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ABSTRACT: Seven new bioinspired chemosensors (2—4 and
7—10) based on fluorescent peptides were synthesized and
characterized by elemental analysis, 'H and '*C NMR, melting
point, matrix-assisted laser desorption—ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), and IR and UV—vis
absorption and emission spectroscopy. The interaction with
transition- and post-transition-metal ions (Cu®, Ni**, Ag",
Zn>*, Cd**, Hg’", Pb>", and Fe’") has been explored by
absorption and fluorescence emission spectroscopy and MAL-
DI-TOE-MS. The reported fluorescent peptide systems, intro-
ducing biological molecules in the skeleton of the probes,
enhance their sensitivity and confer them strong potential for
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applications in biological fields. Gold and silica nanoparticles functionalized with these peptides were also obtained. All nanoparticles
were characterized by dynamic light scattering, transmission electron microscopy, and UV—vis absorption and fluorescence
spectroscopy. Stable gold nanoparticles (diameter 2— 10 nm) bearing ligands 1 and 4 were obtained by common reductive synthesis.
Commercial silica nanoparticles were decorated at their surface using compounds 8—10, linked through a silane spacer. The same
chemosensors were also taken into aqueous solutions through their dispersion in the outer layer of silica core/poly(ethylene glycol)
shell nanoparticles. In both cases, these complex nanoarchitectures behaved as new sensitive materials for Ag” and Hg”*" in water.
The possibility of using these species in this solvent is particularly valuable because the impact on human health of heavy- and
transition-metal-ion pollution is very severe, and all analytical and diagnostics investigations involve a water environment.

B INTRODUCTION

Fluorescent chemosensors have experienced a great develop-
ment in the last decades because of their important applications
in many different areas, in particular in medical diagnostics,
environmental control, and material sciences.' In a conjugate
chemosensor, three main structural components can be distin-
guished: (i) the receptor, (ii) the fluorophore, and, in some cases,
(iii) the spacer. In this framework, bioinspired systems, ie.,
chemosensors in which the binding moiety is a natural or
synthetic amino acid or a peptide chain, are particularly valuable
and suitable for applications both in biotechnology and in
nanoelectronics.” Wiczk and co-workers have presented several
examples of alanine derivatives for metal-ion detection® in which
the introduction of a peptide chain is fundamental for the
recognition event. Histidine, glutamine, and cysteine are known
to be the specific binding residues for Zn** in enzymes, while
proline and glycine induce the bending of the structure, ensuring
preorganization of the system. Lee and co-workers have merged
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these two aspects by synthesizing a short peptide probe bound to
a dansyl fluorophore to yield a selective chemosensor for
extracellular and environmental zinc.* Andreopoulos, Leblanc,
and collaborators® have, in turn, shown that the selectivity of
short peptidyl sequences toward metal cations and, in particular,
toward Cu”" ions, was greatly influenced by the reciprocal spatial
alignment of the fluorophore and the amino acidic binding chain.
The different arrangements of the various units in the chemo-
sensor induced different transduction mechanisms between the
receptor and the signaling dansyl group, which resulted in a
different sensing perforrnance.5 On the other hand, Yang and Li
investigated the possibilities offered by a long and flexible
architecture by preparing a luminescent chemosensor for metal
ions in aqueous solution based on the conjugation of amino acids
with multidentate aminocarboxylate ligands.® In this case, the
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Scheme 1. Synthesis of Peptides and Precursors
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system presented an ethylenediaminetetraacetic acid deriva-
tive functionalized with two tryptophans, whose indole moiety
represented the signaling units, being also involved in the
recognition event. This species revealed a remarkable selec-
tivity for Ca®" over other mono- and divalent cations in water,
as shown by an important enhancement of the fluorescence
intensity.

Peptide derivatives containing benzoxazole units as chromo-
phores are also known. Benzoxazoles have important biological
applications as inhibitors of human cysteine proteases, as ligands
of the N-metil p-aspartato receptor, and as biomarkers or bio-
sensors.”

Recently, however, research is moving toward more complex
and sophisticated structures, trying to push further their limits of
sensitivity and selectivity. Many different solutions have been
proposed, but among them, sensing systems based on nanopar-
ticles are certainly some of the most interesting and promising.®
The impressive huge range of interests and applications of
nanoparticles arises from the incredible versatility and modula-
tion of their properties. A great number of materials can be used
to engineer nanoparticles such as carbon (fullerenes, carbon dots,
etc.), metals (silver, gold, copper, and platinum), metal oxides
(zing, iron, titanium, and copper oxides), semiconductors (e.g.,
CdSe/ZnS, PbS, InGaP, called quantum dots), silica, polymers,
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surfactants, lipids, and many different mixtures of two or more of
them. Moreover, it is possible, in many cases, to derivatize their
surface with different capping agents (receptors, chemosensors,
DNA strains, etc.) to introduce whatever functionality is
desired.” Among the different nanoparticles listed above, prop-
erly modified gold nanoparticles (AuNPs) and silica nanoparti-
cles can be seen as very interesting options for solving important
analytical problems including those related to medical diagnosis
and imaging.

Gold nanoclusters, even if already known and used for their
iridescent colors since centuries before Christ, have gained
great importance only in the last decades in biology and
medicine: their possible applications when functionalized with
biomolecules in sensing, diagnostics, and therapeutics are really
outstanding.m’11 In this context, a new generation of sensing
materials using soft donor atoms such as sulfur has been used for
decorating AuNPs."*'>'3

On the other hand, because of the favorable chemical, optical,
and toxicological properties of silica,'* the incorporation of
fluorescent chemosensors in monodisperse silica nanoparticles
yielded a new group of fluorescent materials with improved
properties, such as higher affinity, versatility, and sensitivity, also
due in some cases to signal amplification processes.

Although some examples of decorated nanoparticles with
peptides have been reported recently for heavy-metal-ion
detection,'® this is the first time in which highly fluorescent
(oligo)thienylbenzo[d]oxazole derivatives have been incorpo-
rated as fluorophores into emissive nanoparticle devices.

Following our ongoing research project on bioinspired fluor-
escent chemosensors using amino acids as building blocks, we
have already explored thiophene and bithiophene rings as new
sulfur-donor chelating units within an amino acid core.'” The
resulting highly fluorescent unnatural heterocyclic alanine deri-
vatives (P = 0.26—0.80) showed a noticeable quenching upon
complexation with paramagnetic Fe®", Cu®", and Ni*" metal ions
and with diamagnetic Hg"" ions. A negligible interaction with
other important biological metal ions such as Zn**, Ca**, and
Na* was also observed."”

Among all of the transition and post-transition metal ions,
detection of Hg*" and A%+ is very important because of their
environmental effects. Hg™" is the most toxic of the hard metal
ions and normally shows complex and uncommon chemical and
physical properties; on the other hand, Ag" has received con-
siderable attention because of its bioaccumulation effects and
antimicrobial activity. These properties are at the basis of the
continuosly increasing interest for the development of new
fluorescent chemosensors for both of these metal ions.'®"?

In the present paper, we report the synthesis of seven new
emissive peptide-based compounds, 2—4 and 7—10, containing
alanine, cysteine, or tryptophan as building blocks, combined
with two synthetic amino acids, [2-(thien-2'-yl)benzo[d]oxazol-
S-yl]-L-alanine (BOT) and [2-(bithien-2"-yl)benzo[d]oxazol-S-
yl]-L-alanine (BOTT) (Scheme 1). The (oligo)thienylbenzo[d]
oxazole chromophore was used as an emissive unit in all cases. All
compounds were characterized by elemental analysis, melting
point, matrix-assisted laser desorption—ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), IR, UV —vis absorption,
fluorescence emission, and 'H and '*C NMR spectroscopy.
Their interaction with several mono- and divalent metal ions was
followed by spectroscopic techniques. AuNPs and silica nanoparticles
decorated with these new peptides were synthesized and character-
ized by fluorescence spectroscopy, dynamic light scattering

(DLS), and transmission electron microscopy (TEM). The
complexation ability of the silica nanoparticles in solution was
also investigated. Our purpose was to explore the possibility of
using these biocompatible compounds supported on different
surfaces to verify whether their characteristics and properties
would have been maintained or even improved.

