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The development of sensitive and specific probes that lack the
intrinsic limitations of fluorogenic organic dyes is of considerable
interest in many fields of research from molecular and cellular
biology to medical imaging and diagnosis.1 Semiconductor nanoc-
rystals, also known as quantum dots (QDs), have received consider-
able attention due to their unique optical properties which include
high quantum yield, large molar extinction coefficient, tunable
fluorescence emission, and photostability.2 These nanoparticles have
already been conjugated to biomolecules such as peptides, antibod-
ies, nucleic acids, or small ligands for applications as targeted
fluorescent labels.3 In addition, bisarsenical affinity probes FlAsH,4

ReAsH,5 and AsCy36 were recently introduced as innovative tools
for assessing protein location or function.7 These organic dyes are
derivatized with two vicinal arsenic moieties which allow selective
and complementary interactions with proteins that incorporate a
tetracystein tag (Cys2-(X)n-Cys2). Upon covalent interaction
between the 4Cys tag of the protein and the bisarsenical probe,
ligand exchange takes place on the two trivalent arsenic atoms.
This induces a significant increase in the fluorescence of the probe.
Targeted in vitro and in vivo imaging of recombinant 4Cys proteins
is thus achievable using the smart FlAsH probe and derived systems.
However, classical photobleaching of the organic dye is an inherent
drawback that still remains to be addressed.

To overcome the above-mentioned limitation of FlAsH-based
fluorophores, we report here the synthesis of new nanohybrids which
combine the prominent features of both systems, being the persistent
fluorescence of the QDs and the affinity of CrAsH (a FlAsH
analogue) for Cys tags. The choice of CrAsH as a probe was
governed by the fact that, contrary to FlAsH, it incorporates an
additional carboxylic moiety in the 6-position that is amenable to
conjugation. Our approach is based on the covalent anchoring of a
controlled number of CrAsH molecules to red-emitting QD micelles
and the evaluation of the resulting nanohybrid in the targeting of
Cys-tagged proteins.

The synthesis of CrAsH started from 6-carboxyfluorescein which
was prepared as a pure regioisomer according to the procedure of
Burgess et al.8 Mercuration of 6-carboxyfluorescein with mercuric
oxide in trifluoroacetic acid followed by transmetalation with AsCl3

and ligand exchange with ethanedithiol (EDT)9 afforded CrAsH
in 30% overall yield (Figure 1a). Spectral characterization of CrAsH
in PBS indicated a maximum absorption at 508 nm and fluorescence
emission at 520 nm. In parallel, core-shell CdSe/CdZnS nanoc-
rystals were prepared as previously described.10 These QDs, coated
with hydrophobic ligands, were then encapsulated in poly(ethylene
glycol) phospholipids to produce hydrosoluble and biocompatible

QD micelles.11 The phospholipids used for the encapsulation step
consisted in a mixture of conventional phospholipid 1a and variable
amounts of NH2 phospholipid 1b (Figure 1b). The latter was to be
used for the coupling of the QD micelles to CrAsH.

Initial coupling experiments (Figure 1c) were conducted using
QD micelles which incorporated 10 mol % of the NH2 phospholipid
1b. The 6-carboxyl group of CrAsH was first activated in THF
with a carbodiimide (EDC) in excess, followed by addition of an
aqueous solution of the micelle QD. Borate buffer (20 mM, pH 8)
was then added, and the solution was further stirred for 4 h at room
temperature. It is noteworthy that no QD aggregation was observed
during the process.

The QD-CrAsH nanohybrids were then purified from EDC and
CrAsH in excess by filtration through a NAP-5 column. The grafted
QDs were then analyzed by UV/visible spectroscopy, which
indicated a new band centered at ca. 500 nm (Figure 2a). The latter
was attributed to absorption of CrAsH. The presence of CrAsH on
the surface of QD micelles was confirmed by fluorescence measure-
ments. As depicted in Figure 2b, the emission spectrum of the
nanohybrid results from the linear superimposition of CrAsH and
QD emission spectra. Coupling and purification thus did not alter
the fluorescence properties of the QD nor that of CrAsH. To
investigate whether nonspecific adsorption of CrAsH had taken
place on the QD micelle, control experiments were run using the
same coupling procedure but without EDC. The photophysical
properties of the QD remained unchanged after Nap-5 purification,
but no characteristic bands of CrAsH were detected either in the
absorption or in the emission spectra. This blank experiment
demonstrates that the signal observed in the case of the QD-CrAsH
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Figure 1. (a) Synthesis of CrAsH (FlAsH has the same chemical structure
as CrAsH except for the carboxylic group in the 6-position). (b) Chemical
structures of phospholipids 1a and 1b. (c) QD encapsulation and coupling
to CrAsH.
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nanohybrid is not due to nonspecific adsorption of the dye but to
the anticipated covalent linking of CrAsH to the micelle.

