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Abstract: Silica nanoparticles (about
15 nm diameters), which contain a de-
rivative of 6-methoxy-8-(p-toluensulfo-
namido)-quinoline (TSQ) as a Zn" flu-
orescent probe covalently linked to the

molar sensitivity: 0.13 pMm concentra-
tions of Zn" can be measured with the
only interference of Cu" and Cd" ions.
Compared with free TSQ, the nanopar-
ticles based systems have the advant-

age that they can be employed in aque-
ous solutions without aggregation prob-
lems while at the same time, they
maintain a similar Zn" affinity and
sensing ability. Addition of a second,

silica network, were prepared and stud-
ied as Zn" fluorescent chemosensors.
The systems selectively detect Zn" ions
in water rich solutions with a submicro-

Introduction

Fluorescence chemical sensing involves the use of synthetic
photoactive receptors to signal the presence of selected sub-
strates by the variation of their fluorescence emission.!!
These tools are nowadays well established and widespread
in several fields.” Indeed, such systems are typically simple
to use, selective, sensitive and, most important, they allow
measuring the analyte concentration with high response rate
and spatial resolution. For these reasons, they are attracting
increasing attention particularly in the intracellular monitor-
ing of selected species in medical and biochemical applica-
tions.['e ! Recently, the inclusion of fluorescent chemosensors
within nanoparticles, proposed by Kopelman and Rose-
nzweig and their co-workers, has emerged as an attractive
new strategy for intracellular non-invasive real-time analy-
sis.’) These water-soluble nanoparticles, dubbed PEBBLEs
(Probes Encapsulated By Biologically Located Embedding),

[a] Dr. P. Teolato, Dr. E. Rampazzo, Dr. M. Arduini, Dr. F. Mancin,
Prof. U. Tonellato

Dipartimento di Scienze Chimiche and CNR-ITM
Universita di Padova, via Marzolo 1

35131 Padova (Italy)

Fax: (+39)049-827-5239

E-mail: fabrizio.mancin@unipd.it

Prof. P. Tecilla

Dipartimento di Scienze Chimiche

Universita di Trieste, via Giorgieri 1

34127 Trieste (Italy)

[b

[

WWILEY

2238 — Inte rS_;_ien_;e‘

Keywords: fluorescent
nanoparticles - sensors - zinc

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

substrate insensitive, fluorophore to
the particles leads to the realization of

probes . .
a ratiometric sensor.

are based on matrices of cross-linked polymers (e.g. polya-
crilamide, polydecylmethacrylate, sol-gel silica) with a fluo-
rescent chemosensor embedded and not linked to the poly-
mer.**! These matrices have been used to make sensors for
pH, metal ions, as well as for some non ionic species. The
small size of such nanosensors (from 20 to 600 nm) still ena-
bles their non-invasive insertion into a living cell as in the
case of molecular systems. The semipermeable and transpar-
ent nature of the matrix allows the interaction of the analyte
with the indicator dye thus giving rise to a change of the
emitted fluorescence. Moreover, when compared with the
“naked” chemosensor, the nanoparticle can shelter the indi-
cator from interferences, such as protein or membrane bind-
ing, also minimizing its toxicity. Intrinsic solubility of the
chemosensor into aqueous solutions can be neglected, since
it is taken up and transported by the nanoparticle. Finally,
directing molecules can be attached to the particles surface,
capable to confer to the nanosystems the ability to target
only selected tissues or cells.

After those first reports, nanoparticles of different kinds,
from polymers to quantum dots, have been used to investi-
gate new strategies for the realization of fluorescent chemo-
sensors.! We have recently introduced the chemical modifi-
cation of silica nanoparticles for the preparation of self-or-
ganized multicomponent chemosensors.” In our approach, a
fluorophore and a metal ion ligand are firstly modified by
the conjugation with an alkoxysilane moiety and then cova-
lently linked to the nanoparticle. Grafting of the two sensor
components on the nanoparticle ensures their spatial prox-
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imity and the binding of the metal ion, namely Cu" ions, to
the ligand results in a through space interaction with the
dye which generates the signal. A similar approach has then
been extended to different kinds of nanoparticles;*®
among them those based on silica are particularly attracting
as they are easy to make, water soluble, transparent to light
and they can be easily engineered in compartments, where
different species can be located to perform different func-
tions. However, examples of silica nanoparticle based che-
mosensors are quite scarce and all devoted to the detection
of fluorescence quenching species, namely molecular
oxygen® and Cu" ions.***<l Moreover, the sensing device is
usually embedded in the nanoparticle core and is not cova-
lently linked to the silica backbone. However, simple en-
trapping often results in leakage of the sensor and, in any
case, prevents the engineering of the nanoparticles in chemi-
cally different compartments.

