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come key players for enhancing con-
trast of images in medical diagnostics
and are essential in molecular imaging. Mag-
netic resonance imaging (MRI) is a powerful,
noninvasive diagnostic tool with impressive
anatomic resolution and tissue penetration,
but applications are limited by its low sensi-
tivity and lack of cell specificity. MRI contrast
agents (CAs), primarily gadolinium Gd" com-
plexes, are used to enhance the image con-
trast. This enhancement is the result of the
increase of the water proton relaxation rate,
1/T;, induced by the neighboring paramag-
netic Gd" ions. The efficiency of current com-
mercial contrast agents, usually expressed in
terms of their relaxivity r; (mM ™" s~ '), that is,
the increase of 1/T; per mM of added Gd"
complexes, is too low for the detection of
events at the molecular scale. Moreover,
commercial CAs are limited to extracellular
applications. A possible approach for increas-
ing MRI sensitivity is the use of multimeric
CAs in which a large number of small Gd"
chelates are bound to a nanosized carrier
allowing for the accumulation of paramag-
netic Gd" ions at the site of interest.'
Another approach consists in combining
MRIwith a different high-sensitivity imaging
modality®~® such as fluorescence.”~ ' The
accuracy of the analysis can be improved by
a combined tissue study by optical micro-
scopy and by MRI, which requires creating a
multimodal reporter.’* The majority of dual
(MRI/optical) probes are MRI contrast agents
coupled to organic dyes. More recently, dual
probes have been identified where the
optical reporter is a transition metal, a Ln"
complex, or a quantum dot.'®""1#7'6 Quan-
tum dots (QDs) are highly luminescent, photo-
stable semiconductor nanoparticles of size-
controlled emission. They are very attractive

F unctionalized nanoparticles have be-
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ABSTRACT Quantum dots (QDs) are ideal scaffolds for the development of multimodal imaging

agents, but their application in clinical diagnostics is limited by the toxicity of classical CdSe QDs.

A new bimodal MRl/optical nanosized contrast agent with high gadolinium payload has been

prepared through direct covalent attachment of up to 80 Gd(lll) chelates on fluorescent nontoxic InP/
InS QDs. It shows a high relaxivity of 900 mM~" s~ (13 mM~" s~ per Gd ion) at 35 MHz (0.81 T)
and 298 K, while the bright luminescence of the QDs is preserved. Eu(lll) and Th(lll) chelates were

also successfully grafted to the InP/ZnS QDs. The absence of energy transfer between the QD and

lanthanide emitting centers results in a multicolor system. Using this convenient direct grafting

strategy additional targeting ligands can be included on the QD. Here a cell-penetrating peptide has

been co-grafted in a one-pot reaction to afford a cell-permeable multimodal multimeric MRI contrast

agent that reports cellular localization by fluorescence and provides high relaxivity and increased

tissue retention with respect to commercial contrast agents.