With this goal in mind we used our biosensing moieties to
decorate the surface of AuNPs and silica nanoparticles and then
water micelles of Pluronic F127 shell nanoparticles.

B EXPERIMENTAL SECTION

Chemicals and Starting Reagents. Solvents and starting mate-
rials were purchased from commercial sources where available and used
without further purifications if not otherwise specified. Cu(CF3SO3), - xH,0,
Ni(BE,),-6H,0, Ag(BE,)-xH,0, Zn(CF;80;),-xH,0, Cd(ClO,),-
6H,0, Hg(CF;S03),-4H,0, Pb(CF;S03), - 4H,0, and Fe(NO;) 5 6H,0
salts have been purchased from Strem Chemicals, Sigma Aldrich, and
Solchemar. Thionyl chloride, N,N'-dicyclohexylcarbodiimide (DCC), Boc-
Cys(Bzl)-OH, and NH,-Trp(ZNO,)-OMe were purchased from Fluka.
1-Hydroxybenzotriazole (HOBt) was purchased from Senn Chemicals.
Triethylamine, sodium hydroxide, anhydrous sodium sulfate, dithiobis-
(succinimidylpropionate) (DSP), tetraoctylammonium bromide (TOAB),
L-alanine, HAuCl,, NaBH,, and trifluoracetic acid (TFA) and all of the
solvents used were from Sigma Aldrich. KHSO, and silica gel for chroma-
tography were from Merck. The silica nanoparticles that we have used are
Ludox AS-30 by Sigma-Aldrich (with a diameter of 15 + 3 nm measured by
TEM and a hydrodynamic diameter of 20 = 3 nm obtained by DLS). Water
was always used purified and deionized (Milli-Q grade, Millipore).

Synthesis of Peptides. The synthesis and characterization of the
parent compounds 1, Boc-BOT-OH, Boc-BOTT-OCHj;, and Boc-
BOTT-OH were previously described (see Scheme 1).!7*®

1. Synthesis of Boc-BOT-Cys(Bzl)-OMe (2). Boc-BOT-OH' (0.13 g,
3.26 x 10~ * mol) was dissolved in distilled dimethylformamide (DMF;
2 mL) cooled in an ice bath, followed by the addition of HOBt (0.04 g,
3.26 x 10~ *mol) and DCC (0.07 g, 3.26 x 10~ * mol), and this mixture
was stirred in an ice bath for 30 min.

In a separate flask, thionyl chloride (0.20 mL, 2.60 x 10~ mol) was
added dropwise with stirring to methanol (10 mL) cooled in an ice bath,
followed by the addition of Boc-Cys(Bzl)-OH (0.81 g, 2.60 x
10~* mol). The solution was refluxed at boiling temperature for 2 h.
The solvent was evaporated under reduced pressure, yielding an oil. The
oil was triturated with diethyl ether, leading to a white solid (HCI-H-
Cys-OMe).

In a next step, HCl-H-Cys-OMe (0.09 g, 3.26 X 10" mol) was
neutralized with triethylamine (43 uL, 3.26 x 10~* mol) in distilled
DMF for 30 min. The solution was filtered and added to the solution
containing Boc-BOT-OH. The final mixture was stirred for 1 h in an ice
bath and 1 h at room temperature. The solvent was evaporated under
reduced pressure, and the residue was treated with cooled acetone to
remove N,N'-dicyclohexylurea (DCU) through filtration. The solvent
was evaporated, and the residue was purified by column chromatography
with silica gel (eluent: 100:1 and 100:2 CH,Cl,/MeOH). The fractions
were combined, and the product 2 was obtained as a yellow solid (0.14 g,
75%): mp 94—97 °C, CsoH33N;068,/,CH;CH,OCH,CH,, fw =
706.9. Elem anal. Calcd: C, 61.2; H, 6.8; N, 6.0; S, 9.1. Found: C, 61.4; H,
6.6; N, 6.3; S, 9.4.

NMR Data. "H NMR (CDCl,, 300 MHz): 6 1.41 (s, 9H, C(CH,);),
2.74—2.94 (m, 2H, -CH,Cys), 3.19 (d, ] = 6.3 Hz, 2H, 5-CH, BOT),
3.65 (s, 2H, CH, Bzl), 3.70 (s, 3H, OCH;), 4.42 (m, 1H, o-H Cys),
4.72—4.78 (m, 1H, o-H BOT), 5.00 (d, J = 5.7 Hz, 1H, NH BOT), 6.62
(d, ] = 7.5 Hz, 1H, NH Cys), 7.18—7.30 (m, 7H, S x Ph—H, H6 and
H4'),7.45 (d, ] = 8.4 Hz, 1H, H7), 7.55 (d, ] = 1.2 Hz, 1H, H4), 7.57 (dd,
J=12and 5.1 Hz, 1H, HS'), 7.91 (dd, ] = 1.2 and 2.4 Hz, 1H, H3').
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3C NMR (CDCly, 75.4 MHz): 6 28.26 (C(CH,)s), 33.40 (B-CH,
Cys), 36.49 (CH, Bzl), 37.65 (3-CH, BOT), 52.40 (OCH3;), 53.41 (a-
C Cys), 53.85 (a-C BOT), 80.05 (C(CHjs);), 110.53 (C7), 119.73
(C4),127.02 (C4"), 126.68 (C6), 128.55 (C2" and C6"), 128.62 (C4'),
12877 (C2), 12897 (C3" and CS5"), 130.51 (C3'), 131.22 (C3'),
133.08 (C5), 138.12 (C1”), 141.14 (C3a), 149.17 (C7a), 155.28 (C=0
Boc), 159.55 (C2'), 170.87 (C=0 BOT), 171.00 (C=0 Cys).

IR (NaCl windows, cm™'): »(NH st) 3300, ¥(COO™ st) 1730,
v(C=0) 1696, v(C=C benzene) 1663, v(—CH, 0) 1453, v(—CH; 0)
1369, v(thiophene) 3061 (CH st), 1534 (CH y), 746 (CH O,p).

MALDI-TOF-MS [caled (found)]: [2H]Y, 596.7 (596.5), 25%;
[2H-5H,0]", 686.7 (686.4), 68%; [2-BocH]", 496.6 (496.4), 40%;
[C,H,NOSNa]", 225 (225.6), 100%.

2. Synthesis of Boc-BOT-Cys(Bzl)-OH (3). The precursor 2 (0.14 g,
2.43 x 10" mol) was dissolved in 1,4-dioxane (1 mL) in an ice bath,
and a 1 M sodium hydroxide aqueous solution (0.36 mL, 1.5 equiv,
3.65 x 10~ * M) was added dropwise. The mixture was stirred at room
temperature for 3 h. The pH was adjusted to 2—3 by the addition of a 1
M KHSO, aqueous solution and extracted with ethyl acetate (3 x
10 mL). After drying with anhydrous sodium sulfate, the solvent was
evaporated under reduced pressure, and the residue was triturated with
diethyl ether, yielding a white solid (0.10 g, 71%): mp 149—151 °C,
CyoH3,N304S,, fw = 581.7. Elem anal. Caled: C, 59.9; H, 5.4; N, 7.2; S,
11.0. Found: C, 60.0; H, 5.6; N, 7.0; S, 10.8.