Moving from these considerations we have started a re-
search aimed to the realization of nanosized chemosensors
in which the sensing element is chemically bound to the
silica nanoparticles with the final scope to obtain robust sys-
tems able to detect a wide range of substrates. In this paper,
we describe our first results in the ratiometric detection of
the photophysically inert Zn" ion with good selectivity and
sensitivity.

Results and Discussion

The synthetic procedure to prepare nearly monodisperse
silica nanoparticles by condensation of tetralkoxysilanes in
ammonia, water and ethanol solutions is known since the
late 60s from the work of Stober and subsequently of Van
Blaaderen.”*! In early 90s, a modification of this procedure
was proposed by Van Blaaderen in order to prepare cova-
lently dye-doped silica nanoparticles.”) It involves copoly-
merization of the tetralkoxysilane with a trialkoxysilane de-
rivative of the dye. Later on, new procedures aimed at em-
bedding organic molecules avoiding their chemical modifica-
tion were reported.'”) They rely on the use of either re-
versed or normal micelles as “nanoreactors” where the
polymerization reaction occurs involving the entrapment of
the dopant distributed within the aggregate. However, such
surfactant based methods require further workup in order to
separate the surfactant from the particles; moreover, leach-
ing of the included molecules from the particles can hardly
be ruled out.

On the basis of such premises, we selected the 6-methoxy-
8-(p-toluensulfonamido)-quinoline (TSQ, 3, see below) as
the active unit for the preparation of Zn" sensing silica
nanoparticles via the Stober—Van Blaaderen procedure.
TSQ and the closely related Zinquin (4, see below) are
among the most popular intracellular Zn" fluorescent
probes actually in use.'**!l Derivative 1 was designed in
order to attach to the molecule the triethoxysilane group,
which is essential for the grafting to the particles silica net-
work, without perturbing the fluoroionophore aromatic
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system. Synthesis of 1 was obtained in four steps (Scheme 1)
from commercially available 6-methoxy-8-amino-quinoline
(7) and 4-bromomethyl-benzensulfonyl chloride (8). Con-
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Scheme 1. Synthesis of fluoroionophore 1. a) pyridine, dichloromethane,
0°C; b) sodium azide, DMF, RT; c¢) H,, Pd/C, methanol, RT; d) 3-(trie-
thoxysiliyl)-propyl isocianate, tetrahydrofuran, —10°C.

densation of the two compounds in CH,Cl, in the presence
of pyridine afforded 6-methoxy-8-(4-(bromomethyl)benzen-
sulfonamido)-quinoline (9), which was subsequently con-
verted to the corresponding azide 10 by reaction with NaNj;
in DMF. Catalytic hydrogenation of 10, using Pd on carbon,
yielded amine 11 which was converted to 1 by condensation
with 3-triethoxysilyl-propyl isocyanate. Following the same
procedure, derivative 2, which lacks the alkoxysilane group,
was also prepared as reference compound.

Compound 2 and the parent compound 3 are sparingly
soluble in water and aggregation was detected from the ab-
sorption spectra even at low concentrations. For these rea-
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sons, the following experiments were performed in 1:1
water/ethanol solutions. As expected, the photophysical
properties of 2 are similar to those of 3. The absorption
spectra (Figure 1a) are almost identical and display two
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Figure 1. a) Absorption and b) emission spectra of fluoroionophores 2
and 3 in ethanol/water 1:1, pH 7.0. Conditions: [dyes] = 2.44x107m,
HEPES buffer 0.05M, 4., = 340 nm, 25°C.

bands at 245 and 335 nm. The emission spectra (Figure 1b)
are very weak for both the compounds with maxima at
490 nm, but the intensity in the case of 2 is about three
times lower than that of 3. Quenched emission of §-amino-
quinoline derivatives is usually attributed to an intramolecu-
lar proton transfer coupled with a photo-induced excited-
state electron transfer from the 8-amino residue to the quin-
oline nitrogen atom. Binding of metal ions usually inhibits
such electron transfer resulting into a notable emission in-
crease which is at the basis of their use as fluorescent che-
mosensors.!'®!

The effect of the addition of Zn(NO;), to a solution of 2
buffered at pH7 is reported in Figure 2. The absorption
bands undergo a red shift with the appearance of two new
bands at 263 and 360 nm. Fluorescence spectra show a 30-
fold increase of the emission accompanied by a 6 nm red-
shift of the maximum. In the case of 3, although the spectral
changes are almost identical, the extent of the emission in-
creases is about three times smaller. Fitting of the emission
intensity versus metal ion concentrations reveals, as already
reported in the case of similar Zinquin (4),'? the formation
of complexes with a 2:1 ligand to metal stoichiometry and
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Figure 2. a) Absorption and b) emission spectra of fluoroionophore 2 in
the presence of increasing Zn(NO,), concentrations (0-2.0x107°m) in
ethanol/water 1:1, pH 7.0. Conditions: [dye] = 1.29x10°m, HEPES
buffer 0.05m, A.,. = 340 nm, 25°C.

exc

with formation constants very similar for the two ligands
(Table 1).

