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infrared QDs. We present the recent developments in the synthesis of novel QD materials and their different in
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1. Introduction
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method for diagnosis and patient treatment. In spite of these great
advantages, biomedical optics is strongly limited because photons are
scattered and absorbed very efficiently by the tissues. The penetration
depth of photons inside a tissue depends strongly on the type of tissue
[1], but most importantly, it depends on the wavelength, \, of the photon
used. Scattering decreases proportionally to N ~?, where a depends on
the tissue composition. Absorption is minimal between 700 nm and
1300 nm. Before 700 nm various proteins such as hemoglobin absorb
strongly, while after 1300 nm water absorption becomes dominant.
This spectral range is usually separated into two distinct NIR windows
[1,2]. The first and most commonly used near infrared (NIR) optical
window of optimal transparency lies in the range of 700-950 nm. The
other NIR window extends from 1000 nm to 1300 nm and is often
referred to as the second optical window for in vivo imaging. However,
there have been so far few biocompatible fluorophores emitting in this
region. In these NIR regions, the photons can be detected at much great-
er tissue thicknesses, and observation can be performed at greater
depth. Excitation and/or emission in the NIR window result in lower
background fluorescence, lower signal loss and thus greater signal/
background ratio. Unfortunately, the eye sensibility decreases abruptly
after 700 nm, so that NIR photons are badly—if at all—detected by the
human eye in the NIR window.

Recent technological developments have helped triggered a renewed
interest in biomedical optics. These developments include cheap NIR
photon sources such as laser diodes in the NIR, cheaper and efficient
NIR detector, as well as novel NIR probes.

The review we present here is dedicated to the recent development
of NIR emitting semiconductor nano-particles known as quantum dots
(QDs), and their applications in biomedical imaging, with an emphasis
on the design of optimal NIR emitting QDs. Because biomedical optics
is rapid, portable and cheap, we expect that it will expand greatly in
the next few years, especially if bright, stable, NIR emitting probes
with low toxicity can be synthesized.

We can distinguish two classes of NIR emitting probes: organic and
inorganic ones [3]. The NIR organic probes are the oldest and some of
them (indocyanine green, methylene blue) have been validated by the
US Food and Drug Administration (FDA) for use in vivo. NIR organic
dyes suffer however from important limitations in terms of optical
properties: their fluorescence quantum yield is low, they photobleach
rapidly, and the possible emission wavelengths are limited to the high
energy range of the NIR window (700-900 nm). Recently, certain of
these limitations have been circumvented thanks to the encapsulation
of the organic dyes in small beads such as lipoproteins nanoparticles [4],
calcium phosphate nanoparticles [5-7], or dye doped silica nanoparticles
[8-10].

Inorganic NIR emitting probes include QDs and up-converted
nanoparticles. Metallic nanoparticles [11] and nanoshells [12] can be
good NIR absorbing probes but, except from few recent examples [13],
are usually not fluorescent in the NIR and will not be discussed here.

QDs are semiconductor particles with sizes that range from 2 nm
to ~10 nm. As in the case of QDs emitting in the visible, the emission
wavelength of the NIR QDs can easily be tuned between 650 nm and
1250 nm by changing their size or their composition. The notable
optical properties of the NIR QDs are: i) good resistance to photobleaching
(this is especially true when core/shell structures can be synthesized), ii)
large absorption cross section, iii) Gaussian emission profiles with full
widths at half maximum (FWHM) that can be as narrow as 40 nm [14],
iv) fluorescence lifetime in general larger than 100 ns, v) good quantum
yield that can be as large as 50%, and v) fluorescence emission with a large
Stokes shift. These properties make the NIR QDs attractive compared to
organic NIR probes [15].

In general, QDs are excited using one photon excitation, but they can
also be excited using two photon (2P) absorption, a process with the
simultaneous absorption of two photons exciting a transition at twice
the energy of the incident photons. Their large two photon absorption
cross section, compared to organic dyes, makes them very interesting

probes for 2P excitation [16]. This type of excitation is interesting
because it can be done in the NIR window and because it provides intrin-
sic three-dimensional confinement of the excitation inside a micrometer
volume. It is thus well adapted to depths smaller than typically
400-500 um [17].

Recently, another type of multi-photon absorbing probes has been
evidenced with the lanthanide doped nanoparticles that can upconvert
low energy NIR radiation into higher energy visible luminescence [18].
The luminescence of these up-converted nanoparticles is based on
sequential energy transfers between lanthanide dopants or excited
state absorption involving their metastable-excited states with life-
times as long as several milliseconds. This process is orders of magni-
tude more efficient than the 2-photon absorption process typically
used in 2P microscopy.

In depth fluorescence detection with greater signal/background
ratio can also be performed using fluorescent probes that do not
need to be excited with light when they are in the tissue. These
probes can be excited by luciferase [19] through energy transfer, or
when they have long fluorescence lifetime, they can be first excited
in vitro, injected, and detected at later time [20].

2. QD synthesis

Several recent comprehensive reviews have already discussed the
synthesis and the applications of NIR QDs [21-24], and the reader is
encouraged to read these references for detailed discussion of the vari-
ous synthesis protocols used. In the present review, we have chosen to
focus on the design issues necessary to obtain the ideal NIR emitting
QDs as well as the strategies currently available to fulfill them.

The main parameters that have to be taken into consideration when
designing a NIR emitting QD are: i) the excitation and the emission
wavelengths, ii) the toxicity of the elements the QD is made of, iii) the
ability to transfer the probe into water, and to modify its surface chem-
istry without losing the QD fluorescence, iv) the brightness of the probe,
i.e. its quantum yield, its absorption cross-section, its lifetime, its resis-
tance to photobleaching, and v) the QD size.

Ideally, a NIR QD has an emission wavelength in the NIR window,
where they may also be efficiently excited. It should be non toxic.
However, the QD toxicity is a complex issue, as it strongly depends on
its composition and on its surface chemistry, which determines its
biodistribution. While QDs based on heavy metals may be used for
short term imaging in the small animal, long term studies should use
less toxic QD compositions to avoid possible side effects. This require-
ment naturally becomes a non sufficient, but absolutely necessary con-
dition for eventual future clinical applications.