NMR Data. 'H NMR (DMSO-ds, 300 MHz): & 124 (s, 9H,
C(CHs)3), 2.69—2.88 (m, 2H, -CH, Cys), 3.09—3.15 (m, 2H, (3
CH, BOT), 3.78 (s, 2H, CH, Bzl), 424—4.30 (m, 1H, o-H BOT),
4.45—4.51 (m, 1H, a-H Cys), 6.99 (d, ] = 8.7 Hz, 1H, NH BOT),
7.22-7.36 (m, 7H, 5 x Ph—H, H6 and H4'), 7.63 (d, ] = 8.7 Hz, 1H,
H7),7.66 (brs, 1H, H4), 7.92—7.95 (m, 2H, H3' and HS'), 8.36 (d, ] =
7.8 Hz, 1H, NH Cys).

BC NMR (DMSO-dg, 75.4 MHz): 6 2822 (C(CH3)3), 3223 (B-
CH, Cys), 3549 (CH, Bzl), 37.38 (3-CH, BOT), 52.00 (a-C Cys),
55.98 (a-CBOT), 78.05 (C(CHj)3), 110.03 (C7), 120.14 (C4), 126.82
(C4"),126.88 (C6), 128.37 (C3" and C5"), 128.62 (C4'), 128.91 (C2),
128.98 (C2” and C6"), 130.40 (C3'), 131.83 (CS'), 135.22 (CS),
138.24 (C1”), 141.34 (C3a), 148.69 (C7a), 155.26 (C=0 Boc), 158.42
(C2'), 171.80 (C=0 BOT), 172.00 (C=0 Cys).

IR (NaCl windows, cm™'): ¥(NH st) 3300, v(OH) 3423, v(COO™~
st) 1730, ¥(C=0) 1696; v(C=C benzene) 1663, v(—CH, 0) 1453,
v(—CH; 0) 1369, v(thiophene) 3061 (CH st), 1534 (CH y), 746 (CH
600 )'

ls/IALDI—TOF—MS [caled (found)]: [3H]", 582.7 (582.5), 25%;
[3-BocH]", 482.6 (482.5), 5%; [C,;H,NOSNa]", 225.0 (225.6), 100%.

3. Synthesis of Boc-Cys(Bzl)-Ala-BOT-OMe (4). This compound was
synthesized in three steps, using compounds S, 6, and 1 as precursors.

Synthesis of Boc-Cys(Bzl)-Ala-OMe (5). Thionyl chloride (2.5 mL,
3.40 x 10™* mol) was added dropwise to stirring methanol (20 mL) in
an ice bath, and then L-alanine (3 g, 3.36 X 102 mol) was added. The
solution was refluxed at boiling temperature for 2 h. The solvent was
evaporated under reduced pressure to obtain a brown solid. The crude
mixture was washed with diethyl ether, yielding a white solid (HCI- H-
Ala-OMe).

In a separate flask, Boc-Cys(Bzl)-OH (0.25 g, 8.03 x 10~* mol) was
dissolved in distilled DMF (2 mL) cooled in an ice bath, and then HOBt
(0.11 g, 8.14 x 10~ * mol) and DCC (0.16 g, 7.75 x 10 * mol) were
added. The mixture was stirred in an ice bath for 30 min.

In a separate flask, HCl- H-Ala-OMe (0.11 g, 7.89 X 10~* mol) was
neutralized with triethylamine (0.11 mL, 8.03 x 10~* mol) in distilled
DME for 30 min. The solution was filtered and then added to the
solution containing the compound Boc-Cys(Bzl)-OH. The mixture was
stirred 1 h in an ice bath and 1 h at room temperature. The solvent was
evaporated under reduced pressure, and the residue was treated with
cooled acetone to remove DCU through filtration. The solvent was

evaporated, and the residue was purified by column chromatography
with silica gel (eluent: CHCl;). The fractions were combined, and the
product 5 was obtained as a white solid (0.30 g, 87%): mp 93—95 °C,
C19H,sN,05S, fw = 396.5 Elem anal. Caled: C, 57.6; H, 7.1; N, 7.1; S,
8.1. Found: C, 57.6; H, 7.2; N, 7.0; S, 7.9.

NMR Data. "H NMR (CDCls, 400 MHz): 0 1.40 (d, ] = 7.2 Hz, 3H,
p-CHj; Ala), 1.46 (s, 9H, C(CH3)3), 2.76—2.78 (m, 1H, -CH, Cys),
2.85—2.90 (m, 1H, 8-CH, Cys), 3.74 (s, 3H, OCHj3), 3.75 (s, 2H, CH,
Bzl), 4.22—4.27 (m, 1H, o-H Cys), 4.56 (m, 1H, a-H Ala), 5.30—5.35
(brs, 1H,NH Cys), 6.91 (d,] = 6.0 Hz, IH, NH Ala), 7.31—7.34 (m, SH,
5 x Ph—H).

3C NMR (CDCl;, 100 MHz): ¢ 1825 (B-CH; Ala), 2822
(C(CHs)3), 33.65 (B-CH, Cys), 36.45 (CH, Bzl), 48.19 (0.-C Ala),
52.43 (OCHj;), 53.64 (a-C Cys), 80.32 (C(CHs)3), 127.17 (C4”),
128.55 (C2” and C6"), 128.97 (C3” and CS”), 137.84 (C1"), 155.28
(C=0 Boc), 170.16 (C=0 Cys), 172.83 (C=0 Ala).

Synthesis of Boc-Cys(Bzl)-Ala-OH (6). Compound 6 was obtained
from 5 (0.21 g, 5.5 x 10~ * mol) through a procedure similar to that
previously described for compound 3: white solid (0.21 g, 87%),
C1sH,6N,05S, fw = 382.5. Elem anal. Caled: C, 56.5; H, 6.8; N, 7.3;
S, 8.4. Found: C, 56.6; H, 6.7; N, 7.4; S, 8.3.

NMR Data. "H NMR (CDCl,, 300 MHz): 6 1.43 (s, 12H, C(CH;)5
and 5-CHj; Ala), 2.75—2.78, (m, 2H, 3-CH, Cys), 3.71 (s, 2H, CH, Bzl),
4.35—4.37 (brs, 1H, o-H Cys), 4.52—4.57 (m, 1H, o-H Ala), 5.62—5.65
(brs, 1H, NH Cys), 7.20—7.30 (m, 6H, S X Ph—H and NH Ala).

*C NMR (CDCls, 754 MHz): & 17.95 (B-CH; Ala), 28.10
(C(CHjs)3), 33.50 (B-CH, Cys), 36.21 (CH, Bzl), 48.20 (0.-C Ala),
53.48 (a-C Cys), 80.49 (C(CHs);), 127.03 (C4”), 128.42 (C2" and
C6"), 128.85 (C3" and C5”), 137.64 (C1”), 155.67 (C=O Boc),
170.73 (C=0 Cys), 175.08 (C=0 Ala).

6(0.19¢,5.09 x 10~ * mol) was dissolved in distilled DMF (2 mL) in
an ice bath, and then HOBt (0.08 g, 5.09 x 10~ *mol) and DCC (0.11 g
5.09 x 10~ * mol) were added. The mixture was continuously stirred for
30 min before the ligand 1 (0.15 g, 5.09 x 10~ * mol) was added and then
for another 2 h, 1 hat 0 °C and 1 h at room temperature. The solvent was
evaporated under reduced pressure, and the residue was treated with
cooled acetone to remove DCU through filtration. The solvent was
evaporated, and the residue was purified by column chromatography with
silica gel (eluent: 100:1 CHCl;/MeOH). The fractions were combined,
and the product 4 was obtained as a pale-orange solid (0.14 g, 42%): mp
140—142 °C, C33H33N40-S,, fw = 666.8. Elem anal. Calcd: C, 59.4; H,
5.7; N, 84; S, 9.6. Found: C, 59.6; H, 5.7; N, 8.4; S, 9.3.