KEYWORDS: gadolinium - lanthanide complexes - imaging agents - quantum dots -

fluorescence - magnetic resonance imaging

for use in diagnostic, molecular, and cellular
imaging due to their optical properties and
their increased photostability as compared
to organic dyes.'””~* Luminescent lantha-
nide complexes, on the other hand, are char-
acterized by large Stokes shifts and long-
lived luminescence, which render them very
attractive for applications in cellular imag-
ing.>> 32 Bimodal probes can be obtained
simply by mixing luminescent Ln" and Gd"
ions complexed by the same ligand due to
chemical equivalence (leading to similar
biodistribution) of lanthanide complexes.'5*33*
We have previously shown that the pyridi-
necarboxylate-based bpatcn (Hsbpatcn =
1-(carboxymethyl)-4,7-bis[(6-carboxypyridin-2-
yl)methyl]-1,4,7-triazacyclononane) ligand can
be used to prepare both a Tb" complex with
high luminescence quantum yield and a
Gd" complex with favorable relaxivity for
MRI application.>® Dual reporters have been
demonstrated to be highly valuable in the
multimodal imaging®® studies of animals,
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allowing the combination of preoperative and intrao-
perative visualization of tumors,3” co-validation of CA
distribution,® and combined tracking of transplanted
stem cells.>® A challenge in the development of MRI
CAs for investigating biochemical processes and cel-
lular events is the efficient delivery of agents across
cellular membranes. For instance, the monitoring of
cell fate and migration in vivo will be essential to the
development of cell-based therapies. While the devel-
opment of MRI/optical imaging agents has signifi-
cantly increased in the past few years, there are only
few examples of high Gd" payload dual agents capable
of penetrating cells.>'"*° QDs provide convenient
scaffolds in the development and applications*' ~*
of bimodal multimeric Gd-based CAs for molecular
MRL.'""31444 Notably, multiple ligands can be simulta-
neously attached to the QD surface to promote cell
penetration and/or specific targeting. Applications of
Gd-chelate-functionalized QDs in molecular imaging
have been reported by the groups of Mulder and
Backes.*' ~*3*° In the reported systems the gadolinium
chelates were grafted through an “indirect” method
involving the incorporation into a lipid coating or
biotin—streptavidin interactions. Moreover, all the re-
ported systems are based on established CdSe/ZnS
QDs, whose applications are limited due to the intrinsic
toxicity of cadmium.

Here we report a new MRI/optical probe based on
nontoxic InP/ZnS QDs, which shows high relaxivity of
900 mM~' s at 35 MHz (0.81 T) and 298 K, obtained
by the direct covalent attachment of around 80 Gd-
(bpatcn) complexes to the nanocrystal surface, giving a
relaxivity of 13mM ' s~ " per Gd(bpatcn). The versatile
synthetic strategy used herein allows the introduction
of additional modalities on the QDs. In particular, the
simultaneous grafting of the cell-penetrating peptide
maurocalcine and of up to 40 gadolinium chelates
affords a cell-permeable multimodal multimeric MRI
CA. This multimodal agent reports cellular localization
by fluorescence and provides bright MRI signal and
increased tissue retention with respect to commercial
contrast agents. We also demonstrate the covalent
attachment of the chemically equivalent visible-emit-
ting Th- and Eu(bptacn) complexes, which provide a
good analytical tool to monitor the grafting process
and could be used in the development of different
types of Ln-Gd-QD multimodal reporters including Ln-
based and QD-based optical modalities.

RESULTS AND DISCUSSION

The previously reported [Ln(bpatcn)] complexes®®
were functionalized for grafting on InP/ZnS QDs ac-
cording to Scheme 1 and Scheme S1. Complex Ln.1 is
an amine-appended derivative of the [Ln(bpatcn)]
complexes; Gd.1 hasar; of 412 mM~" s~ at 200 MHz
(4.6T, 298 K), which is comparable to the previously
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reported bpatcn analogues'® and commercial CAs.*5*7

Ligand L1 was prepared from 1,4,7-triazacyclononane-1,
4-dibis(methylene)dipicolinic acid and 6-aminohexa-
noic acid in 62% yield through a multistep synthesis
described in the Supporting Information. The amine
functionality brings versatility, allowing for further
modification. Notably, preliminary studies show that
L1 can be directly conjugated through peptide chem-
istry coupling to different biomolecules such as pep-
tides or oligonucleotides. In this work lipoic acid was
successfully reacted with complex Ln.1 to afford the
Ln.2 dithiol derivatives in 60% yield. The dithiol linker
was chosen to ensure strong binding of the Ln chelates
to the outer ZnS shell of the QDs.

InP/ZnS QDs are prepared in octadecene using
phosphine gas as the phosphorus precursor and
capped with a ZnS shell using a method we reported
earlier.*® Prior to the grafting of the water-soluble
CA, a phase transfer reaction is performed using
penicillamine at pH 9 in a 1:1 mixture of water and
chloroform (reaction time 2 h, transfer yield 60%).%°
The InP/ZnS QDs capped with penicillamine (QD.
Pen) provide a versatile platform for grafting of
lanthanide chelates and/or other bioprobes.