Table 1. Absorption, luminescence and apparent formation constant data
relative to compounds 2, 3 and their Zn" complexes in water/ethanol 1:1
at 25°C. (HEPES buffer 0.05m).

Absorption Fluorescence
]'max [nm] smax [M71 Cmil] }'Iﬂﬂx [nm] ¢[a] logﬁ[b]
3 245 4.15x10* 490 0.045
335 4.84x10°
3,.Zn" 263 7.41x10* 496 0.194 11.0
360 8.80x10°
2 244 4.40x10* 490 0.015
336 4.95%x10°
2,-Zn" 263 6.75x10* 496 0.096 11.3
360 8.51x10°

[a] Fluorescence quantum yield. [b] 8 = [L,Zn")/[L]*[Zn"].

Silica nanoparticles containing chemosensor 1 were pre-
pared by co-condensation of a mixture of tetraecthoxysilane
(TEOS) and 1 in ethanol/water/ammonia at 25°C. The
molar ratio of 1 to TEOS in the reaction mixture was fixed
at a value of 1:100, since greater amount of 1 in the reaction
mixtures prevented the formation of the nanoparticles. The
colloid solutions were purified by extensive ultrafiltration
over a 10000 Dalton (~3 nm) cut-off membrane to eliminate
unreacted species and hydrolyzed monomers.

Chem. Eur. J. 2007, 13, 2238 -2245


www.chemeurj.org

Silica Nanoparticles

The resulting particles were investigated by transmission
electron microscopy (TEM, Figure 3a): the average diameter
is 102 nm with a 2.5nm polydispersity (24 %). Dynamic
light scattering (DLS) analysis yielded similar results indi-
cating a 14.8 nm average diameter and a 4.8 nm (32 %) poly-
dispersity. DLS hydrodynamic diameters are usually found
to be greater than those measured by TEM analysis: such
effect has been ascribed to the shrinkage of the particles
due to the microscope electron beam.®! At any rate, the par-
ticles obtained are quite small, poorly spherical and barely
monodisperse. Similar features are commonly observed in
the case of silica particles with diameters smaller that
30 nm, when prepared with the Stober synthesis.”

Figure 3. TEM images of a) 1-doped and b) 1/5-doped silica nanoparti-
cles. Bars: a) 250 nm, b) 100 nm.

Absorption and emission spectra of a nanoparticles solu-
tion in 1:1 water/ethanol reveal the presence of the chemi-
cally linked fluoroionophore (Figure 4). However, in addi-
tion to the characteristic bands at 245 and 335 nm, two
shoulders at 260 and 360 nm can be detected in the absorp-
tion spectrum (Figure 4a). These two bands are typical of
the protonated form (or metal ion complexed) of the 6-me-
thoxy-8-(benzensulfonamido)-quinoline derivatives. There-
fore, in the absence of metal ions, it is probable that part of
the fluoroionophore present within the nanoparticles is pro-
tonated by the acidic silanol groups of the silica network.
The intensity ratio between the band at 245 and the should-
er at 260 nm indicates that about 30% of the fluoroiono-
phore exists in the protonated form. Such hypothesis is fur-
ther confirmed by the analysis of the emission spectra of the
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nanoparticles. The emission maximum is centred at 486 nm
and the quantum yield is 0.12. This value is much higher
than that of 2 in water/ethanol solutions and such effect
could be ascribed at least partly to the protonation of part
of the photoactive units. Decreased solvent quenching of the
emission due to the inclusion in the nanoparticle could also
be involved in the high quantum yield observed. The em-
bedding of 1 within the nanoparticles is confirmed by the
fluorescence anisotropy value of 0.10, compatible with a low
mobility of the dyes due to the grafting to the nanoparticles.
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Figure 4. a) Absorption and b) emission spectra of a solution of 1 con-
taining nanoparticles in the presence of increasing Zn(NO;), concentra-
tions (0-2.0x107°m) in ethanol/water 1:1, pH 7.0. Conditions: [dye] =
1.4x107°m, HEPES buffer 0.05M, Ao, = 340 nm, 25°C.

