gration time. The two regional LNs corresponding to
right axillary LN (RALN) could be easily visualized as
early as a few minutes after injection and for more than
7 days thanks to rapid QD migration and accumulation
(Figure 3), similarly to what has been previously re-
ported with CdTe-based QDs.23233 The right lateral tho-
racic LN (RLTLN) could also be visualized (Figure S4,
Supporting Information). Similar images are obtained
using QDs cap-exchanged with DHLAPEG1000 ligands
(Figure S5). The ratio of RALN fluorescence signal over
the autofluorescence at 24 h after injection is repre-
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Figure 4. Ratio of the RALN NIR fluorescence signal at 24 h post-
injection vs autofluorescence background plotted as a function of the
CulnS,/ZnS QD injected dose (dashed line is the corresponding linear
regression). The solid line represents the autofluorescence back-
ground, and the dotted line represents the autofluorescence back-
ground plus three times the pixel-to-pixel standard deviation.
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sented in Figure 4 as a function of the injected
QD quantity. The signal detected is directly pro-
portional to the injected dose, and we estimate
that the limit of detectability corresponds to a 2
pmol injected dose, for which the signal (S) to au-
tofluorescence background (B) ratio is over B +
30, where o is the average pixel-to-pixel stan-
dard deviation.

QD-Induced Lymph Node Inflammation. We have
shown in a previous study of regional LN imag-
ing using QDs that QDs injected subcutaneously
accumulated preferentially at the injection point
and in the two regional LNs with concentrations
typically at least 10 times higher than in other or-
gans, even after more than a week post-
injection.®® It is therefore likely that these
organs will be more sensitive toward acute QD
toxicity. Indeed, we observed that injection of 20
pmol of CdTeSe/CdZnS QDs in the right anterior
paw induced an immune response revealed by
an inflammation of the two regional LNs. This in-
flammation is a reflection of the acute local tox-
icity of CdTeSe/CdZnS QDs and represents a serious ob-
stacle to potential clinical applications, even though
no signs of abnormal motivity behavior were noticed
and no signs of dehydratation were registered in in-
jected mice.* We attributed this toxicity to the degra-
dation of the QDs in vivo and the release of toxic heavy
metal ions such as Cd and Te, in agreement with previ-
ous studies of QD toxicity.”'® Here we compare the
acute toxicity of CdTeSe/CdZnS and CulnS,/ZnS QDs
used for regional LN imaging. We note that both QD
batches display similar imaging performance due to
similar extinction coefficients at our excitation wave-
length (~5—6 X 10° M~" cm~" at 690 nm for these
CulnS,/ZnS and CdTeSe/CdZnS QD batches), quantum
yields (~20—30%), and hydrodynamic sizes (~20—22
nm)).

Both QD batches were encapsulated in functional-
ized phospholipid micelles (33% PEG2000-COOH; 66%
PEG2000) and purified by ultracentrifugation (see Mate-
rials and Methods section). Twenty microliters of QD so-
lution prepared with various dilutions were injected
subcutaneously in the right anterior paw of mice. The
weights of the RALN and RLTLN dissected 7 days after
injection are reported in Figure 5 for both QD batches
and compared to controls (mice injected with the same
volume of saline solution). The QD concentration in
the LNs was proportional to the quantity injected as in-
dicated by elemental ICP-MS analysis, meaning that
there was no saturation in QD uptake in the concentra-
tion range studied here. The percentage of the total in-
jected dose (% ID) captured by the RALN after 7 days
is slightly larger for CulnS,/ZnS QDs (typically 4% ID; see
Figure S6, Supporting Information) than for CdTeSe/
CdZnS (typically 1.5% ID; see ref 33). We note for both
QD batches a clear dose-dependent increase in weight
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of the RALNSs, reflecting the increasing toxicity of the
QDs. However, there is a clear difference in toxicity be-
tween the two batches. An inflammation is already
clearly noticed for 10 pmol of injected CdTeSe/CdZnS
QDs with a significant increase of RALN weight (aver-
age RALN weight 5.35 = 0.86 mg vs 2.88 = 0.25 mg for
controls; p < 0.01). In contrast, the same level of inflam-
mation is reached for an injection of 100 pmol of
CulnS,/ZnS (average RALN weight 5.77 = 1.19 mg;