NMR Data. "H NMR (CDCls, 400 MHz): 0 1.34 (d, ] = 6.8 Hz, 3H,
p-CHj; Ala), 1.43 (s, 9H, C(CHs)3), 2.75—2.77 (m, 1H, f-CH, Cys),
2.84—2.89 (m, 1H, 5-CH, Cys), 3.15—3.20 (m, 1H, -CH, BOT),
324329 (m, 1H, f-CH, BOT), 3.70—3.72 (d, ] = 5.6 Hz, 2H, CH,
Bzl), 3.73 (s, 3H, OCH}), 4.24—4.27 (m, 1H, o-H Cys), 4.42—4.47 (m,
1H, o-H Ala), 4.84—4.88 (m, 1H, o-H BOT), 5.41 (d, ] = 7.2 Hz, 1H,
NH Cys), 6.84—6.89 (m, 2H, NH Ala and NH BOT), 7.11—7.13 (dd,
J=1.6and 8.4 Hz, 1H, H6), 7.19—7.22 (m, 1H, H4’), 7.27—7.31 (m, 5H,
5 x Ph—H), 746 (d, ] = 8.4 Hz, 1H, H7), 7.48 (d, ] = 1.6 Hz, 1H, H4),
7.59(dd,J=12,52Hz, 1H,HS'), 7.97—7.98 (br d, ] = 2.8 Hz, 1H, H3').

3C NMR (CDCl;, 100 MHz): O 17.74 (B-CH; Ala), 28.24
(C(CH3)3), 33.66 (B-CH, Cys), 36.51 (CH, Bal), 37.70 (-CH,
BOT), 49.10 (a-C Ala), 52.47 (OCHS,), 53.53 (a-C Cys), 53.65 (a-
C BOT), 80.38 (C(CH3)3), 110.49 (C7), 119.89 (C4), 126.66 (C6),
127.20 (C 4”), 128.60 (C4'), 128.94 (C2” and C6"), 130.80 (C3'),
131.01 (CS'), 133.10 (CS), 137.91 (C1”), 141.18 (C3a), 149.39 (C7a),
155.35 (C=0 Boc), 159.38 (C2 and C2'), 170.60 (C=0 Cys), 171.35
(C=0 Ala and C=0 BOT).

IR (NaCl windows, cm™"): »(NH st) 3300, ¥(C=0 aliphatic ester)
1751, v(COO™) 1734, v(C=0 st) 1695, ¥(O—C=N, C=N
derivatives) 1690, v(C=C benzene) 1669, v(—CH, o) 1457,
v(—CH; 0) 1366, v(thiophene) 3100 (CH st), 1534 (CH y).
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MALDI-TOF-MS [caled (found)]: [4H]", 667.8 (667.5), 10%;
[4-BocH]", 567.8 (567.5), 55%; [C1sH14N>05SH]", 303.0 (303.5), 100%

4. Synthesis of Boc-BOT-Cys(Bzl)-Trp(ZNO,)-OMe (7). 3 (0.07 g,
1.25 x 10~ * mol) was dissolved in distilled DMF (2 mL) cooled in an ice
bath before the addition of HOBt (0.02 g, 1.48 x 10~* mol) and DCC
(0.03 g, 1.45 x 10~ * mol) and then stirred for 30 min, maintaining the
temperature at 0 °C. NH,-Trp(ZNO,)-OMe (0.05 g, 1.26 X 10~* mol)
was then added, and the solution was stirred for 1 hin an ice bathand 1 h
at room temperature. The solvent was evaporated under reduced
pressure, and the residue was treated with cooled acetone to remove
DCU through filtration. The solvent was evaporated, and the residue
was purified by column chromatography with silica gel (1:1 ethyl
acetate/hexane, followed by 200:1 ethyl acetate/MeOH). The fractions
were combined, and the final product 7 was recrystallized from
methanol: white solid (0.49 g, $1%), mp 198—200 °C, C49H4sN0,;S,,
fw = 961.07. Elem anal. Calcd: C, 61.2; H, 5.0; N, 8.7; S, 6.7. Found: C,
614; H,52; N, 8.4; S, 6.7.

NMR Data. 'H NMR (DMSO-ds, 400 MHz): & 121 (s, 9H,
C(CH,)3), 2.55—2.60 (m, 1H, 8-CH, Cys), 2.66—2.78 (m, 2H, f-
CH, Cys and 8-CH, BOT), 2.98—3.03 (m, 1H, -CH, BOT),
3.10—3.21 (m, 2H, 3-CH, Trp), 3.57 (s, 3H, OCHj), 3.74 (s, 2H,
CH, Bzl), 4.18—4.24 (m, 1H, o-H Cys), 4.57—4.67 (m, 2H, a-H BOT
and o-H Trp), 5.48 (s, 2H, CH, ZNO,), 6.89 (d, ] = 8.8 Hz, 1H, NH
BOT), 7.20—7.33 (m, 10H, 5 x Ph—H Bzl, H2/, and H6' ZNO,, H6
BOT, H2 and HS Trp), 7.54—7.61 (m, 3H, H4 and H7 BOT, H4 Trp),
7.67—7.73 (m, 3H, H6 Trp, H7 Trp, and H4'BOT), 7.89 (dd, J= 1.2 and
3.6 Hz, 1H, H3'ZNO,), 7.92 (dd, ] = 1.2 and 4.8 Hz, 1H, H5'ZNO,),
8.03 (d, J = 8.4 Hz, 1H, NHCys), 821 (d, ] = 8.8 Hz, 2H, H3' and HS'
BOT), 8.69 (d, ] = 7.2 Hz, NH Trp).

3C NMR (DMSO-dg, 100 MHz): 0 26.31 (3-CH, BOT), 27.99
(C(CHs)3), 33.07 (B-CH, Cys), 35.25 (B-CH, BOT), 37.35 (CH,
Bzl), 51.99 (OCH3), 52.15 (0-C BOT and o-C Trp), 55.95 (a.-C Cys),
66.68 (CH, ZNO,), 78.06 (C(CH3);, 109.90 (C7 BOT), 114.67 (C3
Trp), 116.71 (C7 Trp), 119.13 (C4 Trp), 120.5 (C4 BOT), 123.03 (CS
Trp), 123.62 (C3' ZNO,), 123.88 (C6 Trp), 124.71 (C2 Trp), 126.72
(C6BOT), 126.77 (C4"),128.27 (C3"” and C5"), 128.56 (C4’), 128.64
(C2" and C6"), 128.83 (C2), 128.94 (C2’ ZNO,), 130.04 (C3a Trp),
130.31 (C3'), 131.76 (CS'), 134.77 (CS BOT), 135.13 (C7a Trp),
138.33 (C1”), 141.28 (C3a BOT), 142.97 (Cl' ZNO,), 147.23 (C4’
ZNO,), 148.61 (C7a BOT), 155.17 (C=0 Boc), 158.35 (C2'), 170.26
(C=0 Cys), 171.41 (C=O0 Trp and C=0 BOT).

IR (NaCl windows, cm™'): ¥(NH st) 3311, »(NH st tryptophan)
3054,2984, v(COO™ st) 1738, ¥(C=0) 1687, v(C=C benzene) 1634,
v(—CH, 0) 1450, v(—CHj3 0) 1392, 1367, v(thiophene) 3054 (CH st),
1525 (CH ), 1422, 1433, 739 (CH 0,,p)-

MALDI-TOF-MS [calcd (found)]: [7Na], 984.0 (983.6), 20%; [7-
BocNa]™, 884.0 (884.5), 15%; [C3,H33NO05S,H]", 625 (625.8), 98%;
[C3sH33NOsS,H]Y, 669 (669.8), 85%; [Cy;H,NOSH-CH,;CN]",
243.2 (243.5), 100%.