It should also be bright, although this notion is not easy to optimize
and depends strongly on the type of excitation and detection that is
performed. For continuous excitation, a shorter fluorescence lifetime
is preferable since it ultimately limits the rate of fluorescence photons
from the QD when excited at its saturation level. In contrast, a longer
fluorescence lifetime is more advantageous in pulsed excitation/
time-gated detection schemes, where the fluorescence is recorded
during a specific time window after each excitation pulse. This allows
the selective detection of late fluorescence photons emitted by long life-
time (hundreds of nanoseconds) QDs while rejecting early photons
emitted by short lifetime (few ns) endogenous fluorophores. The QD
size should be as small as possible since small sizes are optimal for
renal clearance [25], although for some applications, larger sizes are
desirable (see below).

Another important point yet needs to be considered in the design of
a NIR emitting QD for bio-imaging. It is the robustness of its fluores-
cence emission in time, when excited (resistance to photobleaching),
or when its surface chemistry is altered. Surface chemistry modifica-
tions can simply result from aging of the QDs under ambient conditions.
Water and/or oxygen can bind to the QD surface and modify its fluores-
cence [26]. Further, to make the QD water soluble, surface chemical
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modifications need to be performed. These modifications often degrade
the fluorescence quantum yield of the QDs. The most efficient strategy
found so far to preserve a good fluorescence is to grow a shell on the
QD [27]. Such a shell needs to have a large bandgap to prevent the elec-
tron and the hole to reach the surface (type I). Ideally, this shell should
be grown epitaxially to prevent cracks and charge leaks. While shell
thickness is not critical, few monolayers are usually necessary to pre-
serve a good fluorescence after ligand exchange.

It is however not easy to grow epitaxially a shell on a nanostruc-
ture. There are two major issues. The first one is the difference of
the lattice constant parameters between the core and the shell. Lat-
tice mismatch between the core and the shell results in pressure
that can reach 4 GPa [28]. Such high pressure can induce crystal
structure change, or defect formations in the core, the shell or both.
When the lattice mismatch is too high, gradient composition between
the core and the shell can be designed so that the constraints can be
slightly relaxed and shells grown with fewer defects. The second
major issue when growing a shell on a QD core is to prevent diffusion
of the anion and/or the cation into the core during the shell growth
that is usually performed at high temperature (>200 °C). Such diffu-
sion can change drastically the emission wavelength of the QDs, and
its surface can fail to be correctly passivated by the shell. ZnS repre-
sents the archetypical shell material, due to its good resistance to
oxidation and to the position of its bandgap conveniently enclosing
that of most NIR emitting QDs.

The emission wavelengths of a NIR QDs can be easily tuned by
changing their composition (Table 1).

2.1. Group IV (Si, Ge, C)

Group IV nanocrystal quantum dots are composed of only one ele-
ment, Si, Ge or C. These semiconductors play a major role in electronics,
and the synthesis of the corresponding QDs has been attracting increas-
ing interest and effort [42,43]. Their PL emission may originate from
either band edge or defect states.

Various synthetic routes have been developed to obtain Si QDs, such
as electrochemical etching, laser ablation, mechanical milling and plas-
ma synthesis [42]. Recent synthesis schemes reported 800 nm-emitting
Si QDs with quantum yields up to 60-70% in organic solvents however
these QDs were unstable in water [44,45]. The surface of Si QDs is usu-
ally stabilized with appropriate covalently bound organic ligands, and
the resulting NIR-emitting QDs reach a quantum yield of 5-20% after
solubilization in water [30,46,47]. Alternatively, luminescent porous
Si nanoparticles, with overall diameters of ~130 nm and inner pores
~5-10 nm, were prepared by electrochemical etching [48]. These parti-
cles emitted in the 700-900 nm window with 10% quantum yields.
Interestingly, the authors demonstrated that these porous particles

Table 1

Water soluble NIR emitting quantum dots of various materials with their emission
range and their quantum yield. We limited this table to NIR emitting QDs that have
been solubilized in water. Only one or two representative examples for each material
are given.

Emission range Full width half Quantum yield

maximum in water
C[29] 650-700 nm ~100 nm N.A.
Si [30] 650-700 nm >100 nm 5%
CdSeTe/CdZnS [31] 650-800 nm <100 nm 25-30%
CdTe/CdSe/ZnSe [32] 900-1000 nm >100 nm 50%
CdTe/CdS [33] 650-800 nm <100 nm up to 70%
CdTe/CdSe [34] 840-860 nm 90 nm 13%
CulnS,/ZnS [35,36] 650-820 nm ~100 nm ~30%
CulnSey/ZnS [37] 700-1050 nm >100 nm ~20%
InAs/ZnCdS [38] 700-800 nm 80 nm 25%
InAs/ZnS [39] 750 nm <100 nm 10-20%
InP/ZnS [40] 650-740 nm 150 nm 15%
PbS/CdS [41] 1250 nm ~150 nm 30%

could be loaded with drugs, and that they progressively degraded and
dissolved in vivo into soluble silicic acid, followed by fast excretion
(see Fig. 1). However these QDs could only be excited in the visible
region, which could limit the available imaging depth [46].

Germanium QDs have been synthesized in solution [49,50] or by dis-
solution of processed sol-gel glasses [51], with peak emission wave-
lengths ranging from ~800 to ~1200 nm and quantum yields varying
from 0.05% to 8% depending on the size and the synthetic scheme.
They therefore offer a broader NIR emission range but no core/shell
structure has been reported on Ge QDs yet and they remain very sensi-
tive to oxidation. These QDs have thus not been transferred into water
for biological imaging purposes.

Finally, diamond nanoparticles have a very wide bandgap, however
defect states may fluorescence in the visible or the NIR region. For
example, Si and Ni-N defects provide PL emission lines in the 700-
800 nm region [52,53]. However these nanodiamonds cannot be excit-
ed in the near infrared region and their surface functionalization for
biological imaging raises challenges that delay their application for
bioimaging.

NIR QDs containing two elements are so far the most widely synthe-
sized. We will review rapidly their properties according to the cation
they contain: Ag, Cd, Pb or In.