p < 0.01). The same influence of QD composition is ob-
served in the RLTLN, another regional LN capturing
typically 1% ID; no significant inflammation is observed
in this LN for injections of up to 100 pmol of CulnS,/
ZnS, while an injection of 10 pmol of CdTeSe/CdZnS in-
duces a significant increase in RLTLN weight compared
to control (3.43 £ 0.61 mg vs 2.33 = 0.41 mg; p < 0.05).
Histological sections of RALNs dissected 7 days post-
injection are presented in Figure 6. The RALN of mice in-
jected with 20 pmol of CulnS,/ZnS showed no appre-
ciable difference with control LNs, whereas the RALN of
mice injected with the same dose of CdTeSe/CdZnS
QDs clearly showed inflammation sites (light areas).
These signs of inflammation included numerous poly-
nuclears, some histiocytes, and vacuoles of digestion in
studied areas (data not shown).

Several studies have shown that acute CdSe QD tox-
icity in cell cultures originated mainly from release of
Cd?* ions and depended on many factors including QD
size, presence of inorganic shell, and nature of the or-
ganic capping layer.> ' In contrast, there has been

Control

1 mm

20 pmol CulnS,/ZnS

much less studies of in vivo QD toxicity. The majority
of studies showed an accumulation of injected QD into
reticuloendothelial system organs (liver, spleen, LNs)
over long periods (several months or years) without
elimination,” 193 except for small QDs coated with
specific surface chemistry.>® This long-term sequestra-
tion will eventually lead to the degradation of the or-
ganic capping layer and to a slow release of the QD in-
organic material.3* The clear difference in toxicity
between CulnS,/ZnS and CdTeSe/CdZnS observed in
our work indicates that some of the inorganic material
may also be released on short time scales (a few days).
Even with more robust surface chemistries able to slow
the release of metal ions, concentrations of Cd?* ions
are likely to eventually build up in targeted organs
given the long metabolic lifetime of QDs and Cd**
ions.>* Clinical applications will therefore require QDs
that do not contain toxic heavy metal.

Overall, CulnS, QDs display many advantages over
other semiconductor nanocrystals, such as, for example,
II=VI, IV=VI, or lllI—V semiconductors, in that they pro-
vide QDs emitting in the visible and NIR range without
toxic elements and can be efficiently protected from
oxidation by thick ZnS shells thanks to similar lattice pa-
rameters. Optimization of the synthetic procedures for
core and shell growth should further improve the opti-
cal and structural quality of these nanocrystals (mono-
dispersity of the core and core—shell QD populations,
improved PL QY). CulnS,/ZnS nanocrystals appear to
present a much reduced in vivo local acute toxicity com-

20 pmol CdTeSe/CdZnS

Figure 6. Histological sections of the RALNSs resected 7 days post-injection for mice injected with a saline buffer solution
(control), 20 pmol of CulnS,/ZnS QDs, and 20 pmol of CdTeSe/CdZnS QDs. The black arrows indicate inflammation sites (light

areas). The scale bar corresponds to T mm.
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pared to CdTeSe/CdZnS QDs. Interestingly, we note
that the minimal dose of CulnS,/ZnS QDs required to
detect the RALN (2 pmol) is about 50 times smaller than
the onset of RALN inflammation. Further work will be
needed to study long-term toxicity effects after several

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich and used
without further purification, unless indicated otherwise.

QD Synthesis. Bis(N-hexyldithiocarbamate) zinc (Zn(NHDC),)
was prepared according to previously reported procedures.3®
To obtain core QDs emitting at around 800 nm, 0.2 mmol of
Cudl, 0.2 mmol of InCl;, 2 mL of trioctylphosphine (TOP), 2 mL
of oleylamine, and 10 mL of octadecene (ODE) were mixed in a
three-neck flask and degassed under vacuum at 70 °C for 20 min.
This solution was then placed under argon atmosphere and
heated to 190 °C. A solution of 0.2 mmol of Zn(NHDC), dispersed
in 1 mL of TOP was swiftly injected into the flask. The mixture
was kept at 190 °C for 10 min and then cooled to room temper-
ature. These core nanocrystals were purified by precipitation in
ethanol and acetone and resuspended in 9 mL of hexane and 1
mL of TOP. QDs with different emission wavelengths could be
obtained by adding different amount of ZnCl, (0.2—1 mmol)
along with the Cu and In salts.