The dithiol-functionalized lanthanide chelates are
reacted overnight in a shaker with the QD.Pen in
aqueous media at pH 9 and 20 °C in the presence of
the reducing agent tris(carboxyethyl)phosphine (TCEP)
to cleave the disulfide bond. This process results in the
grafting of 75—80 lanthanide chelates on a single InP/
ZnS QD in a 40% yield. The hydrodynamic diameters
measured using dynamic light scattering (Table S1)
showed an increase from 6.9 nm for the QD.Pen to
8.6—9.2 nm for the lanthanide complex functionalized
QDs. This increase of around 2 nm is consistent with
the successful coverage of the QD surface by Gd
chelates. The strongest indication of successful graft-
ing is the NMRD profile shown in Figure 1. Both Gd.1
and Gd.2 show a classical profile for monoaqua che-
lates. The Gd.2.QD system, with its larger molecular
weight, shows a very different profile, with an increase
in r; from 3 to 35 MHz (0.07—0.81 T, 298 K) of 10 to
13 mM~' s7'. The NMRD profile provides unambigu-
ous evidence of efficient grafting and shows that the
optimum relaxivity for Gd.2.QD is at 30 MHz (0.7 T, 298 K)
with r; = 13 mM ™' s, This significant increase in r,
with respect to the nongrafted chelate is consistent
with a slower rotation of the grafted complex due to its
larger size. Increasing the molecular weight of Gd
complexes by macromolecule and protein binding is
an effective way to increase the relaxivity of small Gd
chelates in the magnetic field range of 30—100 MHz
(0.7—2.3 T, 298 K).* Magnetic susceptibility measure-
ments and UV—visible spectroscopy showed the pre-
sence of 70—80 chelates grafted onto Gd.2.QD.
As a result, the relaxivity per quantum dot reaches
900 mM~" s 'at 35 MHz (0.81 T, 298 K). As expected
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Scheme 1. Synthesis of Ln(lll) QDs

from the theory of relaxivity, the slow rotation is not
favorable at higher fields (200 MHz) and the relaxivity
decreases, yielding a relaxivity per Gd chelate of
419 mM ' s~ ". However, the relaxivity per quantum
dot is still around 200 MM~ s, thus providing a very
bright contrast agent compared to smaller chelates
and commercial agents (r; ~ 4 mM~" s (Figure S2).

In order to assess the full potential of Ln.2.QD
systems as multimodal (optical/optical and optical/
magnetic) contrast agents, we have investigated their
photophysical properties. The water-dispersible peni-
cillamine-capped InP/ZnS QDs show a fluorescence
quantum yield (QY) of 8.5% in water. A significant
decrease in QY (QY in chloroform: 20%) after phase
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i = Lipoic acid, EDCI, DMAP, H,0O
ii = Penicillamine, H,O, pH 9
iii = TCEP, H,0, pH 9

transfer via surface ligand exchange is generally ob-
served in the literature.? The lack of difference in the
emission spectra of QD.Pen and Gd.2.QD (Figure S3)
suggests that grafting of the complex does not affect
the luminescence of the QDs, resulting in a magnetic
and optical dual-mode imaging probe. The InP/ZnS
photoluminescence peak is located at 620 nm, and the
QY measured at 480 nm for Gd.2.QD in water (6.1%) is
comparable to the value of QD-pen (8.5%). Since the
picolinate ligand can efficiently sensitize terbium and
europium (Figure S4), the grafting of chelates contain-
ing these visible-emitting lanthanide ions results in a
dual-mode optical probe with emission from both the
QD (nanosecond time scale) and the Tb or Eu ions
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Figure 1. NMRD profile for Gd.1 (hollow circles), Gd.2 (crosses), and Gd.2.QD (full circles), at pH 7.4, 298 K.
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Figure 2. Luminescence of Tb.2.QD. (Left) Excitation spectra with 1., = 546 nm (dark blue: 0 ms and pink: 0.05 ms delay,
respectively). (Right) Emission spectra with 1., = 275 nm (blue: 0 ms and green: 0.05 ms delay, respectively) and 320 nm

(orange: 0 ms delay).