2.2. Group I-VI (AgS, Ag»Se, AgoTe)

Ag,S, Ag,Se, and Ag,Te QDs have only recently been synthesized.
The group of D. Norris has shown that these nanoparticles can be eas-
ily synthesized using classical methods, but their study does not
report on the photoluminescence properties of these nanoparticles
[54]. Another study used a silylamide promoted synthesis to obtain
Ag,E (E=S, Se, Te) QDs. These QDs have detectable fluorescence emis-
sion, but their quantum yield remains low (few %) even after the
growth of ZnSe shells. The emission wavelength of these nanoparticles
can be tuned across the NIR window [55], but the FWHM of their
emission spectra is very large (>200 nm). The lifetimes reported so
far are a bit longer than 100 ns. Finally, matchstick-shaped Ag,S-ZnS
heteronanostructures have recently been synthesized with both UV and
NIR emission at 1155 nm, however no fluorescence quantum yield was
measured [56].

2.3. Groups II-VI and II3-V,

CdSe and CdTe nanoparticles are limited to the high energy part of
the NIR window (up to ~700 nm for CdSe [57] and ~800 nm for CdTe
[58]). These nanoparticles can have an emission spectra with narrow
FHWM (30 nm), short lifetime (few tens of ns), and quantum yield
that strongly depend on their surface state. Even though their synthe-
ses are well documented [59], cadmium based NIR nanoparticles are
still the subject of active research.

The synthesis of core/shell structures with CdSe or CdTe cores
requires some special care. An ideal shell material for these two types
of core in terms of band alignment and resistance to photobleaching
would be ZnS. However, the lattice mismatch between CdSe (14%) and
CdTe (17%) prevents the formation of thick shells (more than 2 mono-
layers), and strategies usually based on the use of composition gradient,
or intermediate materials, between the core and the shell, are used to
build adapted core shell structures as in the case of CdSeTe/CdZnS [31].

Wave function engineering can be used to obtain core/shell NIR
emitting QDs. The idea here is to use semiconductor materials for
the core and the shell such that the electron and the hole are mostly
localized in different parts of the nanoparticle. These QDs are called
type II QDs. The first example of such NIR emitting QDs is the
CdTe/CdSe QD, where the electron is mostly localized in the shell
while the hole is mostly confined in the core [34]. This wave func-
tion engineering with the charges localized in different parts of
the QD results in reduced confinement of the charge carriers, and thus
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Fig. 1. Structure, degradation process and optical spectra of NIR emitting porous silicon nanoparticles.
Reproduced with permission from Macmillan Publishers Ltd: Nature Materials [48] copyright (2009).

longer emission wavelengths. The reduction of the wave-function
overlap also results in longer fluorescence lifetimes. Several core/shell
structures with bandgap alignment resulting in longer emission wave-
length have been synthesized since [60], and core/shell structures of
type Il/type I QDs that can be transferred into water have been synthe-
sized [32]. A refinement of type Il QDs is the use of lattice strain to fine
tune the band alignment between the core and the shell. The epitaxial
growth of a compressive shell onto a soft nano-crystalline core could
induce a switch between a standard type-I QD and a type-II QD [14].
This method has the advantage to give NIR emitting QDs with high
quantum yield, and emissions with a narrow (~40 nm) full width half
maximum.

An extension of the type II QDs is the nanoparticle, composed of a
gradient in the QD itself, usually at the interface between the core and
the shell. Such composition gradient gives access to various core/shell
structures that would be hard to grow otherwise because of the often
large lattice mismatch between the core and the shell [31]. Composi-
tion gradient can also be obtained after synthesis using cation exchanges
[61].

Recently, CdsP, [62,63] and CdsAs, [64] QDs with emission in the
full NIR window have been synthesized. These QDs can have quantum
yields higher than 30% after the synthesis but, as most NIR QDs, this
value drops dramatically after few days in ambient conditions [64].
The FWHM of these QDs increases with particle size from 80 nm to
150 nm. These materials would benefit from the addition of a shell
so that they can be used for biomedical imaging.

2.4. Group IV-VI (PbS, PbSe)

PbS, PbSe and PbTe nanoparticles are probably the oldest NIR absorb-
ing QDs synthesized [65]. These materials have very small bandgaps
<0.5 eV, but large Bohr radii, 20 nm for PbS, 46 nm for PbSe [66]. As a
consequence, their emission spectra can be easily tuned in the middle
and the low energy part (infrared) of the NIR window. The quantum
yield of these QDs varies greatly according to their synthesis. Recent syn-
thesis optimization has led to air stable PbS nanoparticles with excellent
quantum yields (up to 90%) [67]. The FWHM of these QDs depends on
their size but is in general very large (>100 nm). Their fluorescence life-
time is long, and often close to the microsecond [68]. The fluorescence
stability of PbS and PbSe nanoparticles can be greatly enhanced using
core/shell structures such as PbSe/CdSe/ZnS and PbS/CdS [69]. The quan-
tum yield of these structures remains high (~20-30%) even after transfer
into water [41]. The FWHM of their emission is still large (>200 nm).

2.5. Group IlI-V (InP, InAs)
As for the QDs containing indium, they have first been synthesized

more than 15 years ago both as InP [70,71] and as InAs QDs [72]. InP
QDs have triggered a great deal of attention since the InP bandgap is

1.35 eV (~920 nm), so that large InP QDs can reach the high energy
part of the NIR window, but more importantly, the compounds these
QDs are made of are expected to be less toxic than other heavy metals.
Core/shell InP/ZnS nanoparticles have been synthesized [73] and recent
optimization yielded stable water soluble InP/ZnS NCs with quantum
yield around 15% [40]. Longer wavelength can be reached with InAs
QDs. The InAs bandgap is 0.53 eV (>3 pm), and the first InAs QDs syn-
thesized [70] cover the whole NIR window. Different kinds of shell have
been grown on InAs cores. The first shells were based on the selenides,
specifically ZnSe and CdSe [74-76], but selenium is prone to oxidation,
and air stable sulfides have subsequently been used. ZnS [39,77] has a
high lattice mismatch (10.7%) with InAs and ZnS shells are thus difficult
to grow. Recently, CdS and ZnCdS shells have been synthesized on InAs
cores yielding QDs that are stable in air and can be transferred into
water using ligand exchange. These QDs retain high quantum yield
(25%) once in water [38]. They have been synthesized only for the
high energy part of the NIR window (700-800 nm), but longer wave-
length should easily be accessible with larger core sizes. The FWHM of
these samples is quite narrow (<100 nm).