QDs emitting at bluer wavelengths were synthesized by the
same procedures with slight modifications. Examples of PL spec-
tra for different QDs are shown in the left panel of Figure 1.
These QDs were synthesized using the following modifications
of the above procedure: (i) 0.1 mmol of CuCl; 0.1 mmol of InCls,
and 0.6 mmol of ZnCl; in the flask before injection (emission
~580 nm); (ii) 0.2 mmol of CuCl, 0.2 mmol of InCl;, and 0.5 mmol
of ZnCl, in the flask before injection, 2 min growth time (emis-
sion ~650 nm); (iii) 0.2 mmol of CuCl, 0.2 mmol of InCl;, and 0.5
mmol of ZnCl, in the flask before injection 10 min growth time
(emission ~700 nm); (iv) 0.2 mmol of CuCl, 0.2 mmol of InCls, no
ZnCl,. The reaction temperature was set to 170 °C instead of
190 °C (emission ~750 nm).

Growth of the ZnS shell was performed as follows: 2 mL of
core QD solution prepared as described above was mixed with
10 mL of ODE and 2 mL of oleic acid. The solution was degassed
under vacuum at 70 °C for 30 min then heated at 230 °C under ar-
gon. A solution of 0.2 mmol Zn(NHDC), and 0.6 mmol zinc stear-
ate in 1 mL of TOP, 1 mL of oleylamine, and 8 mL of ODE was in-
jected dropwise in 20 min. The resulting QDs were then purified
after cooling by precipitation in ethanol and acetone and resus-
pended in hexane.

CdTeSe/CdZnS QDs were synthesized following previously
published protocols.>” The resulting QDs were emitting at 800
nm with a CdZnS shell thickness of typically ~1—1.5 nm.

QD Characterization. Photoluminescence and photolumines-
cence excitation spectra were acquired using a Fluoromax-3 flu-
orimeter (Jobin Yvon, Horiba). Photoluminescence quantum
yields were measured using indocyanine green (ICG) as a stan-
dard (13% in DMSO). Optical densities (OD) of QD and dye stan-
dard solutions were measured using a Cary-5E UV —vis spectro-
photometer (Varian, Les Ulis, France), and the QYs were obtained
following

2
ODy Nop

Yoo = QYgyems—
Q QD Q dyeODQD ndyez

Transmission electron microscopy (TEM) images were acquired
on a JEOL 2010 field electron gun microscope. Elemental analy-
sis was performed by energy-dispersive X-ray spectroscopy (EDS)
on a Hitachi S-3600N scanning electron microscope. X-ray dif-
fraction patterns were acquired using a Philips X'Pert diffracto-
meter with a Cu Ka source.

QD Solubilization in Water. The core/shell QDs could be trans-
ferred into water either by ligand exchange with dihydrolipoic
acid/polyethylene glycol 1000 (DHLAPEG1000) or by micelle en-

) VOL. 4 = NO.5 = PONS ET AL

months or several years post-injection, but we expect
that CulnS,/ZnS will be confirmed as a much less toxic
alternative to Il—VI or IV—VI materials and will find
many applications for in vivo biomedical imaging where
toxic heavy metals cannot be tolerated.

capsulation: DHLAPEG1000 ligands were prepared according to
previously published protocols.® One hundred microliters of as-
prepared core—shell QDs was precipitated in ethanol and resus-
pended in 300 pL of chloroform and 100 mg of DHLAPEG1000.
The solution was kept at 60 °C overnight. The QDs were then pre-
cipitated in an ethanol/hexane mixture, resuspended in water,
and purified by membrane ultrafiltration (2 cycles of centrifuga-
tion in Vivaspin 10 kDa, Sartorius).

Micelle encapsulation was performed according to previ-
ously published protocols.3®*' Typically, 100 wL of core/shell
nanocrystals prepared as indicated above was washed with two
cycles of precipitation in ethanol and resuspension in hexane
and finally resuspended in 100 p.L of choloroform. The QDs were
then mixed with 200 p.L of DPPE-PEG2000-Me (dipalmitoyl phos-
photidylethanolamine polyethyelene glycol 2000 methyl ether,
Novalyst, France) phospholipid solution at 20 mg/mL in chloro-
form, 200 pL of DPPE-PEG2000-COOH (Novalyst, France) at 10
mg/mL, and 1 mL of deionized water. The chloroform was evapo-
rated by heating at 80 °C, yielding a limpid solution. These water-
soluble QDs were then purified by ultracentrifugation following
previously published protocols.3%3!