(millisecond time scale). Energy transfer from Tb to QDs
has been reported by Charbonniere for QDs grafted
with Tb chelates through a streptavidine—biotine inter-
action.?° In order to obtain dual-color systems, we have
chosen QDs with emission matching the emission of
the Eu and Tb complexes so that the energy transfer
between the emitting centers is prevented. This strat-
egy was successful, as no energy transfer was observed
between the Tb or Eu and the QDs in our systems due
the small energy gap between their emitting levels.
Figure 2 shows the excitation and emission spectra of
Th.2.QD. The excitation spectrum of Tbh.2.QD shows a
large peak at 275 nm, corresponding to the picolinate
ligand absorption, while the excitation corresponding
to the QDs extends over the range 200—500 nm. Emiss-
ion from one or the other of the two emitters or from
both can be selectively turned on by a suitable choice
of acquisition conditions. Notably, the excitation of
Th.2.QD at 275 nm with 0 ms delay yields dual emission
from the QDs and Tb ions at 620 and 546 nm. When a
0.05 ms delay is applied, only the emission from the
Thlllions is observed due to their longer luminescence
lifetime with respect to the QDs. Conversely, when
Tb.2.QD is excited at 320 nm with 0 ms delay, only
emission from the QDs is observed. This provides a
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dual luminescent probe, which has two defined emis-
sion wavelengths on two different time scales, the
millisecond and the nanosecond scale. Similar results
were obtained for Eu.2.QD (Figure S5).

The direct grafting of the Gd chelate on the QDs
provides a bimodal architecture with high relaxivity
and bright luminescence in water. The versatile syn-
thetic method can be adapted to introduce on the QD
one or several additional functionalities such as target-
ing and bioactive moieties or cell-penetrating ligands.
Cell penetration is crucial for the use of CAs in the
monitoring of biological events such as enzyme activ-
ity or pH and temperature changes or in the tracking of
stems cells, but only few examples of cell-penetrating
CAs have been reported. The peptide maurocalcine
(MCa) coupled to commercial QDs has shown a great
potential for cell penetration in in vivo imaging of macro-
phages as an indicator of atherosclerosis.>® Therefore,
we have used MCa as a cell-penetrating ligand for a
further functionalization of our bimodal platform.

We conjugated reproducibly both Gd.2 and the cell-
penetrating peptide maurocalcine in its disulfideless
version®' through an additional N-terminal cysteine
residue onto the penicillamine-capped InP/ZnS QDs in
aone-step synthesis using a QD:Gd.2:TCEP:MCa ratio of
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Figure 3. Confocal microscope images (false colors) of two batches of Chinese hamster ovarian cells (CHO). Batch 1:
(A) stained with concanavalin A rhodamine (red); (B) incubation with Gd.2.QD (green) for 2 h followed by washing, (C) merge
of A and B. Batch 2: (D) CHO cells as in A; (E) incubation with Gd.2.QD.MCa for 2 h followed by washing (green), (F) merge of D

and E.
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Figure 4. T,-weighted MRl images of rat brainat 7 T (1 mM, 10 uL). (A) Gd.2.QD.MCa at 15 min and 4 h. (B) Dotarem at 15 min
and 4 h. (C) Signal intensity vs time; Dotarem (<) and Gd.2.QD.MCa (H).

1:200:9000:5. TCEP was used at high concentration to
cleave the disulfide bridge of Gd.2 and to prevent the
formation of undesired disulfide bridges. Magnetic
susceptibility measurements®® and UV—visible spec-
troscopy showed the presence of 30 to 40 Gd chelates
on the MCa QDs.

In order to probe the cell-penetrating ability of this
Gd.2.QD MCa dual probe, confocal microscopy images
were recorded after incubation of the probe with
Chinese hamster ovary (CHO) cells (Figure 3). They
clearly show that the MCa-conjugated Gd.2.QDs accu-
mulate within CHO cells during the 2 h incubation time,
while no cell penetration is observed in the absence of
MCa. Staining appeared as punctuate dots, suggesting
that these MCa-functionalized QDs accumulate mostly
in endosomes probably through an endocytosis-mediated
uptake mechanism. The used resolution scale does not
allow for the determination of the specific localization
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of Gd.2.QD.MCa. Some diffuse staining was also evi-
dent, suggesting that direct membrane translocation
should not be excluded as one of the possible entry
mechanisms. These data are coherent with earlier
observations.”® Importantly, similar experiments con-
ducted with Gd.2.QD did not lead to intracellular
accumulation of QD (Figure 3C), confirming that MCa
was properly conjugated to Gd.2.QD and demonstrat-
ing that MCa is solely responsible for cell penetration of
the complex.