2.6. Group I-III-VI, (CulnS,, CulnSe,, AgInSes)

Ternary QDs have recently emerged as a new class of NIR emitters.
As for the QDs containing Ag, the development of these materials was
motivated by the need to synthesize NIR QDs with elements that are
available in large quantities and with reduced toxicity [35]. Examples
of ternary NIR QDs are CulnS,, CulnSe,, and AgInSe,. We discuss below
the properties of these QDs since they have only been recently applied
to biological imaging and have therefore not been covered by previous
reviews.

The recent renewed interest for the synthesis I-11I-VI, nanoparticles
comes from the fields of both photovoltaics and biomedical imaging.
NCs with a wide range of sizes have been synthesized for both CulnS,
and CulnSe, [35-37,78-83]. The Bohr radii of CulnS, and CulnSe, are
respectively 3.9-4.1 nm and 5.43 nm, and the bandgap energies are
respectively 1.45-1.53 eV and 1.04 eV. In CulnS, and CulnSe, structure,
the ratio In/Cu is one, on average, and the negative charges of the S or Se
(—1II) anions compensate the positive charges of the cations In (+1II)
and Cu (+1). However, the Cu-In-S/Se materials are well known to
present a large variety of Cu/In ratios [37,78,84,85], because of the
stability of various pairs of defects [85]. For example, indium-rich
nanocrystals are obtained when 2 copper vacancies are combined
with the substitution of one indium on a copper site (In; +2Vc,)
and copper-rich NCs are obtained when one indium is substituted
with two coppers, and one copper is substituted with one indium
(2CuZ~ +In&). Thus, stable In- or Cu-rich Cu-In-S/Se NCs can be syn-
thesized. Nanoparticles that have higher In/Cu ratio have larger bandgap
energy and all wavelengths from green-yellow to NIR (~810 nm for
CulnS; and ~1190 nm for CulnSe,) can be obtained using various NC
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sizes and compositions (Fig. 2) [35-37,78,80,81,83,84,86]. It is interesting
to note that bigger particles (>5 nm) are less fluorescent than smaller
ones, because the number of internal defects scales with the volume of
the particles. As a consequence, for a given emission wavelength, it can
be preferable to use smaller Cu-In-Se particles than larger Cu-In-S [37].

When the In and Cu cations alternate periodically in the crystal
lattice, CulnS; and CulnSe; NCs have a chalcopyrite crystal structure.
In contrast, when the cations are randomly positioned in the crystal,
the structure is sphalerite (zinc blende). The I-IlI-VI, NCs have usual-
ly tetrahedral or spherical shape, depending on the synthesis used, al-
though other shapes have been synthesized but no fluorescence
emission was reported for these NCs. Prasad et al. [87] have reported
the synthesis of fluorescent Cu-In-S/ZnS NCs in the anisotropic
wurtzite structure. This paves the way to the design of QDs with an-
isotropic shapes (rods, plates...) and special optical properties (e.g.
polarized emission).

The absorption spectra of I-1lI-VI, NCs do not display excitonic
structure (Fig. 2e) because the NC dispersion in size and composition
is too important. The PL spectra are broad (full width at half maxi-
mum: 100-150 nm). This width was attributed to the large NC disper-
sion in size and composition along with the recombination of the
exciton with defect levels inside the nanoparticles [37,79,84,88]. Exciton
recombination at defect sites also results in emission at lower energy,
which can result in emission at wavelengths higher than for the bulk
material, see Fig. 2a, and longer fluorescence lifetime (few hundred
nanoseconds).

To improve the robustness of the optical properties of the I-IlI-VI,
NCs, core/shell structures have been synthesized with shells of zinc
sulfide [35-37,84,87-89]. Zinc sulfide has a large bandgap (3.61 eV)
that provides a type I-alignment with CulnS, and CulnSe, cores,
does not contain heavy metals, is stable against oxidation and has a
small lattice mismatch with the core material (2% with CulnS, and
7% with CulnSe;), so that epitaxial growth of several monolayers is
possible.

Although very favorable in principle, the growth of a ZnS shell on
[-11I-VI cores turns out to be difficult in large part because of the easy
diffusion of the small Zn?" cation into the core against its reactivity.
ZnS shells can eventually be grown if more reactive precursors are
used and if the shell is grown at lower temperatures (<200 °C).
However, at this time, only few monolayers of pure ZnS shell have
been reported in the literature. After the growth of a ZnS shell, the
NC fluorescence quantum yield (QY) increases to a maximum of
60% in the visible range and ~30% in the NIR [35-37,84,87-89]. This
increase is accompanied by the disappearance of the fast lifetime
component, related to exciton non radiative decay on a surface defect
[36,86]. Long (few hundred ns) mono-exponential fluorescence lifetime
can then be obtained (Fig. 2d).

Other NIR [-1II-VI materials have recently emerged, such as AgInSe,
but no fluorescent core/shell nanostructures have been reported yet.

[-1II-VI, core/shell NCs have comparable or higher QY than NIR
organic dyes one, but their photo-stability and their absorption cross
section are much larger. Despite their complexity (ternary composition
and presence of defects), these NCs represent promising materials for in
vivo imaging, as recently reported [35-37,87,89].

2.7. NIR emitting doped nanocrystals

The previous section shows that the whole NIR window can be
explored when the composition and/or the size of the nanoparticles is
changed. Another method yet to tune the emission wavelength of QDs
is to dope them. Doping has been studied in details for QDs emitting
in the visible [90]. Doped NIR emitting QDs have recently been synthe-
sized [91], and their emission wavelength can be tuned continuously al-
most in the entire NIR window. These QDs could offer an interesting
alternative to existing NIR QDs in terms of toxicity.

When we combine the possibility to change the QD composition with
the ability to grow core/shell structures, a large variety of water soluble,
NIR emitting QDs can be synthesized, with emission wavelengths tuning
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Fig. 2. a) Photoluminescence properties of CulnS,/ZnS core/shell NCs [80]; b) Left: Crystal structure of zinc blende CulnS, NCs; right: schematic relationship among group IV, II-VI
and I-11I-VI, semiconductor materials [85,167]; c) TEM image of CulnS,/ZnS NCs [36]; d) PL decay of CulnS, core and CulnS,/ZnS core/shell NCs [88]; e) Absorption (inset: PL) spec-

tra of Cu-In-Se core NCs [37].