The effect of the addition of Zn" ions to a 1 doped nano-
particles solution is reported also in Figure 5. Spectral modi-
fications closely resemble those observed in the case of free
chemosensors 2 and 3. On the one hand, the absorption
band at 245 nm decreases while two new maxima appear at
260 and 360 nm, on the other hand, the emission band un-
dergoes a six-fold intensity increase. Such increment is
smaller than that recorded using 2 and this is probably due
to the higher quantum yield of the uncomplexed sensor em-
bedded in the particles: as a consequence, the effect of the
complexation on the emission increase is less dramatic. The
concentration of fluoroionophores present in the particles
solution was roughly estimated, using the molar extinction
coefficient measured for 2 in the same solvent, to be 1.4x
107°m. The emission intensity versus Zn'" concentration pro-
file (Figure 5) was fitted using models involving either a 1:1,
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Figure 5. Spectrofluorimetric titration with Zn(NO,), of a solution of 1
containing nanoparticles in 1:1 (e, [dye] = 1.4x107°m) and 9:1 (o, [dye]
= 2.8x107°m) water/ethanol solutions at pH 7.0. Conditions: HEPES
buffer 0.05m, 25°C, Ao = 340 nm, 4.,, = 490 nm.

2:1 (or both) ligand to metal complexation stoichiometries.
Reliable results were obtained only in the case of the 2:1
model. The fit yielded a logf value of 11.1 and a ligand con-
centration of 0.9x107°M. When this value is compared with
the total concentration of 1 determined by UV/Vis analysis,
it comes out that only 65 % of the sensor units are available
for the interaction with the Zn" ions. Such result is in good
agreement with the previous assessment of the presence of a
30% fraction of protonated sensor units, hence unavailable
for Zn" complexation, in the metal-free particles. The find-
ing of a 2:1 ligand to metal complexation stoichiometry also
in the case of the dye-doped nanoparticle is somehow sur-
prising, since one could expect that the covalent linking of
the subunits of 1 to the silica network should decrease their
mobility and prevent the formation of 2:1 complexes. How-
ever, aggregation of organic fluorophores to form domains
within silica particles has been already reported™ and could
be at the origin of the observed binding stoichiometries.

Beside the speculation of the internal structure of the
nanoaparticles, their sensing efficiency must be highlighted.
If the amount of Zn" needed to produce a 25% increase of
the initial fluorescence emission is taken as reference detec-
tion limit, Zn" concentration down to 2.6 x 10~'M can be de-
tected. Moreover, unlike the free sensors 2 and 3, particles
containing 1 can be used in mixed solutions with high per-
centage of water. Figure 5 reports also the titration profile
of a particles solution in 9:1 water/ethanol. The sensing effi-
ciency is similar to that obtained in 1:1 water/ethanol. A sat-
uration three-fold emission increase is observed and the Zn"
concentration which produces a 25% increase of the initial
fluorescence emission is 1.3x 107" m.

The selectivity of 1 containing nanoparticles chemosensor
was tested using several divalent metal ions. The titrations
profiles are reported in Figure 6. Beside Zn", only Cd" pro-
duces a two-fold emission increase, while Cu'! causes a 80 %
quenching of the initial emission (not shown). All other
metal ions tested produced no or very little variations of the
particles emission. This result is in line with the reported
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Figure 6. Spectrofluorimetric titration of a solution of 1 containing nano-
particles in 1:1 water/ethanol solutions at pH 7.0 with CaCl,, MgCl,, Zn-

(NOs3),, Cd(NOs3),, CoCl,, Ni(NOs),, and Pb(NOs),. Conditions: [dye] =
1.4x107°m, HEPES buffer 0.05Mm, 25°C, 1., = 340 nm, A,, = 490 nm.

ability of 6-methoxy-8-(benzensulfonamido)-quinoline deriv-
atives to selectivity sense Zn" ions with interferences from
Cu" and, to a minor extent, from Cd", which, however, are
not present in relevant amounts in biological systems.!"¥

One of the main advantages of the PEBBLE approach is
the possibility to convert off-on sensors into ratiometric sen-
sors by simply adding to the system a fluorophore that is in-
different to the substrate and produces a constant reference
signal.®®! In order to investigate such possibility, we pre-
pared nanoparticles containing both the active fluoroiono-
phore 1 and the indifferent coumarine derivative 5 (see
above) chemically-linked to the silica network. The amount
of the two dyes was fixed at 0.5% each with respect of
TEOS. DLS analysis of the purified particles yielded a
17 nm diameter, while TEM confirmed the presence parti-
cles of about 10-15 nm diameter (Figure 3b). However, we
were unable to obtain TEM pictures with a suitable quality
for dimensional analysis. Absorption spectra of the nanopar-
ticles solutions confirm the presence of both 1 and 5 (Fig-
ure 7a), with the characteristic absorption maxima at 244
and 334 nm (due to 1) and 295 nm (due to 5, see Figure 7b).
The ratio between absorption intensities at 244 and 295 nm
indicates that the two molecules are present in similar
amounts within the particles.