The Gd.2Qd.MCa system provides a new, high-relax-
ivity bimodal probe that can penetrate cells. The cell
permeability should lead to an increased retention of this
contrast agent in brain tissue with respect to commercial
CAs such as Dotarem ([Gd(DOTA) ]). We therefore set
out to compare whether Gd.2.QD.MCa provides a com-
petitive advantage over Dotarem with regard to the
retention time of the CA within the brain tissue.
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To investigate this issue, 10 uL of 1 mM Dotarem or
Gd.2.QD.MCa was injected directly into the striatum of
7-week-old rats (Figure 4). Both CAs led to a distinct
signal within the injected striatum 15 min after injec-
tion. After 4 h, the Dotarem signal almost disappeared,
whereas distinct signal intensity was still measurable
for Gd.2.QD.MCa (Figure 4A).

Data analysis of the signal intensity over time illus-
trates that Dotarem concentration decreases rapidly in
the striatum, whereas the Gd.2.QD.MCa concentration
decrease is significantly slower over the 4 h period
(Figure 4C). These data indicate a slower clearance of
the Gd.2.QD.MCa with respect to Dotarem, which we
attribute to a significant increase in tissue retention.
While MCa is probably contributing to some extent to
the improved duration of the MRI signal at the injection
point, the size of the agents is an important factor
limiting the lateral tissue diffusion of the compound.

CONCLUSIONS

Herein we have synthesized a new bimodal MRI/
optical probe through direct grafting of gadolinium
chelates on fluorescent InP/ZnS QDs. The high payload
of gadolinium (up to 80 chelates) results in a high

METHODS

General Procedures. NMR spectra were recorded on Bruker
DPX200 500 MHz spectrometers using standard Bruker soft-
ware. Chemical shifts are reported in ppm with solvent as
internal reference. ESMS were recorded on a Thermo Scientific
(LXQ) spectrometer. Electronic absorption spectra were re-
corded on a Varian Cary 50 probe UV/vis spectrometer.

Materials. Solvents and starting materials were obtained
from Aldrich, Fluka, Acros, and Alfa. They were used without
further purification unless otherwise stated. Solvents were dried
over the appropriate drying agents when required. Water and
H,O refer to high-purity water with a resistivity value of
18 MQ-cm, obtained from the “Millipore/Milli-Q” purification
system. Lanthanide chloride salts were purchased from Aldrich.
Dotarem was purchased from Guerbet SA (Aulnay-s-bois,
France). The precise metal ion content was titrated by colori-
metry in acetate buffer (pH = 4.5) using standardized H,Na,edta
solution (Merck) and xylenol orange indicator.

Ligand and Complex Synthesis. L1 was prepared from 1,4,7-
triazacyclononane-1,4-dibis(methylene)dipicolinic acid®® and
6-aminohexanoic through a multistep synthesis. The lanthanide
complexes were formed in water. Synthetic procedures are
detailed in the Supporting Information.

Quantum Dot Synthesis. The synthesis follows the protocol we
reported earlier.* Briefly, the indium precursor (1 equiv of indium
myristate in 1-octadecene) was reacted under an Ar atmosphere
with in situ generated PH3 gas at 250 °C for 60 min to form the core
InP QDs. For growth of the ZnS shell, 10 equiv of zinc stearate was
added into the dispersion of the InP NCs and heated for 4 h to 280
°C to form a Zn*"-rich surface before injecting slowly 2.5 equiv of
zinc ethylxanthate at 210 °C during 30 min.