Reprinted with permission from American Chemical Society copyright (2008, 2009, 2010, 2011) and American Institute of Physics copyright (2009).


image of Fig.�2

724 E. Cassette et al. / Advanced Drug Delivery Reviews 65 (2013) 719-731

the whole NIR window, good quantum yields (>30%), size below 10 nm,
and lifetimes in the range of few hundreds of ns. Recent works tend to
focus on the synthesis of NIR QDs that do not contain toxic compounds.
This effort is necessary if such probes are to be used in vivo, and has to
be combined with the effort to fine tune the QD surface chemistry with
various organic molecules so that QDs can be as furtive as possible,
reach their target efficiently, and/or be excreted.

2.8. Quick overview of QD surface chemistry

Most QD synthesis schemes are performed in organic solvents.
QDs are then capped with hydrophobic ligands usually consisting of
an anchoring group and one or more aliphatic chains. These QDs
must therefore be modified to become soluble in water and compat-
ible with the biological environment. The QD surface chemistry deter-
mines its final size, colloidal stability, charge, non specific adsorption
and specific affinity and as such has a strong influence on its interac-
tion with its environment and, in fine, on its in vivo biodistribution.
The aim of this paragraph is not to present a comprehensive review
of the different QD surface chemistry used for in vivo imaging, but
to give a quick and general overview of the main strategies used to
solubilize QDs in water. The reader may refer to several excellent
reviews for more detailed information on QD solubilization and con-
jugation with biomolecules [92-94]. Most solubilization techniques
can be classified into two general schemes applicable to many types
of nanoparticles: encapsulation and cap-exchange. Encapsulation con-
sists in keeping the initial hydrophobic ligands and surrounding the QD
with amphiphilic molecules, with hydrophobic chains interdigitating
with the QD ligands and hydrophilic groups for water solubilization.
Popular examples of amphiphilic molecules are phospholipid micelles
or amphiphilic copolymers [93,95,96]. In contrast, cap-exchange con-
sists in replacing the hydrophobic ligands with new ligands presenting
anchoring groups to bind to the nanocrystal surface and hydrophilic
solubilizing groups. Anchoring groups may be composed of phosphines
[97], amines, carboxylates, and most commonly thiols or di-thiols
[98-101]. Hydrophilic groups used in these two strategies may be com-
posed of charged moieties (carboxylic acids, amines...), however these
present limited stability and high non specific adsorption of biomole-
cules on their surface. Polyethylene glycol (PEG) chains are more com-
mon for in vivo applications as it decreases considerably this non
specific adsorption, at the cost of an increased size [95,96,98,99].
Zwiterrions present an interesting alternative to PEG, as they also
allow a low non specific adsorption level while maintaining a small
overall hydrodynamic size [100,101]. Finally, other strategies include
growth of (<20 nm) silica shells [102,103] and encapsulation in or
deposition at the surface of larger (100 nm-um) colloids (polymer or
silica beads, liposomes...) [104,105]. Every in vivo imaging application
presents different requirements in terms of size, charge, specific and
non specific adsorption levels... As a consequence, the universal opti-
mal surface chemistry does not exist. Instead, the QD surface chemistry
should be tailored according to the specific criteria of each imaging
application, as will be discussed in the next sections.

3. In vivo imaging applications

Visible emitting QDs have initially been used for cellular imaging,
to label and track specific molecular targets in live or fixed cultured
cell samples [92,95,106]. They have then been used as in vivo markers
in small organisms, for example to study cell lineage in early stage
Xenopus embryos [96]. Visible emitting QDs are well adapted to these
thin and transparent samples. They however provide poor signal-to-
background ratio in thicker tissue sections and when imaging targets
in small animals due to the tissue absorption and diffusion, and to the
strong auto-fluorescence background from endogenous chromophores
in the visible region. Near infrared emitting QDs thus allow much
more sensitive detection of deeper targets, up to several centimeters

below the surface. These characteristics triggered the development of
many in vivo imaging applications. We will briefly describe some of
these in the following sections and discuss the influence of QD design
on each specific application, including lymph and blood vasculature im-
aging and tumor detection. We will then describe other developments
of NIR emitting QDs associated with cell tracking and multimodal
probes that combine the QD fluorescence with a whole body imaging
contrast, such as magnetic resonance imaging (MRI) or positron emis-
sion tomography (PET).

3.1. Lymph node imaging

The sentinel lymph node (SLN) is the first regional step of lym-
phatic drainage and metastasis of the primary tumor. In the treat-
ment of breast cancer, the axillary lymph node status is the major
prognostic factor and a determinant predictor of recurrence and sur-
vival [107]. As the current method for the detection of SLN presents
some disadvantages such as allergic reaction to blue dye, the use of
radioactive tracers and long hospitalization, the use of fluorescence
to localize the SLN has been developed since several years.

The first near-infrared emitting fluorophore used in the detection
of the SLN was indocyanine green (ICG). First in vivo reports [108]
demonstrated the aggregation of ICG and its release from SLN, both
effects related to the small size of the molecule. Fast photobleaching
is another critical issue that considerably diminishes the feasibility
of ICG-based fluorescence imaging of organs. QDs, due to their resis-
tance to photobleaching and their hydrodynamic diameter, which
may be tuned in function of core size and surface chemistry, offer
interesting opportunities for SLN infrared imaging.

Several studies on the detection of SLN using near infrared emitting
QD have been reported and are summarized in Table S1. The initial
papers studying the SLN mapping in vivo using NIR emitting QDs have
been reported by Frangioni's team. The authors have used CdTe/CdSe
core/shell QDs to visualize axillary lymph nodes as deep as 1 cm from
the skin surface either after a subcutaneous injection in the paw of
healthy mice, or after intradermal injection on the thigh of pig [109]
or in the model of spontaneous melanoma of Sinclair mini-swine
[110]. The superficial lymph node could be detected through the skin
but to map deeper SLN like those from pleural space [111], esophagus
[112] or gastrointestinal tract [113], the rib cage or the abdominal cavity
of the Yorkshire pigs was opened. Another formulation of QDs with a
core composed of indium and arsenic has shown a good SLN mapping
in mice and rats [114] but the size of QDs should be controlled so that
QDs do not migrate to the surrounding tissue or further into the lym-
phatic system.