Also the emission spectra show the maxima characteristic
of the two species 1 and 5 at 486 and 410 nm, respectively
(Figure 7a); contribute of the sole dye 1 can be observed
upon excitation at 370 nm, where 5 absorption is negligible.

Titration of silica particles containing both 1 and 5 with
Zn" resulted in the usual six-fold increase of the emission of
1 units (Figure 8b). Almost no difference in the titration
profiles was detected when excitation was set at 295 or
370 nm, confirming that the second fluorophore does not in-
terfere with the response of the fluoroionophore. Moreover,
when excitation is set at 295 nm, the emission band of 5 at
410 nm remains constant in intensity and position through
the whole titration (Figure 8a), acting as an internal refer-
ence and validating the particles as ratiometric sensors.

Chem. Eur. J. 2007, 13, 2238 -2245
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Figure 7. Absorption and emission spectra of a) solution of 1 and 5 con-
taining nanoparticles (A, [1] = 1.5x107m, [5] = 1.2x107°m) and of a
solution of dye 6 (B, [6] = 3.0x107°m) in ethanol/water 1:1, pH 7.0. Con-
ditions: HEPES buffer 0.05M, 25°C.

Conclusion

The main advantage of the use of silica nanoparticles com-
pared with other materials in the development of fluores-
cent chemosensors is probably their rigidity. They do not
swell or collapse by changing the solvent system and they
present well defined compartments: surface, shells, meso-
pores that can be used to organize the functional species in-
troduced in the particles to perform very complex func-
tions." In view of these features, the chemical functionali-
zation of the nanoparticles appears to be a promising strat-
egy if compared with the simple embedding of the active
components in the nanoparticle. At least in principle, it can
allow the precise localization of the selected species in the
desired compartment and avoids leaking. On the other
hand, the use of silica nanoparticles in fluorescence sensing,
and particularly metal ion sensing, could suffer from some
limitations regarding their permeability and non-specific
binding of metal ions to the particles surface.™

The results reported in the present study reveal that ratio-
metric Zn" sensing is possible within chemically modified
silica nanoparticles. Binding ability of the 6-methoxy-8-(ben-
zensulfonamido)-quinoline units appears unaltered and the
sensing efficiency observed is similar to that of free TSQ
(3). In addition, nanoparticles embedding allows the use of
water rich, and presumably also pure water, solutions.

Chem. Eur. J. 2007, 13, 2238 -2245
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Figure 8. a) Emission spectra (4., = 295 nm) of a solution of 1 and 5
containing nanoparticle in the presence of increasing Zn(NO;), concen-
trations (0-2.0x107°m). b) Emission intensity versus Zn" concentration
of the same solution upon excitation at 295 nm (e) and 370 nm (o). Con-
ditions: ethanol/water 1:1, [1] = 1.5x107°m, [5] = 1.2x10°m, HEPES
buffer 0.05m ethanol/water 1:1 pH 7.0, 25°C.

The main limit of the systems presented in this work is
the increased quantum yield of the particles embedded fluo-
roionophore, probably due to protonation of the dye by the
acidic silanol groups. Such problem could be overcome by
the passivation of the free silanol groups after particles
preparation or by the use of ORMOSIL particles instead of
the traditional silica ones. The instauration of communica-
tion effect between the embedded fluorophores, such as res-
onance energy transfer processes, could be used to increase
the signalling efficiency of the sensors.'! Finally, surface
functionalization of the particles could increase their cell
penetration ability.

Experimental Section

General: All commercially available solvents and reagents were used as
received without further purification. TLC analyses were performed
using Merck 60 F,s5, (0.25 mm) precoated silica gel glass plates and Mach-
ery-Nagel Poligram SIL G/UV,s, precoated plastic sheets (0.25 mm).
Preparative column chromatography was carried out on glass columns
packed with Macherey—Nagel 60 (70-230 mesh) and on Merck Kieselgel
60, 0.063 mm silica gel. Petroleum ether b.p. range 40-60°C.

NMR spectra were recorded with a Bruker AC 250F spectrometer.
Chemical shifts are reported relative to tetramethylsilane as internal
standard. Signals in NMR spectra are reported as follows: s = singlet; d
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= doublet, t = triplet, ¢ = quartet, qn = quintet, m = multiplet, b =
broad. Multiplicity is given as usual. ESI-MS mass spectra were obtained
with a Navigator ThermoQuest-Finningan mass spectrometer. Elemental
analyses were performed by the Laboratorio di Microanalisi of the De-
partment of Chemical Sciences of the University of Padova.