To investigate our methodology further, we repeated the same
EDC-mediated coupling using variable amounts of the NH2

phospholipid 1b (2-20 mol % of 1b/1a) in the encapsulation step
of the QD. The number of CrAsH molecules attached to the micelle
was then determined, in each case, by spectroscopy.10 The intensity
of the peak corresponding to CrAsH increases concurrently (Figure
2c) and linearly (Figure 2d) with the amount of 1b initially added
to the micelle. This relationship demonstrates that the coupling of
CrAsH to the QD micelles was achieved in a controlled and
quantitative manner.

The affinity of QD-CrAsH with regards to tetracystein-tagged
proteins was then tested. Thus, increasing amounts of a viral lysate
containing the target tagged protein (integrase protein) were added
to a solution of QD-CrAsH micelles containing 5 mol % of CrAsH.
After each addition, the solution was gently mixed for a few minutes
before a fluorescence emission spectrum was recorded. As shown
in Figure 3a, successive addition of the viral lysate induced a rise
in the fluorescence of CrAsH. A ca. 10-fold increase was observed
after addition of 400 µL of viral solution corresponding to
approximately 10 ng of protein. Noteworthily, QD fluorescence
remained unaffected throughout the sequential additions.

The selectivity of QD-CrAsH was also evaluated by comparing
the above results with the fluorescence emission of the nanohybrid

that was exposed to 400 µL of a similar viral lysate without the
4Cys-tagged protein (Figure 3b). In this case, only a 2.5-fold
increase in fluorescence intensity was detected. Taken together,
these data confirmed selective binding of QD-CrAsH to 4Cys-
tagged proteins.

The resistance of the nanohybrid to photobleaching was assessed
by continuous illumination of a QD-CrAsH micelle solution in
interaction with the tagged protein. As anticipated, the fluorescence
of CrAsH faded over several tens of seconds, while that of the QD
remained mostly unaffected (see Supporting Information). Thus the
persistent QD fluorescence emission could be used for detection/
imaging long after photobleaching of the dye occurred. The initial
fluorescence enhancement of CrAsH upon binding to the tagged
protein combined with photostability of the QD makes our
nanohybrid a superior system for smart targeted imaging.

In conclusion, we have reported the design and synthesis of a
smart fluorescent nanohybrid probe for the targeting of Cys-tagged
recombinant proteins. The nanohybrid was prepared by conjugation
of CrAsH to hydrosoluble and biocompatible quantum dots.
Introduction of variable amounts of amino poly(ethylene glycol)
phospholipids in the micelle QD followed by EDC-mediated
coupling permitted the covalent linkage of CrAsH to the QD. We
have demonstrated that the QD fluorescence was resistant to
photobleaching compared to CrAsH and that the QD-based nano-
hybrid binds efficiently and selectively to 4Cys-tagged proteins.
This selective interaction could permit the imaging of tagged
proteins in vivo with high sensitivity and over extended periods of
time. Biomedical applications of these new multifunctional probes
are currently under investigation.
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Figure 2. (a) Absorption spectra of CrAsH, QD, and QD-CrAsH in PBS.
(b) Emission spectra of CrAsH, QD, and QD-CrAsH in PBS. (c)
Absorption spectra of QD-CrAsH for increasing amounts of CrAsH coupled
to the QD micelle. (d) Number of CrAsH per QD versus percentage of
NH2 phospholipids incorporated in the QD micelle. QDs were excited at
350 nm, whereas QD-CrAsH and CrAsH were excited at 485 nm.

Figure 3. (a) Emission spectrum of QD-CrAsH (dotted line). Fluorescence
spectra of QD-CrAsH micelles for increasing amount of viral lysate
containing the 4Cys-tagged proteins (solid line). (b) Emission spectra of
QD-CrAsH alone (red), incubated with the viral lysate with (brown) and
without (blue) the 4Cys-tagged proteins. Spectra were recorded in PBS using
QD loaded with 5% CrAsH. Excitation at 350 nm.
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