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A fluorescence nanosensor for Cu?+ ions has been obtained
by surface functionalization of silica particles with trialk-
oxysilane derivatized ligand and fluorescent dye.

The interest in fluorescence chemosensors is continually
growing, as they provide a sensitive and selective method to
recognize and evaluate the concentration of different sub-
strates.! In their typical design, these systems are composed of
a substrate binding unit and one or more photoactive compo-
nents which generate the fluorescence signal. However, the
synthetic effortsinvolved in their realization can be demanding.
Self-organization of receptors and fluorescent dyes to form
organized assemblies can, at least partially, overcome this
problem by providing an efficient strategy for the easy
realization and optimization of fluorescence chemosensors.
After our first report on a self-organized fluorescent chem-
osensor for Cu2* in micellar aggregates,?2 analogous strategies,
based on Langmuir-Blodgett films3 and trialkoxysilane self-
assembled monolayers on quartz surfaces,* have been success-
fully explored.5> However, the real applicability of such systems
islimited by several factors. In particular, surfactant aggregates
and Langmuir—Blodgett films are delicate objects which form
only in particular conditions, while the limited surface area of
quartz glasses does not alow the generation of a strong
fluorescence signal. Modification of nanoparticle surfaces
offers an attractive approach to the redlization of organized
assemblies of functional subunits and chemosensors supported
on nanoparticles would not suffer form the previous limita-
tions.6 Silica nanoparticles are particularly suitable for the
realization of fluorescence chemosensors asthey are transparent
and photophysically inert. Moreover, a recent study on dansyl
functionalized silica nanoparticles reported evidence that col-
lective processes can arise from the organization of the
components in an extended network.”

We here describe the first example of a self-organized
fluorescence chemosensor for Cu2* ions obtained by surface
functionalization of silica nanoparticles.8 Mixed dye and ligand
coated silica nanoparticles (CSNs) in different ratios were
prepared, following reported procedures,” via the reaction of
commercialy available silica nanoparticles (Aldrich AS-30)
with the trimethoxysilane derivatized dansylamide 1 and
picolinamide 2. The picolinamide subunit was chosen as metal
binding subunit asit was reported to act as selective Cu2* ligand
via the deprotonation of the amidic group.® The coated
nanoparticles are dispersible in non-polar organic solvents
(CH.Cl,, CHCI3) and in 10% water/DM SO mixtures. *H-NMR
analysis showed the signal broadening typical of immobilized
subunits on the nanoparticles surfaces and allowed to determine
the ratio of the two components (see Supplementary Informa-
tiont).

CSNscharacterized by different 1 : 2 ratios, hereafter defined
by the ligand molar fraction y = 2/(1+2), are simply obtained
by modulating the concentrations of 1 and 2 in the reacting

T Electronic supplementary information (ESI) available: experimental
procedure; TEM images; NMR, UV-vis and fluorescence spectra; fluore-
sence titration. See http://www.rsc.org/suppdata/cc/b3/b310582b/
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mixture used to functionalize the silica nanoparticles. The UV-
vis and fluorescence spectra are typical of the dansyl chromo-
phore (see Supplementary Informationt). Fluorescence aniso-
tropy values, measured in CHCl3, were in the range 0.04-0.08
and indicate a slow rotational relaxation of the fluorophore due
to the immobilization on the nanoparticle surface.” The particle
size (average 18 nm, with o = 3 nm) was investigated by
transmission electron microscopy (TEM, Fig. 1 and Supple-
mentary Informationt). As a rough estimate, each coated
nanoparticle may bear up to 10# attached subunit molecules.
Fig. 2a shows the variation of the fluorescence emission of
solutions of nanoparticles with different y values (0.003 mg
ml—1in 1:9 buffered water (HEPES pH 7.0)/DM SO solutions)
after addition of Cu(NOs).. Inany case, themetal ioninducesan
almost complete (down to a plateau of about 5% of the initial
emission) quenching of the fluorescence emission of CSNs.
Fluorescence quenching isdueto the binding of the Cu2+ ions
to the nanoparticles, as no changes of the emission are observed
after addition of Cu2* to a CSNs solution in the presence of
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Fig. 2 (a) Spectrofluorimetric titration of CSNs (0.03 mg ml—1) with
Cu(NOs); in 10% water/DM SO, HEPES buffer 0.01 M pH 7, 25 °C, Aexc =
340 NM, Aem = 520nNm (@: y = 0; A: y = 0.15; 0: y = 0.4; Oty = 0.55;
O: y = 0.81). (b) L[Cu?*]5006 asafunction of 2 molar fraction onthe CSNs
([2] = 2uM, 10% water/DM SO, HEPES buffer 0.01 M pH 7, 25 °C).
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excess of EDTA as a competitive ligand. In the case of CSNs
made with only 1, a modest fluorescence decrease is observed
after Cu2+ addition (Fig. 2a, @). A similar effect is obtained by
adding Cu2* to a N-propyl-dansylamide solution indicating that
in this solvent system the dansylamide unit alone can provide
weak Cu2+ binding sites. However, the presence of ligand 2 is
necessary to achieve a strong binding of the substrate and
authenti cate the CSNs as sensors. Indeed, it isthe grafting of the
sensor components on the nanoparticles surfaces that ensures
the spatial proximity necessary to the communication between
the subunits. This s clearly shown by the fact that addition of
Cu2+ to solutions containing both N-propyl-dansylamide and N-
propyl-picolinamide leads to a fluorescence quenching profile
identical to that obtained for the N-propyl-dansylamide alone.