Transmission electron microscopy (TEM) experiments were performed at
the CSPA of the University of Trieste. TEM images of the particles were
obtained with a Philips EM 208 transmission electron microscope operat-
ing at 100 keV. Samples for TEM were prepared by spreading a drop of
nanoparticles solution in ethanol (~5mgmL™") onto standard carbon-
coated copper grids (200 mesh). Dimensional analysis of nanoparticles
from TEM images has been made with the Image J software.['”!

Dynamic light scattering (DLS) measurements were obtained with a Par-
ticle Sizing Systems Nicomp Model 370 correlator equipped with a ther-
mostated cell holder and a Spectra Physics Series 2016 Ar laser operating
at 488 nm. Hydrodynamic particles diameters were obtained from cumu-
lant fits of the autocorrelation functions at 90° scattering angle.

UV/Vis absorption measurements were performed at 25°C by means of
Perkin—Elmer Lambda 16 and 45 spectrophotometers equipped with
thermostated cell holders. Quartz cells with optical path length of 1 cm
were used. Fluorescence spectra were recorded at 25°C with a Perkin—
Elmer LS-55 spectrofluorimeter equipped with a Hamamatsu R928 pho-
tomultiplier and thermostated cell holder, quartz cells with optical path
length of 1 cm were used. Fluorescence quantum yields were determined
standard of quinine sulphate in 0.05m H,SO, (© = 0.564).

6-Methoxy-8-(p-toluensulfonamido)-quinoline (TSQ, 3),™ coumarin 3-
carboxylic acid propylamide (6)"*! and 3-triethoxysiliyl-1-(coumarin 3-car-
boxamide)-propane (5)*! were prepared according to reported proce-
dures.

Spectrophotometric titrations: Cu(NO;),, Zn(NO;),, Ni(NO;),, CoCl,,
Fe(NOs),, CdCl,, Pb(NO;3),, CaCl, and MgCl, were analytical grade prod-
ucts. Metal ion stock solutions were titrated against EDTA following
standard procedures. Solution used during the spectrophotometric meas-
urements and titrations were prepared using deionized water (R >
18MQ), obtained with a Milli-Q (Millipore) purification system and
HPLC grade ethanol. The buffer 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES, Alrich) was used as received and stock solutions
(0.2M) were prepared using Milli-Q water.

The total molar concentration of dye subunits in the nanoparticles etha-
nol suspensions resulting from ultrafiltration was determined from their
absorbance using the ¢ values of the corresponding models in ethanol (2:
440x10*m'em™!, 244 nm; 6: 1.52x10*m'ecm™!, 297 nm). The desired
amount of such suspensions was then transferred in fluorescence quartz
cells and ethanol, water and buffer were added to reach a final volume of
2 mL. The suspension was allowed to equilibrate until no variation of the
emission spectrum were observed (usually an equilibration time of about
1h was required), then small volumes (up to 50 pL) of concentrated
metal ions solutions were added and the fluorescence or absorption spec-
tra were recorded. Every experiment was repeated at least three time
with reproducible results.

Fitting of the titration curves was performed with the software package
Scientist 2.01.! A model involving the formation of 2:1 ligand to metal
Zn" complexes was used to estimate the Zn" complexation strength
(binding constants) and, in the case of the nanoparticles, the concentra-
tion of binding sites, the fit error being in each case less than 10 %.