Synthesis of Penicillamine-Capped QDs (QD-pen). Thorough
purification of the initial QDs assuring the removal of excess
hydrophobic ligands is crucial for the successful phase transfer.
Five milliliters of the QDs in organic solvent was mixed with
anhydrous ethanol (1:3) and centrifuged at 10000 rpm
(rotations per minute) for 6 min. The clear solution of
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relaxivity of the nanosized contrast agent (900 mM ™~ "s ™',
13 mM~" s per Gd ion at 35 MHz (0.81 T, 298 K),
200mM~'s7!, 419 mM " s~ per Gd ion at 200 MHz
(4.6 T 298 K)), while the bright luminescence of the
QDs is preserved. Chelates containing visible-emit-
ting lanthanide ions have also been grafted on the
QDs, and the absence of energy transfer between
lanthanide ions and QDs results in a dual-mode
optical probe with emission from the QDs and the
Tb or Eu ions on different time scales (nanoseconds
for the QDs, milliseconds for the rare earth ions). The
versatile synthetic strategy allows the simultaneous
grafting of various probes on the QDs. Notably, the
protocol could be easily extended to produce a
trimodal probe, optical (Tb-chelate)/magnetic (Gd-
chelate)/optical (QD), and will be the subject of future
work. We have also shown, through the example of
the cell-penetrating peptide MCa, that additional
targeting ligands can be co-grafted in a one-pot
reaction. A new cell-penetrating multimodal probe
has been identified that shows bright luminescence,
high relaxivity, and excellent tissue retention proper-
ties, allowing for longer MRI recording than with
commercial CAS.

supernatant was discarded, and the precipitate was redispersed
in 15 mL of a 1:3 chloroform/ethanol mixture and centrifuged
again. The precipitate was dispersed in a minimum amount of
chloroform. The concentration was estimated from the first ex-
citonic peak in the UV—vis spectrum? A 02 M solution
of penicillamine in degassed Milli-Q water (1 mL) with pH adjusted
at 9 with 0.5 M TMAH (tetramethylammonium hydroxide) was
mixed with a ~5 uM dispersion of the QDs in chloroform (1.5 mL).
The resulting biphasic mixture was stirred vigorously at 1400 rpm
for 2 h to afford a fine aqueous suspension of QD-pen, which was
separated from the organic layer (yield: 60%).

Synthesis of Gd.2.QD. Solutions of Gd.2 (0.25 mL, 2.1 x 103
M) and TCEP (0.046 mL, 0.5 M) in degassed water were added to
the suspension of QD-pen (0.5 mL, 5.2 x 10°° M) in degassed
water, and the pH of the resulting suspension was adjusted to 9
with 0.5 M TMAH. The mixture was shaken at 800 rpm overnight
at 20 °C. The resulting fine suspension was purified portionwise
(200 uL) using PES 30K centrifuge filters at 1400 rpm for 60 s.
The obtained nanoparticles were washed with 3 x 150 uL
of degassed H,0O/PBS to remove any ungrafted complex. The
nanoparticle portions were combined and concentrated to 100 uL,
giving a fine orange suspension (yield 40%). This procedure was
repeated several times. A gadolinium content in the range
70—80 complexes per QD was determined for independent
syntheses by combined magnetic susceptibility measurements
and UV—vis spectroscopy.

Synthesis of Gd.2QD.MCa. Solutions of Gd.2 (0.25 mL, 2.1 x
107> M), TCEP (0.046 mL, 0.5 M), and maurocalcine (MCa)
(0.054 mL, 2.5 x 107> M) in degassed water were added to
the suspension of QD-pen (0.5 mL, 5.2 x 107 M) in degassed
water, and the pH of the resulting suspension was adjusted to 9.
The mixture was shaken at 800 rpm overnight at 20 °C. The
resulting fine suspension was purified portionwise (200 ul)
using modified PES 30K centrifuge filters at 1400 rpm for 60 s.
The obtained nanoparticles were washed with 3 x 150 uL of
degassed H,O/PBS to remove any ungrafted complex. The
nanoparticle portions were combined and concentrated to
100 uL, giving a fine orange suspension. This procedure was
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repeated several times. A gadolinium content in the range
30—40 complexes per QD was determined for independent
synthesis by combined magnetic susceptibility measurements
and UV—vis spectroscopy. The concentration of the samples
before phase transfer and after grafting is estimated from the
first excitonic peak in the UV—vis spectra using the empirical
correlations between the excitonic peak, size, and molar extinc-
tion coefficient compiled in ref 23. The concentration of Gd(lll)
was checked by the chemical shift measurement of HOD
induced by the magnetic susceptibility.>