The sensitivity of the CSNs depends on both the pH control
(use of buffer) and, most notably, on the ligand to dye ratio on
the nanoparticles surface. Addition of Cu2* to unbuffered CSNs
solutions results in incomplete fluorescence quenching and this
isrelated to theincrease of the acidity of the solution. Infact, the
uptake of the metal ion by the sensor implies the release of
protons and this, in turn, hampers the deprotonation of the
amidic group of the 2 subunit and weakensitsligand ability. On
the other hand, inspection of Fig. 2a clearly reveds that the
sensitivity of the systems increases as the y value increases.
CSNs with a2 to 1 ratio close to unity can detect Cu2* in the
micromolar range: using nanoparticles with a y value of 0.86, a
10% quenching of the fluorescence was observed in the
presence of a 4 uM concentration of Cu2*. This behavior is
expected by taking into account that, at a constant nanoparticle
concentration, the increase of the y valueimplies an increase of
the total concentration of ligands in solution and, as a
consequence, a larger extent of binding of the metal ions.

However, cooperative effects also seem to play an important
role. This is highlighted by the results of experiments carried
out on nanoparticles solutions with different y values but with
constant overall concentration of ligand 2. If the Cu2*
concentration necessary to reduce the fluorescence emission at
50% of its initid value is taken as a reference vaue, the
reciprocal 1/([Cu?*]soe) IS a quantitative indication of sensitiv-
ity. The plot of such quantity against y (Fig. 2b) shows that the
CSNswith large y values have the best efficiency as sensors of
the metal ion. The sigmoidal shape of the profile clearly
indicates cooperation between the ligands subunits. In fact, the
Cuz+ gffinity of the ligand subunits improves as their relative
density on the CSNs surface increases. Quite likely, this can be
ascribed to the surface-organization of the 2 subunits that may
lead to the formation of multivalent binding sites (e.g. with 2 :
1or 3:1ligand to metal stoichiometries) with a greater Cu2*
affinity. 10

The selectivity of the CSNs with regard to other divalent
metal ions, such as Caz*, Mg?+, Zn2*, Cd2+, Co2*, Ni2+, Fe2*
and Pb2*, was eval uated in competition experiments as reported
in Fig. 3. In the presence of a 50 uM concentration of the
different cations, no effect on the fluorescence of the CSNs is
observed, with the only exception being Ni2*, which brings
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Fig. 3 Relative fluorescence intensity of CSNs (y = 0.86,0.03mgml—1)in
the presence of the indicated metal ions alone (50 uM, back row) and with
Cuz+(50 uM, front row). 10% water/DM SO, HEPES buffer 0.01 M pH 7, 25
°C, Aexc = 340 nm, dem = 520 nm.

about a 45% decrease of the emission.1! In contrast, 50 uM of
Cu2+ quenches the emission of CSNsto 20% of theinitial value.
The same effect is observed after the addition of Cu?* to the
solutions containing each other metal ion, thus showing that
they do not interfere with the Cu2*+ determination. Moreover,
titration with Cu2* of solutions containing the CSNs and all the
metal ions (but not Ni2*) produces a quenching profile very
close to that obtained in the absence of any ion (Supplementary
Informationt).

In summary, we have shown that silica nanoparticles can be
effectively employed as template for the self-organization of
fluorescence chemosensors. Grafting of the ligand and the dye
subunits to the nanoparticles surface not only ensures the inter-
component communication in the sensor, but also induces
cooperative processesin the binding of the substrate. Tuning of
the sensor sensitivity can be easily obtained by changing the
ligand to dyeratio and allows the determination of the substrate
in different concentration intervals. Moreover, with respect to
other systems34 used for the realization of self-organized
chemosensors CSNs are easier to prepare and to handle.
Particularly, they are chemically and physically stable and,
therefore, more suited for real practical applications. A large
number of chemosensors with different substrate affinity or
photophysical properties can berealized by simply changing the
trimethoxysilane derivatives employed in the functionalization
of CSNs. Work isin progress in our laboratory.
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