4-Bromomethyl-/NV-(6-methoxy-quinolin-8-yl)-ben Ifonamide (9): 8-
Amino-6-methoxy-quinoline hydrobromide (7, 221 mg, 0.84 mmol) was
dissolved in CH,Cl, (4 mL) under nitrogen atmosphere. The mixture was
cooled in an acetone/dry ice bath and pyridine (24 pL, 3.0 mmol) was
added. A solution of 4-bromomethyl-benzenesulfonyl chloride (8,
284 mg, 0.95 mmol) in CH,Cl, (4 mL) was added dropwise. After addi-
tion of 8, the reaction mixture became clear and turned into a deep
yellow colour. The reaction mixture was stirred in the cooling bath for
20 min (TLC, CH,Cl,/petroleum ether/CH;OH 10:1:0.5), then the solvent
was removed by rotary evaporation and water and ice (30 mL) were
added. The resulting precipitate was filtered out and dissolved in CH,Cl,
(100 mL). The organic solution was extracted with 1M HCI (100 mL), the
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resulting aqueous phase was further extracted with CH,Cl, (2x75 mL)
and the combined organic phases were dried with Na,SO, and evaporat-
ed under reduced pressure. The crude product was finally purified by
flash column chromatography (silica gel, CH,Cl,/petroleum ether 5:3—
8:3) to provide 9 (336 mg, 98%) as a white solid. '"H NMR (250 MHz,
CDCl;, 25°C): 6 = 9.23 (brs, 1H; NH), 8.57 (dd, *J = 4.2, "/ = 1.6 Hz,
1H; H? Quin), 7.96 (dd,*J = 8.8, % = 1.6 Hz, 1 H; H* Quin), 7.90 (d, *J
= 6.8 Hz, 2H; H? and H* Benz), 7.49 (d, *J = 2.5Hz, 1H; H’ Quin),
739 (d, ] = 6.8 Hz, 2H; H? and H® Benz), 7.35 (dd, 7 = 8.8, % =
42 Hz, 1H; H Quin), 6.71 (d, *J = 2.5 Hz, 1H; H’Quin), 437 (s, 2H;
-CH,Br), 3.87 ppm (s, 3H; CH;0-).
4-Azidomethyl-N-(6-methoxy-quinolin-8-yl)-ben Ife id (10):
NaN; (107 mg, 1.64 mmol) was added to a solution of 9 (336 mg,
0.82 mmol) in DMF (7 mL). The mixture was stirred overnight, then the
solvent was evaporated and the residue was dissolved in CH,Cl,
(100 mL). The organic solution was extracted with water (70 mL), the re-
sulting aqueous phase was further extracted with CH,Cl, (2x50 mL) and
the combined organic phases were dried with Na,SO,. The solvent was
evaporated under reduced pressure to yield 10 (279 mg, 91%) as a white
solid. The presence of the characteristic peak at 2096 cm ™' in the FT-IR
spectrum confirmed the presence of the N, group. 'H NMR (250 MHz,
CDCl;, 25°C): 6 = 9.23 (brs, 1H; NH), 8.57 (dd, *J = 4.2,/ = 1.6 Hz,
1H; H? Quin), 7.97 (dd, ] = 85, *J = 1.6 Hz, 1H; H* Quin), 7.93 (d,
3] = 8.5Hz, 2H; H’ and H* Benz), 7.49 (d, *J = 2.5 Hz, 1H; H’ Quin),
7.35 (dd, °J = 85, % = 42 Hz, 1H; H® Quin), 7.32 (d, '/ = 8.5 Hz, 2H,;
H? and H® Benz), 6.71 (d, %/ = 2.5Hz, 1H; H° Quin), 433 (s, 2H;
-CH,N;), 3.87 ppm (s, 3H; CH;0-).
4-Aminomethyl-N-(6-methoxy-quinolin-8-yl)-ben Ifc id (11):
A solution of 10 (279 mg, 0.75 mmol) in CH,Cl, (3 mL) was poured into
CH;OH (25 mL), 10% Pd on carbon (50 mg) was added to the stirred re-
sulting suspension and hydrogen was bubbled for 2h (TLC CHCly/
CH;OH/NHj;, 15:4:0.2). The reaction mixture was then diluted with
CH;OH (50 mL) and filtered on a Celite pad. The solvent was evaporat-
ed and crude product was finally purified by flash column chromatogra-
phy (silica gel, CH,Cl,, then CH,Cl,/MeOH 25:1 and finally CH,CL/
MeOH/NHj,q) 25:1:0.08) to provide 11 (119 mg, 46%) as a white solid.
'"HNMR (250 MHz, CDCl,, 25°C): 6 = 8.57 (dd, *J = 2.8,/ = 1.6 Hz,
1H; H? Quin), 7.94 (dd, °J = 82, %/ = 1.2 Hz, 1H; H* Quin), 7.87 (d,
3] = 8.5Hz, 2H; H’ and H* Benz), 7.47 (d, *J = 2.5Hz, 1H; H’ Quin),
735 (dd, *J = 82,% = 2.8 Hz, 1H; H® Quin), 733 (d, *J = 82 Hz, 2H;
H? and H® Benz), 6.69 (d, */ = 2.5Hz, 1H; H® Quin), 3.86 (s, 3H;
CH;0-), 3.58 ppm (s, 2H; -CH,NH,).