Indeed, the size of the nanoparticles is crucial to SLN mapping
because nanoparticles too small (<10 nm) can flow through the SLN
and diffuse in surrounding tissue or in other lymph nodes in the
chain whereas nanoparticles too large do not migrate and stay at
the injection point [115]. Charge and nature of the QD surface chem-
istry do not seem to directly influence the capture of intra-tumorally
or subcutaneously injected QDs by the SLNs, even though charge
plays a crucial role for serum protein adsorption, which may increase
the size of QD-protein corona assembly and therefore its retention in
the SLN. SLN mapping, in that respect, is much easier than tumor or
organ targeting after intravenous injection (see below) [116,117].

The major obstacle to the QDs clinical translation is their toxicity.
The QD core is often composed of heavy metals (Cd, Te, Se or As),
which could be released in the body due to the QD degradation and
oxidation. In our recent studies [35,118], we have compared the detec-
tion of SLN and the toxicity of two types of QDs in a model of healthy
mice. Both QD types, CdTeSe/CdZnS and CulnS,/ZnS QDs, allow the
localization of the axillary lymph node in few minutes after subcutane-
ous injection (20 pmol) (Fig. 3). Unlike cadmium-QDs, which demon-
strated the clear features of local toxicity, such as an increased lymph
node weight with several inflammatory areas, the indium-based QDs
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did not show any signs of toxicity upon the same experimental condi-
tions. Moreover, the inflammation threshold corresponded to a fifty
time higher concentration of CulnS,/ZnS compared to CdTeSe/CdZnS
QDs.

Silicon QDs are also of particular interest because of their biocom-
patible composition and tunable emission properties in function of
particle size. These Si QDs, whose hydrodynamic diameter is 20 nm,
migrate to the SLN after subcutaneous injection in mice and no sign
of toxicity (mice behavior, histopathology analysis of major organs
and blood parameters) has been observed, clearly indicating the bio-
compatibility of these nanoparticles [46]. However, the inability to
excite these QDs in the NIR range strongly limits the attainable imag-
ing depth.

SLN detection using most of these QDs only takes a few minutes
after injection, which greatly simplifies surgical procedures. The QDs
then slowly leak from the injection point and the SLN into the rest
of the organism via blood and lymph circulation [118]. This provides
a window of a few hours for the surgeon to resect both the SLN and
the injection point, removing at the same time the large majority of
the injected QDs from the body and limiting toxicity issues. Ideally,
the small amount of QDs remaining in the body after the operation
should be ultimately eliminated, either via the kidneys into the
urine or via the hepatobiliary pathway. The mechanisms for complete
clearance are however not well understood yet.

3.2. Vasculature imaging; renal elimination vs. sequestration

The biodistribution of QDs after intravenous injection is strongly
dependent on their surface chemistry. In general, QDs distribute rap-
idly in the entire bloodstream, allowing direct visualization of blood
vasculature. Naturally, small capillaries are only spatially resolved
close to the surface due to diffusion of light by the surrounding tis-
sues, while larger vessels may be imaged deeper. Larson et al. used
two-photon excitation microscopy to image blood circulation in the
ear of a mouse with final QD concentration in the blood on the
order of 1 uM [16]. In this concentration regime, erythrocytes can be
detected as dark volumes flowing through an otherwise uniformly
fluorescent blood vessel. They were thus able to measure changes in
local flow velocities. Smith et al. demonstrated the use of QDs to
image chick embryo chorioallantoic membrane vasculature, a model
test system for blood vessel formation and development [119]. While
visible emitting QDs offered a poor contrast, NIR QDs led to a drastic
improvement of signal-to-noise ratio due to the low auto-fluorescence
background in this spectral region. Blood vessels could be imaged on

Fig. 3. In vivo fluorescence imaging of the right axillary lymph node of mice with
Fluobeam® 5 min after subcutaneous injection of 20 pmol of CdTeSe/CdZnS (a) or
CulnS,/ZnS (b) QDs in the right anterior paw. The exposure time is 10 ms (a) or
50 ms (b) and the injection point (white arrow) was hidden.

multiple scales, from large vessels at the whole embryo level to
small capillaries. In both studies, QDs were beneficial compared to
fluorescein-labeled dextrans, a common angiogenic imaging probe,
due to their higher brightness and to their emission in the more
favorable NIR region.

After some time in the bloodstream, QDs are eliminated from the
body or sequestrated in one or several organs. Elimination via the
kidneys into the bladder requires very small hydrodynamic sizes.
A threshold of 5.5 nm in hydrodynamic diameter was for example
found for cysteine-capped QDs [25]. Since NIR emitting QDs are usually
larger than this, they tend to remain in the body. Their biodistribution
kinetics and final repartition strongly depend on their surface chemis-
try. Most types of QDs become opsonized in the circulation and are cap-
tured by macrophages in organs of the reticuloendothelial system (RES)
(liver, spleen, bone marrow, lymph nodes...) [120-122]. QD circulation
times are thus determined by how long they are able to evade
opsonization. Functionalizing QDs with larger PEG (molecular weight
larger than 2000 g/mol) chains thus prolongs circulation times, as has
been shown with a variety of nanoparticles [123] but do not avoid
final capture by the RES [120,124]. On the other hand, QDs capped
with smaller PEG ligands seem to display a strongly size-dependent
biodistribution. Choi et al. tested small InAs/ZnS QDs capped with smaller
PEG ligands (MW ranging from 100 to 1000 g/mol) [39]. While very short
(<100 g/mol) PEG chains proved inefficient in evading opsonization,
short (typ. 200 g/mol) PEG chains allowed QD elimination into the
urine. Functionalization with longer PEG chains led to an increase in
hydrodynamic size, preventing filtration by the kidneys and finally lead-
ing to accumulation in RES and other organs in a size-dependent manner.
PEG length is however probably not the only determinant of QD
biodistribution, but certainly PEG density and stability of the surface
chemistry on the QD surface must also strongly influence the fate of
QD after intravenous injection. The mechanism and optimal condi-
tions for final excretion of QDs via the hepatobiliary pathway remain
unclear. In particular, most QDs seem to remain sequestrated in the
liver for long periods of time, up to two years after injection [125]. In
contrast, a recent study provided evidence for renal and hepatobiliary
excretion of silica-coated CdSe QDs, for which elimination was complet-
ed by 120 h [126].