5. Synthesis of H-BOTT-OMe (8). Compound 8 was obtained by the
removal of the Boc group from compound Boc-BOTT-OCHj;, whose
preparation was already published.'” Compound Boc-BOTT-OCH;
was dissolved in 1 mL of dichloromethane and 1 mL of TFA and stirred
for 2 h. The solution was evaporated under reduced pressure, yielding a
green salt. It was dissolved in an aqueous solution (pH = 8) and extracted
with ethyl acetate (3 x S mL). After drying with anhydrous magnesium
sulfate, compound 8 was isolated as a yellow solid (0.06 g, 90%) by
evaporation: C;gH4N,03S,, fw = 384.1. Elem anal. Calcd: C, 59.4; H,
42;N,7.3; S, 16.7. Found: C, 59.5; H, 4.5; N, 7.4; S, 16.6.

NMR Data. "H NMR (DMSO, 400 MHz): 6 3.06—3.15 (m, 2H, -
CH, BOTT), 3.49 (s, 2H, NH,), 3.70 (s, 3H, OCH3), 4.32—4.36 (m,
1H, o-H BOTT), 7.16—7.18 (m, 1H, H4"), 7.23 (d, ] = 3.6 Hz, 1H,
H4'),7.49—7.60 (m, 3H, H3", HS", H6), 7.70 (d, ] = 8.4 Hz, 1H, H7),
7.80 (d, J = 1.6 Hz, 1H, H4), 7.90 (d, ] = 4.0 Hz, 1H, H3').

3C NMR (CDCl;, 100 MHz): 6 38.81 (8-CH, BOTT), 52.60
(OCHS,), 57.8 (a-C BOTT), 110.64 (C7), 120.26 (C4), 125.21 (C4'),
125.89 (CS"), 125.96 (C3"), 126.18 (C6), 126.84 (C2'), 127.35 (C4”),
128.67 (C3'), 131.68 (CS), 135.00 (C2"), 141.63 (CS'), 141.69 (C3a),
149.26 (C7a), 158.13 (C2).

IR (NaCl windows, cm ™ "): ¥(C=0 aliphatic ester) 1751, ?(COO—)
1734, v(C=0 st) 1695, ¥(O—C=N, C=N derivatives) 1690, v(C=C
benzene) 1669, v(—CH, ) 1457, v(—CHj; ) 1366, v(thiophene)
3100 (CH st), 1534 (CH y).

ESI-MS [calcd (found)]: [8]HY, 385.06 (385.06), 100%.

6. Synthesis of Boc-BOTT-Cys(Bzl)-OMe (9). Boc-BOTT-OH (0.11 g,
2.41 x 10~ * mol) was dissolved in freshly distilled DMF (2 mL) cooled
in an ice bath, and then HOBt (0.03 g, 2.41 X 10~* mol) and DCC
(0.05g,241 x 10~ * mol) were added. The mixture was stirred in an ice
bath for 30 min.

In a separated flask, HCl- H-Cys(Bzl)-OMe (0.06 g, 2.41 X 10 *mol)
was neutralized with triethylamine (32 L, 2.41 x 10~ * mol) in freshly
distilled DMF with stirring for 30 min. The mixture was filtered and
added to the solution containing Boc-BOTT-OH. The solution was
stirred for 1 h in an ice bath and another 1 h at room temperature. The
solvent was then evaporated under reduced pressure, and the residue
was treated with cooled acetone to remove DCU through filtration. The
acetone was evaporated, and the residue was purified by column
chromatography with silica gel (eluent: 2:3 ethyl acetate/hexane). The
fractions were combined, and the product was obtained as a yellow solid
(0.13 g,70%): mp 181—183 °C, C3,H35N304S3, fw = 677.8. Elem anal.
Calcd: C, 60.2; H, 5.2; N, 6.2; S, 14.2. Found: C, 60.3; H, 5.2; N, 6.1;
S, 14.0.

NMR Data. "H NMR (CDCls, 400 MHz): 6 1.42 (s, 9H, C(CH,)3),
2.78—2.89 (m, 2H, -CH, Cys), 3.20 (d, ] = 6.4 Hz, 2H, f-CH, BOTT),
3.66 (s, 2H, CH, Bzl), 3.70 (s, 3H, OCH,), 4.41—4.43 (m, 1H, o-H
BOTT), 4.73—4.77 (m, 1H, o-H Cys), 4.99—5.02 (br s, 1H, NH Cys),
6.61 (d, ] = 72 Hz, 1H, NH BOTT), 7.07—7.09 (m, 1H, H4"),
7.20—7.33 (m, 8H, 5 x Ph—H, H3", H5", H6), 7.23 (d, ] = 3.6 Hz,
1H,H4'),7.44 (d,] = 8.4 Hz, 1H, H7),7.54 (d,] = 1.6 Hz, 1H, H4), 7.79
(d, J = 4.0 Hz, 1H, H3).

3C NMR (CDCls, 100 MHz): 6 28.24 (C(CHs)3), 33.37 (B-CH,
Cys), 36.55 (CH, Bzl), 38.22 (-CH, BOTT), 51.67 (0.-C Cys), 52.61
(OCH3), 55.85 (o-C BOTT), 80.37 (C(CH3)3), 110.39 (C7), 120.36
(C4), 125.47 (C4'), 125.10 (CS"), 125.93 (C3"), 126.38 (C6), 127.23
(C4'"), 127.45 (C2'), 128.17 (C4"), 128.56 (C3'"" and CS'""), 128.89
(C2" and C6'""), 130.68 (C3'), 133.25 (CS), 136.24 (C2"), 137.60
(C1),142.33 (CS'), 142.47 (C3a), 149.64 (C7a), 155.23 (C=0 Boc),
159.02 (C2), 170.66 (C=0 Cys), 170.88 (C=0 BOTT).

IR (NaCl windows, cm™'): ¥(NH st) 3300, v(OH) 3423; v(COO™
st) 1731, v(C=0) 1696, v(C=C benzene) 1663; v(—CH, 0) 1453,
v(—CH; 0) 1369, v(thiophene) 3061 (CH st), 1534 (CH y), 746 (CH
Ooop)-

IS/IALDI-TOF-MS [caled (found)]: [9Na]*, 700.1 (700.03), 10%;
[9-BocNal*, 599.2 (599.9), 45%.