4-(3-(3-Triethoxysilyl)propyl-ureidomethyl)-N-(6-methoxy-quinolin-8-yl)-
benzenesulfonamide (1): A solution of (3-triethoxysilyl)-propyl isocya-
nate (90 pL, 0.35 mmol) in THF (10 mL) was added dropwise to a sus-
pension of 11 (119 mg, 0.35 mmol) in THF (20 mL) at —10°C. When all
the reagents were consumed (TLC CHCly/petroleum ether/CH;OH
10:1:0.5), the solvent was evaporated to provide 2 (63 mg. 98%) as a
white solid. '"H NMR (250 MHz, [D,]JTHF, 25°C): 6 = 9.33 (brs, 1H;
-NHSO,-), 8.58 (dd, *J = 4.2,/ = 1.5 Hz, 1H; H? Quin), 8.04 (dd,*J =
82, % = 1.5Hz, 1H; H* Quin), 7.84 (d, /] = 85Hz, 2H; H® and H*
Benz), 751 (d, ¥/ = 2.8Hz, 1H; H’ Quin), 7.37 (dd, ] = 82,°] =
42 Hz, 1H; H® Quin), 7.31 (d, J = 8.5 Hz, 2H; H? and H® Benz), 6.84
(d, *J = 2.5Hz, 1H; H® Quin), 549 (brs, 1H; -NH-), 5.18 (brs, 1H;
-NH-), 425 (m, 2H; -CH,NH-), 3.86 (s, 3H; CH;0-), 3.78, (q, *J =
6.8 Hz, 6H; -OCH,CH;), 3.07 (brt, *J = 6.8 Hz, 2H; -CH,CH,CH,Si-),
1.52 (bqn, *J = 6.8Hz, 2H; -CH,CH,Si-), 1.17 (t, *J = 6.8 Hz, 9H;
-OCH,CHj3), 0.55 ppm (m, 2H; -CH,Si-); "C NMR (69.9 MHz, [D,]THF,
25°C): 0 = 159.2, 158.73, 148.0, 146.9, 136.3, 136.1, 135.9, 130.5, 128.4,
128.0, 125.9, 123.3, 108.4, 100.3, 58.9, 55.8, 30.8, 25.0, 19.1, 18.8, 8.5 ppm;
ESI-MS: miz (%): 591.0 (30) [M+H*], 613.3 (100) [M+Na*], 629.3 (5)
[M+K*]; elemental analysis calcd (%) for C,;H3N,O,SSi: C 54.89, H
6.48, N 9.48, S, 5.43; found: C 54.57, H 6.59, N 9.27, S 5.60.
4-((3-Butyl-ureido)-methyl)-N-(6-methoxy-quinolin-8-yl)-benzenesulfon-
amide (2): A solution of butyl isocyanate (16 uL, 0.15 mmol) in THF
(5 mL) was added dropwise to a suspension of 11 (50 mg, 0.15 mmol) in
THF (15mL) at —10°C. When all the reagents were consumed (TLC
CHCly/petroleum ether/CH;OH 10:1:0.5) the solvent was evaporated to
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provide 1 (199 mg, 97 %) as a white solid. '"H NMR (250 MHz, [D,]THF,
25°C): 0 = 858 (dd, *J = 4.2,%] = 1.5 Hz, 1H; H? Quin), 8.04 (dd, *J =
8.2, “J = 1.5Hz, 1H; H* Quin), 7.82 (d, °J = 8.5Hz, 2H; H® and H*
Benz), 752 (d, ¥/ = 2.8Hz, 1H; H' Quin), 7.37 (dd, °] = 82,°% =
42 Hz, 1H; H? Quin), 722 (d, ] = 8.5Hz, 2H; H?> and H® Benz), 6.84
(d, 7 = 2.5Hz, 1H; B’ Quin), 583 (brt, 1H; -NH-), 5.47 (brt, 1H;
NH.), 418 (d, 2H, ¥ = 4 Hz; -CH,NH-), 3.83 (s, 3H; CH,0-), 3.03 (q,
3] = 6.2 Hz, 2H; -CH,CH,CH,CH,), 1.28 (m, 4H; -CH,CH,CH,CH,),
0.86 ppm (t, 3H, °J = 6.8 Hz; -CH,CH;); ESI-MS: m/z (%): 443.2 (40)
[M+H*], 4653 (100) [M+Na']; elemental analysis caled (%) for
C,H,(N,O,S: C 59.71, H 5.92, N 12.66, S 7.25; found: C 59.36, H 6.08, N
12.49, S 7.22.

Preparation of the dye doped silica nanoparticles: Preparation of nano-
particles containing 1 is reported as an example of general procedure.
Particles containing 1 and 5 were prepared by following the same proce-
dure with different amounts of the organosilane reagents, namely
0.002 mmol each. Compound 1 (2.4 mg, 0.004 mmol) was dissolved in eth-
anol (20 mL), and to this solution TEOS (100 pL, 0.43 mmol) and a 29 %
ammonia water solution (0.6 mL) were added. The reaction mixture was
thermostated at 25°C and vigorously stirred for 16 h. The resulting nano-
particles suspension was diluted to 70 mL with ethanol and transferred
into a 75 mL Amicon Ultrafiltration Cell, equipped with a 10 kDa regen-
erated cellulose membrane and an 800 mL solvent reservoir. The mixture
was extensively ultra-filtrated, under a pressure of 4 bar, until the UV/
Vis spectrum of the filtrate showed the absence of 1 absorption. The re-
tentate solution was finally filtrated through a 0.45 pm filter membrane.
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