Relaxivity Measurements. The Gd.1 and Gd.2 samples were
prepared in situ by mixing the appropriate amounts of ligand
and GdCls-6H,0 (99.99%; Aldrich) in H,O followed by adjust-
ment of the pH with NaOH aqueous solution (pH = 7.4). The pH
of the Gd2.QD suspension was adjusted for relaxivity measure-
ments at 7.4. The resulting suspension was placed in a 1.7 mm
diameter capillary, which was sealed. The absence of free
gadolinium was checked in all samples by the xylenol orange
test.>* The NMRD profiles were measured at 298 K in the range
0.1 and 35 Mz, by using a Spinmaster FFC (fast field cycling) NMR
relaxometer (Stelar, Italy). The 1/T; measurement was per-
formed on a Bruker Avance 200 spectrometer (200 MHz). The
1/T; measurements at 45 MHz (1.06 T) and 298 K were per-
formed on a BrukerMinispec “mqvar” ND2318. At higher mag-
netic fields relaxation measurements were performed on
conventional high-resolution NMR spectrometers.

Luminescence Spectroscopy. Luminescence data were recorded
using a Perkin-Elmer LS50B luminescence spectrometer (using
FLWINLAB for Windows v2.2) and a a modular Fluorolog FL3-22
spectrometer from Horiba-Jobin Yvon-Spex. Samples were held in
a 10 x 10 nm or 10 x 2 nm quartz Hellma cuvette, and a cutoff
filter (450 nm) was used to avoid second-order diffraction effects.

Quantum Yield Measurements. The excitation source was a
450 W Xe arc lamp, and all spectra were corrected for detection
and optical spectral response (instrumental functions) of the FL3-
22 spectrofluorimeter. It is equipped with a double grating excita-
tion monochromator and a iHR320 imaging spectrometer coupled
to a R928P Hamamatsu photomultiplier for visible measurement.
The quantum yields were determined at room temperature
through an absolute method*” using a home-modified integrating
sphere coupled to the modular Fluorolog FL 3-22 spectrofluori-
meter. The values reported are the average of three independent
determinations for each sample. The absolute quantum yield was
calculated using the following expression:

L ST Sl
L —Lc Ly L,
where E. is the emission spectra in the emission range of the
sample (ex: if the emission maximum is 620 nm, the range of this
spectrum will be from 450 to 750 nm), L. is the emission spectra of
the excitation wavelength of the sample, and L, is the emission
spectra of the excitation wavelength of the reference (quartz
capillary tube 4 mm in diameter filled with the solvent used).
Lifetime Measurements and Time-Gated Experiments. Time-
gated experiments were recorded using a 0.05 ms delay to
remove luminescence from the QD. Excited-state lifetime
measurements were made on a Perkin-Elmer LS50B lumines-
cence spectrometer (using FLWINLAB for Windows). Lifetimes
were measured by direct excitation (275 nm) of the sample
with a short 40 ms pulse of light (500 pulses per point) followed
by monitoring the integrated intensity of light (617 nm for Eu
and 546 nm for Tb) emitted during a fixed gate time of 0.1 ms,
at a delay time later. Delay times were set at 0.1 ms intervals,
covering 4 or more lifetimes. Excitation and emission slits were
set to 5:5 nm bandpass, respectively. The obtained decay
curves were fitted to a simple monoexponential first-order
decay curve using Microsoft Excel. g-Values were calculated
using the following equations:*®

g = 1.2[kH,O — kD,0O — 0.25] forEu
q = 5[kH,0 — kD,O — 0.06] forTh
DLS Measurements. The hydrodynamic diameter of the water-

soluble NCs dispersed in water was measured by dynamic light
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scattering (DLS), using a Malvern Zeta Sizer (NanoZS). The samples
have been thoroughly purified with centrifugal filters from VWR
(MWCO 30k) and dispersed in Milli-Q water (18 m£2-cm) prior to
the measurements. Given the sensitivity of the instrument, multi-
ple runs (>3) were performed to avoid erroneous results. The
spectra have been corrected by the instrument software for
viscosity (0.882 mPa-s at 25 °C), absorption (at 532 nm), solvent
(water) refractive index (1.33), and material (InP) refractive index
(3.1). The data are collected in automatic mode and expressed in
number %.