7. Synthesis of Boc-Cys(Bzl)-Ala-BOTT-OMe (10). 6 (0.12 g, 3.14 X
10~ * mol) was dissolved in freshly distilled DMF (2 mL) cooled in an ice
bath, and then HOBt (0.045 g, 3.33 x 10~ * mol) and DCC (0.064 g,
3.10 x 10~ * mol) were added. The mixture was then stirred in an ice
bath for 30 min before compound 8 (0.11 g, 2.99 x 10~ * mol) was
added, and the final mixture was stirred for 1 h in an ice bath and 1 h at
room temperature. The solvent was evaporated under reduced pressure,
and the residue was treated with cooled acetone to remove DCU
through filtration. The solvent was evaporated, and the residue was
purified by column chromatography with silica gel (eluent: 1:1 ethyl
acetate/hexane). The fractions were combined, and the product was
recrystallized from methanol to obtain a yellow solid (0.06 g, 26%): mp
162—166 °C, C37H40N,0-S;, fw = 748.9. Elem anal. Calcd: C, 59.3; H,
54; N, 7.5; S, 12.8. Found: C, 59.5; H, 5.5; N, 7.2; S, 12.9.
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Scheme 2. Fragments of the Ligands obtained in MALDI-TOF-MS
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NMR Data. "H NMR (DMSO-dg, 300 MHz): 8 1.16—1.18 (d, ] = 6.9
Hz, 3H, 3-CH; Ala), 1.37 (s, 9H, C(CH,3)5), 2.43—2.48 (m, 1H, 3-CH,
Cys), 2.65—2.71 (m, 1H, -CH, Cys), 2.99—3.07 (m, 1H, -CH,
BOTT), 3.12—3.20 (m, 1H, 3-CH, BOTT), 3.59 (s, 3H, OCH3), 3.69
(s,2H, CH, Bzl), 4.11—4.19 (m, 1H, o-H Cys), 4.24—4.33 (m, 1H, o-H
Ala), 4.49—4.56 (m, 1H, o-H BOTT), 6.97 (d, ] = 8.4 Hz, 1H, NH Ala),
7.14—7.24 (m, 6H, S x Ph—H and H4"), 7.46 (d, ] = 3.9 Hz, 1H, H4'),
7.52(dd, ] = 1.2and 3.9 Hz, 1H, H3"), 7.58 (d,] = 1.2 Hz, 1H, H4), 7.62
(d,J=8.7Hz, 1H, H7), 7.65 (dd, J = 1.2 and 6.0 Hz, 1H, HS"), 7.87 (d,
J=39Hz 1H, H3'),7.99 (d,] = 7.2 Hz, 1H, NH Cys), 8.33 (d,] = 7.5
Hz, 1H, NH BOTT).

13C NMR (DMSO-dg, 754 MHz): O 18.34 (5-CH; Ala), 28.15
(C(CHs);), 33.54 (B-CH, Cys), 3521 (CH, Bzl), 36.42 (-CH,
BOTT), 4791 (o-C Ala), 51.92 (OCH3;), 53.63 (a-C Cys), 53.80
(a-C BOTT), 78.28 (C(CHs;)3), 110.26 (C7), 119.85 (C4), 125.25
(C4),125.97 (C3"),126.48 (C2'), 126.72 (C4"""), 126.76 (C6), 127.36
(Cs"),12828 (C3" and C5'"), 128.75 (C4"), 128.86 (C2" and C6'""),
131.48 (C3'), 134.16 (CS), 135.15 (C2"), 138.35 (C1""), 141.50 (CS'),
141.54 (C3a), 148.89 (C7a), 155.27 (C=0 Boc), 158.02 (C2), 170.11
(C=0 Cys), 171.61 (C=0 BOTT), 172.06 (C=0 Ala).

IR (NaCl windows, cm™"): ¥(NH st) 3300, »(C=0 aliphatic ester)
1751, »(COO—) 1734, v(C=O0 st) 1695, v(O—C=N, C=N deri-
vatives) 1690, v(C=C benzene) 1669, v(—CH, d) 1457, v(—CH; 0)
1366, v(thiophene) 3100 (CH st), 1534 (CH y).

MALDI-TOF-MS [calcd (found)]: [10-BocH] ¥, 649.1 (649.5), 20%;
[10-Boc-BznH] "-MeOH, 633.2 (633.4), 25%; [Cy,H,1N;0,S,H],
456.1 (456.5), 35%; [C1oH6N,05S,H], 385.1 (385.5), 100% (see
MALDI-TOF-MS fragments in Scheme 2).

Synthesis of AuNPs. Compound 1 (0.008 g, 2.62 x 10 > mol)
was dissolved in dry dichloromethane, DSP (0.011 g, 2.72 X 107> mol)
was added, and the solution was stirred at room temperature overnight.
The mixture was washed with water (3 X 3 mL), and the organic phase
was dried with sodium sulfate and filtered. The filtered solution was
evaporated and dried under reduced pressure to yield a pale-yellow solid.

The synthesis of AuNPs has been performed following the well-
established and very efficient procedure proposed by Professors M.
Brust and D. J. Schiffrin.*°

HAuCl, (0.0876 mmol) was dissolved in 10 mL of water, while
0.41 mmol of TOAB (98%) was dissolved in 10 mL of CH,Cl,. A total of
1 mL of the gold-yellow aqueous solution was added to 1 mL of a
CH,Cl, solution of TOAB. The mixture was stirred until the complete
phase transfer of the gold ions, which was clearly indicated by the total
discoloration of the water phase and the contemporary turning of the
organic one into a deep-ruby-red color. The organic phase was sepa-
rated, and 0.005 mmol of the thyolate precursor was then added. To this
vigorously stirring solution was added dropwise 1 mL of water contain-
ing 1.1 mmol of NaBH,, and the color started to turn immediately from
red to a very dark purple, typical of the formation of these metal

nanoparticles. The solution was washed three times with water, and then
the nanoparticles were isolated by precipitation with methanol followed
by centrifugation. DLS: 4.2 & 2.1 nm. TEM: 3 & 2 nm.

Compound 4 (0.010 g, 1.53 x 10> mol) was stirred in mixed solvent
TFA/dichloromethane (1:1, 1 mL) at room temperature for 2 h. The
solvent was evaporated and the oily residue was dissolved in dichlor-
omethane; triethylamine was then added. After washing three times with
water, the solution was evaporated under reduced pressure, yielding a
solid residue. This solid (0.013 mmol) was dissolved in 2 mL of dried
dichloromethane, DSP (0.013 mmol) was added, and the solution was
stirred at room temperature overnight. The mixture was then washed
with water (3 X 3 mL), dried with sodium sulfate, filtered, and finally
evaporated under reduced pressure to yield a solid compound.

The AuNPs were then prepared following the procedure described
above but adding 0.00S mmol of the thyolated 4 instead of 1 before gold
reduction. DLS: 15.1 & 3.6 nm. TEM: 3.5 £ 2.5 nm.

Synthesis of Silica Nanoparticles Decorated with Com-
pounds 8—10. Compound 8 (0.01 mmol) was dissolved in 1 mL of
dichloromethane under stirring, triethylamine (0.02 mmol) and the
linker 3-isocyanotopropylsilane (0.02 mmol) were then added, and the
mixture was kept under stirring for 2 days. Substitution of the amino
group by the silane derivative was evidenced by Silica-TLC (eluent: ethyl
acetate). The dichloromethane was evaporated under reduced pressure
to yield a yellow powder.

This solid was then dissolved in a mixture of 0.5 mL of ethanol, 0.5 mL
water, 0.5 mL of CH;COOH, and 0.680 mL of a water solution of
commercial Ludox AS-30 by Sigma-Aldrich (with a diameter of 15 +
3 nm measured by TEM and a hydrodynamic diameter of 20 & 3 nm
obtained by DLS). This mixture was stirred at 80 °C for 2 days, and then
200 uL was withdrawn, dissolved in 1 mL of dichloromethane, and
centrifuged at 8600 rpm, at 21 °C, for 10 min. The pellet was washed
three times with methanol (3 X 1 mL) and finally dissolved in 0.5 mL of
absolute ethanol.

Silica nanoparticles decorated with compounds 9 and 10 were also
prepared following exactly the same procedure as that described above,
after their deprotection and derivatization with 3-isocyanotopropylsi-
lane, as in the case of 8.