3.3. Tumor imaging

In vivo fluorescence imaging of tumors using NIR QDs is a very
active area of research as it may provide tools to locate tumors and
metastases or map tumor margins during surgery. Indeed, surgical
removal of a tumor is often the best method of cure for cancer. Incom-
plete resection of a neoplasm is a major factor that compromises the
long-term survival rate of cancer patients. Adequate assessment of
the extent of the disease is limited during surgery because it relies
on palpation and visual inspection. The effect is in a 40-80% recur-
rence rate, like in retroperitoneal sarcoma, brain or breast neoplasms
[127,128]. Surgeons are required to remove large surgical margins
around what they perceive as a neoplastic tissue because of the
microscopic tumoral dissemination in the surrounding healthy tis-
sues. It is therefore important to develop new technologies that will
help achieve precise delineation of tumor margins and improved vis-
ibility of small tumors that are difficult to distinguish from normal
tissues. Fluorescence-guided surgery using NIR emitting nanoparticles
is an emerging technology that holds potential to provide a viable solu-
tion to this problem, and as a consequence several strategies are being
developed to target QDs to tumoral cells in vivo.

Many types of circulating nanoparticles have been shown to accu-
mulate in the tumor due to leaky blood vessels and inefficient lymphatic
drainage [129,130]. This effect is known as enhanced permeation and
retention (EPR) effect, and was also verified with QDs in several studies
(Fig.4a,b) [131,132]. The shape and size of the nanoprobes play a crucial
role in this process, since smaller particles seem to penetrate deeper
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into the tumor interstitial medium [133]. Similarly, for a given nanopar-
ticle volume, rod-shaped QDs seem to provide more efficient labeling
than spherical ones [134]. On the other hand, small particles are more
likely to be washed out of the tumor [135], and the optimal nanoparticle
size likely depends on the imaging parameters (e.g. delay between
injection and imaging) and the type of tumor. However the level of
EPR-mediated QD tumor capture is often low, and is unlikely to allow
efficient detection of micrometastases.

Several methods have thus been proposed to design targeted QDs
and increase their specific uptake efficiency. In general, intravenously
injected QDs must meet several criteria to efficiently label their target:
long circulation times for prolonged exposure to the target, slow clear-
ance from the bloodstream by the RES and strong affinity for their target
for fast binding and minimal release back into the blood or lymph circu-
lation. Most of these QDs are therefore coated with long chain PEG for
minimization of non specific adsorption and prolonged circulation and
further conjugated with targeting moieties. While functional QDs have
been successfully targeted to different tissues, such as blood or lym-
phatic vessel [136-138] liver, [139] or lung [136], there is an important
effort toward the design of efficient tumor-targeting QDs. QDs conjugat-
ed with antibodies against tumor-specific antigens were for example
shown to label tumors xenografted in mice much more efficiently
than non-targeted QDs [131,140-142]. Tada et al. have tracked the
path and kinetics of diffusion of single QDs targeted to the human endo-
thelial growth factor 2 (HER2) into the targeted tumor (Fig. 4c) [141].
They were able to show that the QD first circulates into blood vessels,
then extravasates from the vessel into the tumor extracellular space
and binds its HER2 target at a tumoral cell membrane before getting
internalized and transported to the perinuclear region. QDs conjugated
to the endothelial growth factor (EGF) have also been shown to effi-
ciently target HER2 both in vitro [143] on cultured cells and in vivo to
label tumors [144]. Another popular strategy relies on the RGD peptide
sequence to target QDs to integrin o, f33, a receptor involved in angio-
genesis, proliferation and metastasis, which is upregulated in certain
tumor types [46,145-147]. Again, targeted QDs showed higher uptake

QD-PEG

QD-PSMA

efficiency compared to non-targeted ones in tumor-bearing mice. The
small size of RGD sequences allowed binding of multiple targeting pep-
tides to the QDs and increased their global affinity for integrins. Imaging
of tumor frozen sections and real-time intravital RGD-QDs tracking
showed that these QDs did not extravasate but indeed bound to the
tumor vessel walls [145,146]. Interestingly, the authors observed that
RGD-QDs bound to their specific integrin targets majoritarily as small
aggregates and not as single nanoparticles [146]. These aggregates
were also able to transiently bind to vessel walls in non-tumoral tissues
but were rapidly washed back into the bloodstream. This effect is not
completely understood yet but was tentatively attributed to the laminar
flow in blood vessels and to polyvalent binding of QD aggregates to sev-
eral molecular targets on the cell surface.

This emphasizes the influence of the nanoparticle size on its
biodistribution and its targeting efficiency. Larger particles (100 nm-
few um) may therefore be preferable for specific imaging or drug delivery
applications. QDs have thus been incorporated into immunoliposomes,
silica beads or polymer nanoparticles to provide them with a good NIR
fluorescence contrast [133,148-150]. For example Weng et al. have
used 100 nm diameter liposomes as a nano-platform with drugs
inside and NIR fluorescent QDs and tumor-targeting antibody frag-
ments on the surface [149]. QDs allowed visualization of the liposome
uptake into tumors xenografted in mice. Similar constructs could be
used to combine diagnostics and therapeutic abilities, for example to
follow where drugs are being delivered during the treatment.

3.4. Cell tracking

Cell tracking using NIR fluorescent QDs is also a very active and
promising area of research. The ability to track tumoral, stem, or
immune cells in vivo after injection is central to many biological studies.
QDs have thus been used to label these cells in vitro, either by labeling
specific membrane receptors or by endocytosis. QD-labeled cells are
then injected in vivo and their biodistribution can be mapped using
the QD fluorescence signal (Fig. 5) [151-156]. For these studies,

Fig. 4. a) Histological examination of QD uptake in C4-2 tumor xenografts maintained in athymic nude mice by EPR effect (QD PEG) or active antibody-mediated targeting (QD
PSMA). b) In vivo tumor imaging of in live mice using antibody-targeted QDs. Colors correspond to spectrally unmixed fluorescence signals from the autofluorescence (yellow)
and QDs (red) [131]. ¢) Direct visualization of binding of RGD-QD to tumor vessel endothelium. From left to right: green channel shows EGFP-expressing cancer cells, while the
red channel outlines the tumor's vasculature via injection of Angiosense dye. The NIR channel shows intravascularly administered QDs which remain in the vessels and do not

extravasate. QD binding events are marked by black arrows in the merge image [146].