Animals. Ten to 12 week old female balb/c mice (Balb/cO-
laHsd) (Harlan, Gannat, France) weighing from 18 to 22 g were
used in these experiments. Mice were kept in 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) was used to reduce tis-
sue autofluorescence in the NIR spectral region. The animals re-
ceived care in accordance with established guidelines of FELASA
(Federation of European Laboratory Animal Science Associa-
tions), and animal procedures were performed in compliance
with institutional and national guidelines. All experiments were
performed under anesthesia using intraperitoneal injection of
0.01 mL/g of body weight of a solution containing 9 mg/mL of
ketamine (Ketalar, Panpharma, Fougeéres, France) and 0.9 mg/mL
of xylazine (Rompun, Bayer Pharma, Puteaux, France).

QD Administration. Control mice were injected subcutaneously
in the distal part of the right anterior paw with 20 pL of PBS,
and for experimental groups, 20 pL of different solutions of Cd-
TeSe/CdZnS QD (1, 0.5, and 0.25 uM corresponding to 20, 10,
and 5 pmol, respectively) and CulnS,/ZnS QD (5, 3.75, 2.5, 1, 0.5,
0.25, 0.1, and 0.05 wM corresponding to 100, 75, 50, 20, 10, 5, 2,
and 1 pmol, respectively) was administrated by the same way.
After product delivery, the right paw was kneaded to improve
product migration.

In Vivo Near-Infrared Fluorescence Imaging. /n vivo optical imaging
of QDs was performed using a Fluobeam 700 NIR imaging sys-
tem (Fluoptics, Grenoble, France). The power density of laser ir-
radiation on tissue was 7 mW/cm?, The regions of interest (ROIs)
were depilated using a commercial hair-removal cream before
imaging. The CCD camera shows the specificity to adjust the
fluorescence signal on the pixel which presents the strongest
fluorescence intensity. Thus, the injection point of QDs was hid-
den, allowing a better ROIs visualization.

Detection Limit of CulnS,/ZnS QDs in Regional Lymph Nodes. Mice were
injected subcutaenously with 10, 5, 2, and 1 pmol of CulnS,/
ZnS QD (n = 1 per group). In vivo fluorescence of RALNs and
RLTLNs was recorded at 5 and 60 min at 24 h and 7 days post-
injection.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). A Varian 820
MS instrument (Varian, Les Ulis, France) was used for quantifica-
tion of QD concentration in organs and in solution by ICP-MS. All
biological samples were completely dissolved with 70% HNO;
and heated at 90 °C until total mineralization. Each mineralized
sample was solubilized in 25 mL of Milli-Q water (resistivity >18.2
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MQ) and analyzed by ICP-MS at the Laboratoire Environnement-
Hygiéne of ASCAL (Forbach, France). The ICP-MS instrument
was initialized, optimized, and standardized using the manufac-
turer’'s recommendations. The limit of indium quantification was
50 ng/mL. Five samples of T mL of CulnS,/ZnS QD solutions at
20 nM (20 pmol) have been analyzed in the same conditions, pre-
viously described, to correlate indium and QD concentrations.
After fluorescence imaging of mice for up to 7 days and their sac-
rifice by cervical dislocation, four groups of animals (n = 3 per
group) were used to quantify indium in the two regional LNs af-
ter their resection: three experimental groups were injected
with 100, 50, and 20 pmol of QDs, and one control group re-
ceived PBS. All removed samples were weighed and stored at
—80 °C prior to elemental analysis. All data are represented as
mean = SD (standard deviation).

Histology of Lymph Nodes Section. Mice received CdTeSe/CdZnS
QDs (20, 10, and 5 pmol) and CulnS,/ZnS QDs (100, 75, 50, and
20 pmol) and were sacrificed 7 days post-injection (n = 6 per
group for CdTeSe/CdZnS QDs and n = 3 for CulnS,/ZnS QDs).
RALNs and RLTLNs were removed and weighed for histological
analysis. All tissues were fixed in 10% formaldehyde, 5 pm sec-
tions of LNs were prepared, and hematoxylin and eosin (H&E)
staining was performed and examined to visualize inflamma-
tory changes.
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