Photophysical Measurements. Absorption spectra were re-
corded on Perkin-Elmer Lambda 45 and Jasco 650 spectrophotometers
and fluorescence spectra on a Perkin-Elmer LSSS spectrophotometer.
The linearity of the fluorescence emission versus concentration was
checked in the range used (107*—107° M). A correction for the
absorbed light was performed when necessary.*' The spectrophoto-
metric characterizations and titrations were performed as follows: stock
solutions of the ligands (ca. 10> M) were prepared by dissolving an
appropriate amount of the compound in a 10 mL volumetric flask and
diluting to the mark with absolute ethanol. A suitable dilution of these
stock solutions down to 10~*—10~° M allowed one to titrate the ligands
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2—4 and 7—10 with increasing amounts (microliters) of standard
solutions of the ions in absolute ethanol. All of the measurements were
performed at 298 K. When indicated in the text, the absorption and
fluorescence spectra were also performed for microsamples using a
NanoDrop ND-1000 spectrophotometer and ND-3300 spectrofluori-
meter. Also in this case, the linearity of the fluorescence emission versus
concentration was checked for the range used (107 *=10"° M).

Luminescence quantum yields were measured using a solution of
quinine sulfate in sulfuric acid (0.5M) as a standard ([¢] = 0.54)** and
were corrected for the different refraction indexes of the solvents.

Luminescence lifetime measurements were carried out by using a
time-correlated single-photon-counting apparatus by Edinburg Instru-
ments, as previously described.”®

Detection Limit (LOD) Calculations. LOD is known as the
smallest amount of analyte that can be measured “significantly different”
from the blank.”* We have measured the signal from 7 blank samples
containing no analyte (n = 6) and calculated the mean value (Ypjani)-
Then we have determined the standard deviation. LOD was obtained by
the formula

Ya = Yolnk + 3std

where yg = signal detection limit and std = standard deviation.

MALDI-TOF-MS Measurements. The MALDI-MS spectra of
soluble samples (1 or 2 ug/uL) such as metal salts were recorded using
the conventional sample preparation method for MALDI-MS. A total of
1 uL of the solution containing 1 or 2 equiv of the metal was put on the
sample holder on which the chelating ligand had been previously
spotted. The sample holder was inserted in the ion source. A chemical
reaction between the ligand and metal salts occurred in the holder, and
complexed species were produced.

MALDI-TOF-MS analysis has been performed in a MALDI-TOF-
MS model voyager DE-PRO biospectrometry workstation equipped
with a nitrogen laser radiating at 337 nm from Applied Biosystems
(Foster City, CA) at the REQUIMTE, Chemistry Department, Uni-
versidade Nova de Lisboa. The acceleration voltage was 2.0 x 10* kV
with a delayed extraction time of 200 ns. The spectra represent
accumulations of § X 100 laser shots. The reflection mode was used.
The ion source and flight tube pressures were less than 1.80 x 10 and
5.60 x 10~ ° Torr, respectively.

Physical Measurements. Elemental analyses were carried out on
a Thermo Finnigan-CE Flash-EA 1112-CHNS by the REQUIMTE DQ,
Universidade Nova de Lisboa Service, on a Fisons Instruments EA1108
microanalyzer at University of Vigo, or on a Leco CHNS 932 instrument
at Center of Chemistry, University of Minho. IR spectra were recorded
in NaCl windows using a Bio-Rad FT'S 175-C spectrophotometer. NMR
spectra were obtained on a Varian Unity Plus spectrometer at an
operating frequency of 300 MHz for "H NMR and 75.4 MHz for *C
NMR or on a Bruker Avance III 400 at an operating frequency of 400
MHz for "H NMR and 100.6 MHz for "*C NMR, using the solvent peak
as an internal reference at 25 °C. All chemical shifts are given in
ppm using Oy Me,Si = 0 ppm as the reference, and ] values are given
in hertz. Assignments were made by a comparison of the chemical shifts,
peak multiplicities, and ] values and were supported by spin decou-
pling—double resonance and bidimensional heteronuclear HMBC and
HMQC correlation techniques. Electrospray ionization time-of-flight
mass spectrometry (ESI-TOF-MS) spectra were carried at the Mass
Spectra Laboratory in Universidade de Vigo, CACTI, on a Bruker FT
MS APEX-Qe 7T FTCIR-MS spectrometer.

Particles Size Distribution. The nanoparticle size distributions
were measured using DLS, with a Malvern Nano ZS instrument and a
633 nm laser diode.

TEM Measurements. For TEM investigations, a Philips CM 100
transmission electron microscope operating at 80 kV was used. A drop of

Table 1. Optical Data for 2—4 and 7—10 in Dichloromethane
and in Absolute Ethanol

UV—vis fluorescence
Aexe (nm) log € Aem (nm) t (ns) ¢
2 316° 429" 394" 0.26"
316" 4.28" 384" 1.sb 0.44"
3 316° 429" 395" 0.29°
316" 429" 384" 15" 0.46"
4 316 4.64° 396" 0.31°
316" 432 384" 15" 0.71°
7 316° 4.49° 395° 0.08*
316" 426" 384" <0.6" 0.06"
8 366" 4.29° 440° 0.25°
366" 428" 440" Ls 043"
9 366" 429" 440° 0.26
366" 4.28" 440" 1.sb 0.44°
10 366" 4.29° 440° 0.29°
366" 429" 440" 15" 0.46"

“Dichloromethane solution. ” Absolute ethanol solution.

nanoparticle in a dichloromethane solution was transferred onto holey
carbon foils supported on conventional copper microgrids.

B RESULTS AND DISCUSSION

Synthesis of Peptides. Synthesis of peptides 2, 4, and 7 was
carried out by standard DCC/HOBt amino acid coupling
procedures, while peptide 3 was obtained from 2 by cleavage
of the ester protecting group with basic hydrolysis at the terminal
carboxylic acid. Tripeptide 4 was obtained by the coupling of 1"
with 6, and tripeptide 7 was obtained by the coupling of 3 and
NH,-Trp(ZNO,)-OMe (see Scheme 1).

Synthesis of the emissive alanine derivative 8 was carried out
by removal of the N-tert-butyloxycarbonyl (Boc) protecting
group from the ligand Boc-BOTT-OCH;."” Dipeptide 9 was
obtained by the reaction between Boc-BOTT-OH and H-Cys-
(Bzl)-OMe. Tripeptide 10 was obtained by a standard DCC/
HOBt coupling reaction between precursor 6 and 8.

All compounds synthesized were obtained in a good-to-
moderate yield: 75% (2), 71% (3), 42% (4), 51% (7), 90%
(8), 70% (9), and 26% (10).

All compounds were characterized by elemental analysis, 'H
and PC NMR, IR spectroscopy, MALDI-TOF-MS, melting
point (see the Experimental Section), and UV—vis absorption
and fluorescence emission spectroscopy (see Table 1).

The MALDI-TOF-MS spectra showed peaks corresponding
to [2H]" at §96.5 nm, [3H]" at 582.5 nm, and [4H]" at
667.5 nm, confirming the integrity of the studied peptides.
The ESI spectra for 8 showed the peak [8H]", 385.06
(385.06) 100%. The MALDI-TOF-MS spectra for the bithienyl
dipeptide 9 presented peaks for [9Na]*, 700.1 (700.03) 10%, and
[9-BocNa]™, 599.2 (599.9) 45%, while the tripeptide 10 origi-
nated several peaks; among them, the ones corresponding to
[10-BocH]", 649.1 (649.5) 20%, and [10-Boc-BznH]" - MeOH,
633.2 (633.4) 25%, are the most interesting.