Reprinted with permission from Macmillan Publishers Ltd: Nature Biotechnology copyright (2004) and with permission from American Chemical Society copyright (2008).
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suitable QDs should be able to efficiently label target cells in vitro and
more importantly they should not leave these cells after the in vivo
injection, to maintain a perfect correspondence between the injected
cell biodistribution and the QD fluorescence signal. In several studies,
QDs were shown to remain inside their initial cells during the experi-
ment, from a few hours up to four weeks in vivo [ 153]. The ability to eas-
ily separate fluorescence from different QD populations allows imaging
the migration of several cell types simultaneously and studying their
interactions in vivo [152]. Near infrared QDs enhance the imaging sensi-
tivity over visible emitting fluorophores, enabling detection of only
5000 cells subcutaneously [155].

3.5. Multimodal QDs

Near infrared fluorescence imaging is flexible, cheap, easy to use and
sensitive; however it is limited to depths of a few centimeters below the
skin. In contrast, magnetic resonance imaging (MRI), scintigraphy,
single photon emission computed tomography (SPECT) and positron
emission tomography (PET) give access to whole-body images, with
smaller spatial resolution. There is therefore a large interest in combin-
ing fluorescence with another imaging modality to benefit from the
advantages of the two techniques. Quantum dots constitute in this
regard promising platforms to assemble different contrast agents to
form multimodal nanoprobes. Several examples of QD-based multi-
modal probes have been described in the literature, including MRI/fluo-
rescence and PET/fluorescence probes [157]. One of the most common
strategy used to build these probes consists in coating the QDs or conju-
gating them with paramagnetic (for MRI) or radioactive (for PET)
ion chelates or molecules. For example, Mulder et al. incorporated a
Gd-chelating lipid into QD phospholipid micelles [ 158,159]. The micelle
was further functionalized by conjugation with targeting RGD-
peptides. This probe enabled visualization of angiogenesis regions by
MRI and visualization of the tumor blood vessels with a higher resolu-
tion using fluorescence. In another application, Duconge et al. designed
18F_Jabeled QD micelles; this dual PET-fluorescence probe was injected

in the tail vein of a mouse [121]. These enabled to quantitatively mea-
sure the whole-body QD biodistribution in real-time using PET and
pharmacokinetic parameters such as blood circulation time. Fluores-
cence images were then obtained by fluorescence confocal endoscopy
to image the QD distribution at the intracellular level.

Another strategy to build multimodal probe is the doping of QDs
with paramagnetic ions such as Mn. This has been demonstrated
using different types of QDs, including CdSe, CdS, CdTe, or Si-based
nanocrystals [157]. Wang et al. synthesized visible emitting CdSe/
Zn¢; — xyMn,S water soluble QDs and internalized them into cultured
cells [160]. These QDs produced sufficient contrast to allow visualiza-
tion of the cells using both MRI and fluorescence microscopy. The
same strategy was used with NIR emitting CdTeSe/CdS QDs however
bimodal imaging has not been demonstrated in vivo yet [161]. Finally,
a third strategy consists in assembling QDs with Fe30,4 or FePt mag-
netic nanoparticles in silica beads, micelles, polymer particles, or
within nano-heterostructures (nanoparticles composed of a magnetic
part and a semiconducting part) [162-165].

4. Conclusion and perspectives

Recent years have witnessed the development of bright near infra-
red emitting QDs of different sizes, compositions and properties. This
allows tailoring the choice of the NIR probe depending on the applica-
tion and the desired properties. The available NIR QDs offer a wide
range of emission wavelengths spanning the optical window for deep
tissue imaging, lifetimes ranging from a few tens to a few hundred nano-
seconds, compositions presenting limited toxicity... The type of surface
chemistry may also be chosen from a variety of different solubilization
strategies, some of which enable renal elimination of small QDs, other
long circulation times and further conjugation of targeting molecules.
This has permitted the development of several in vivo imaging applica-
tions, relying on simple QD diffusion (lymph node mapping, vasculature
imaging...) or more complex targeted imaging of tumoral cells. Current-
ly available near infrared QDs therefore represent a powerful tool for in

Fig. 5. Cell labeling and tracking using endocytosed QDs. a) Single cell labeled with QDs before in vivo injection. b) Seven images superimposed in time as a single bone marrow
lineage-negative cell labeled with QD590-TAT (orange) navigated the tumor vessels highlighted with QD470 micelles (blue) in vivo. Scale bar is 50 um.
Reprinted by permission from Macmillan Publishers Ltd: Nature Medicine, [156] copyright (2005).
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vivo biological studies, and we expect that they will become increasing-
ly used in many studies such as cell tracking, tumor imaging, drug
screening...

Fluorescence imaging holds great promises to assist oncological sur-
gery due to simple incorporation to surgical inspection to delineate
tumor margins or map sentinel lymph nodes [166]. The detection sensi-
tivity of these techniques suffers from the lack of high brightness/high
stability organic fluorophores emitting in the NIR. In that respect, QDs
have the potential to significantly improve the performance of near in-
frared fluorescence imaging for optically assisted surgery thanks to
their superior optical characteristics compared to organic dyes. Howev-
er two main challenges still need to be resolved before this technique
can reach the clinical field. First, efficient targeting strategies must be
developed to ensure sensitive labeling of very small metastases. In
vivo targeting is a more global scientific and biotechnological problem
that is shared with many other biotechnological fields, in imaging and
drug delivery. Steady progress in targeting efficiency is being made,
and we can expect satisfying results in the near to mid future. Second,
if QDs are to be used in clinical applications, there should be no reason-
able doubt about short and long term toxicity. This implies the develop-
ment of QDs with minimal toxicity, which has already begun but can
certainly progress further, and the elimination of injected QDs from the
body, which is currently less advanced. While some sufficiently small par-
ticles with specific surface chemistries may present a certain degree of
renal elimination, complete elimination will probably require either deg-
radation into smaller atomic components and/or nanoparticles that are
efficiently eliminated from RES organs into the bile and the intestines.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.addr.2012.08.016.
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