TEM Image. TEM images of Gd.2.QD were taken with a JEOL
4000EX microscope operated at 400 kV. The samples were
prepared by evaporating a drop of the colloidal solution on a
copper grid supporting a thin carbon film.

Biological Tests. CHO Cell Culture. Chinese hamster ovary
(CHO) cell line (from ATCC) was maintained at 37 °C in 5%
CO, in F-12K nutrient medium (InVitrogen) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (InVitrogen) and
10000 units/mL streptomycine and penicillin (InVitrogen).

Confocal Microscopy. Live CHO cells were incubated for 2 h with
10 uM Gd.QD or Gd.QD-MCa in F-12K cell culture medium
without serum. Immediately after a two-time washing procedure
with F-12K medium, the cell plasma membrane was stained with
5 ug/mL rhodamin-conjugated concanavalin A for 5 min, and
cells were then washed again with F-12K medium. Live cells were
immediately analyzed by confocal laser scanning microscopy
using a Zeiss LSM 710 (Gd.2.QD or Gd.2.QD.MCa) or a Zeiss
AxioVert 200M. Rhodamine (580 nm) and QD (620 nm) were
sequentially excited (at 488 nm for rhodamine and 561 nm for
QD), and emission fluorescence was collected in z-confocal
planes of 10—15 nm steps.

In Vivo MRI Studies. All animal experiments were conducted in
agreement with the “Principles of Laboratory Animal Care” (NIH
publication no. 86-23, revised 1985). The guidelines of the French
Ministry of Agriculture (87/848) and of the European Community
(86/609/EEC) were also respected. The protocol was submitted
for approval to the local neuroscience institute committee to
minimize animal suffering and abusive use of animal numbers.
OFA 7-week-old rats were anesthetized by 5% isoflurane inhala-
tion in a mixture air/O, 30% and maintained in anesthesia in 2%
isoflurane. Rats were then injected with 10 uL of 1 mM Dotarem
or Gd.2.QD.MCa (Dotarem or Gd.2 concentrationwise) in the
striatum using a stereotaxic frame (coordinates: 0 mm frontal,
3.5 mm lateral, and 5.5 mm in depth) and at a rate of 2 uL/min. T;-
weighted images (spin—echo, Tr/Tg = 300/27 ms) of rat brain
were acquired 15 min after intrastriatal injection and after placing
the rats in a 7 T magnet (Bruker BioSpec 70/20 USR AVII;
Preclinical MRI Facility of Grenoble). Sequences of 16 slices
(slice thickness: 1 mm each) over a period of 15 min were taken.
This sequence was repeated over a 4 h period, thus leading to the
total acquisition of 16 sets of 16 slices. The temperature was
maintained at 37 °C throughout the experiments.

Data Analyses of MRI Images. Two types of MRl image analyses
were performed. In each case, the most intense average T,
signal was selected from the set of 16 images at T= 15 min and
kept for all other times. First, a region of interest (ROI) was drawn
(10 pixels) close to the injection point (x mm of the injection
point), and the average signal intensity calculated over the ROI
minus the average intensity of the contra-lateral control area
(zone with contrast agent). This type of analysis provides a hint
of signal reduction with time. Second, the same type of analysis
was conducted by drawing a similar sized ROI at a distance of y
mm away from the injection point, close to the outer limit of the
detectable contrast agent signal. This second type of analysis
provides some information about the lateral diffusion process
of the contrast agent. Images and image analyses for Gd.2.QD.
MCa were compared to Dotarem data.
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