The IR spectra of compounds 2—4, 7, 9, and 10 presented a
band at 3300 cm ™" assilgnable to the amide NH, as well as a band
at ca. 1750—1650 cm ™ related to the urethane, ester, amide, and
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Figure 1. Room temperature absorption (bold line), normalized emission (full line, 4. = 316 nm in part A; A, = 366 nm in part B), and excitation
spectra (dotted line, A, = 396 nm in part A; A, = 440 nm in part B) of compounds 4 (A) and 10 (B) in dichloromethane.

carboxylic acid carbonyl groups. The 'H NMR spectra of
compounds 2—4, 7,9, and 10 presented the characteristic signals
of the amino acid backbone NH and a-H and side-chain 3-CH;
(for Ala) or 8-CH, (for BOT, BOTT, Cys, and Trp). The signals
due to the heterocyclic ring present at the BOT, BOTT, and Trp
side chains (thiophene, benzo[d]oxazole, and indole, re-
spectively) were also visible. In the '>C NMR spectra, the forma-
tion of the amide linkage was also confirmed by the appearance
of the signal due to the amide carbonyl group at about 170—
175 ppm.

Photophysical Studies. UV—vis absorption and emission
spectra were recorded for all of the synthesized compounds, and
their most significant photophysical data are gathered in Table 1.
The absorption bands of 2—4 and 7 are all centered at 316 nm
both in dichloromethane and in ethanol, while the emission
bands present a maximum at around 395 nm in dichloromethane
and 384 nm in ethanol. These bands can be attributed, in all
cases, to the ;1—s* transition centered on the thienylbenzo-
[d]oxazole chromophore.'” Compound 7 presents an additional
absorption in the 250—300 nm region because of insertion of a
tryptophan residue. The absorption and emission bands in
dichloromethane and in absolute ethanol of the bithienylbenzo-
[d]oxazole derivatives 9 and 10 are centered at 366 and 440 nm,
respectively. They are both remarkably red-shifted compared
with the previous family of compounds, as expected because of
their increased conjugation. As an example of the two classes of
compounds, Figure 1 shows the absorption, emission, and
excitation spectra in dichloromethane of 4 (part A) and 10
(part B).

The perfect match between the absorption and excitation
spectra, moreover, rules out in all cases the presence of any
emissive impurity. In the case of the tripeptide 7, the coincidence
between the absorption and excitation spectra indicates the
occurrence of a very efficient energy transfer from the singlet
excited state of the indole to the thienylbenzo[d]oxazole chro-
mophore.

The fluorescence quantum yields of 2—4 and 8—10, measured in
dichloromethane and in absolute ethanol, are, in general, very high,
with higher values in the latter solvent (Table 1). It has to be noted,
however, that the addition of tryptophan to obtain the tripeptide 7
caused a strong decrease of the quantum yield. This quenching,
accompanied by a parallel shortening of the excited-state lifetime, can
be most probably attributed to an electron-transfer process because
no energy-transfer process from the thienylbenzo[ d]oxazole moiety
is possible, with it being the lowest in energy.

Table 2. Complexation Constants for Peptides 2—4 and
7—10in the Presence of Ag", Cu®*, Ni**, and Hg*" in Absolute
Ethanol

peptides metals constants M:L
2 Hg™ 1:1-8.97 & 0.01
2:1-13.42 £ 0.01
3 Ag' 1:1-4.87 + 0.01
2:1-8.04 £ 0.05
Cu™ 1:1-7.45 £ 028
2:1-13.99 =+ 043
Ni** 2:1-8.54 + 0.03
Fe** 1:2—11.95 & 0.01
Hg™* 2:1-10.43 £ 0.01
4 Ag" 1:1—4.74 £ 0.18
2:1-8.88 £ 0.22
Fe’* 1:1-4.52 £ 0.01
Hg™ 2:1-11.81 £ 0.07
7 Hg™* 1:1-7.06 & 0.22
2:1-12.47 £ 021
Fe®* 1:1-4.77 £ 0.01
9 Hg™ 1:1-3.49 £ 0.18
2:1-6.40 =+ 0.06
10 Hg™* 1:1—4.49 £ 021
2:1-8.90 + 0.08

As expected, the selective deprotection of the carboxylic group
of the amino acid residue, which lies far apart from the chromo-
phoric unit, on going from 2 to 3, had only a minor influence on
the fluorescence quantum yields.

Spectrophotometric and Spectrofluorimetric Titrations
and Metal-Sensing Effects. The investigation of the sensing
ability of compounds 2—4, 7, 9, and 10 was carried out by
UV—vis absorption and fluorescence emission studies in abso-
lute ethanol solutions for Cu®*, Ni**, Ag*, Zn>*, Cd**, Hg**, Pb™",
and Fe**. The most significant data are gathered in Table 2.

Compound 2 showed spectral changes only upon the addition
of Hg™" that led to an emission quenching of ca. 88% with a
relatively low association constant [Figure S1 in the Supporting
Information; log f (M:L — 1:1) =8.97 4 0.01, and log 5 (M:L —
2:1) = 1342 £ 0.01]. The minimum amount of Hg*" detec-
table by 2 was estimated in ca. 1 ppm. A significantly different
behavior was observed for compound 3, presenting a carboxylic
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complexing function instead of an ester. In this case, no changes
were observed in the absorption spectra in the presence of metal
ions, suggesting that the ground state of the peptide is not
affected by complexation but instead induces strong changes in
the excited state with a decrease of the fluorescence intensity of
ca. 20%, 60%, and 100% upon the addition of Ag*, Ni**, and Cu™*
(Figure 2), respectively. The fluorescence of compound 3 was
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Figure 2. Absorption and emission spectra of 3 in the presence of
increasing amounts of Cu®" in an absolute ethanol solution. Inset:
emission intensity at 388 nm as a function of [Cu®"]/[3] (T = 298 K;
[3] = 3.22 X 107 M; Adexe = 316 nm).

also totally quenched in the presence of Fe®* (see Figure S2A in
the Supporting Information). All titration data were fitted using
the global analysis program SPECFIT,*® suggesting the forma-
tion of dinuclear complexes with molar ratio M:L, 2:1 for Ag",
Ni**, and Cu®". In the case of Fe®", a different stoichimetry was
obtained for the complex (M:L, 1:2), and this could suggest the
formation of an adductlike species. However, without any X-ray
crystal structure, one cannot infer too much with the metal-ion
coordination binding modes. The minimum amounts detectable
by 3 were 0.74 ppm (Ag"), 2.04 ppm (Ni**), 0.11 ppm (Cu™),
and 1.46 ppm (Fe®").

The spectral variations observed for these metal titrations,
compared with the results previously published for ligand 1,"”
support the hypothesis of a two-step complexation, with the first
one involving the unprotected carboxylic group and the amine of
the amino acid. The values of the association constants follow the
trend Cu®* > Ni** > Ag", which can be reasonably explained by
taking into account that the more available donor atoms present
in this di}z)eptide system are nitrogen and oxygen. On the other
hand, Hg™* gave an emission quenching of 75% (Figure S3 in the
Supporting Information) with an association constant of log 3
(M:L — 2:1) = 10.43 & 0.01. The minimum amount of Hg2+
detectable by 3 was 0.72 ppm.

In compound 4, the insertion of an additional alanine unit
between the chromophore and the cysteine leads to elongation of
the spacer between the receptor and the signaling unit with
interesting effects on the complexation ability and response of
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Figure 3. Spectrophotometric (A) and spectrofluorimetric (B) titrations of 4 with increasing amounts of Hg>" in an absolute ethanol solution. Inset:
absorption at 316 and 334 nm (A) and the emission intensity at 388 nm (B) as a function of [Hg**]/[4] (T =298 K; [4] =8.8 X 10™ ®M; Aey. = 316 nm).
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Figure 4. Spectrophotometric (A) and spectrofluorimetric (B) titrations of 10 with increasing amounts of Hg*" in an absolute ethanol solution. Inset:
absorption at 366 and 400 nm (A) and emission intensity at 440 and 480 nm (B) as a function of [th]/[lO] (T =298 K; [10] = 7.69 X 10°° M;
[Hg(CF3803),] = 3.76 X 10> Mj Aeye = 366 nm).
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Table 3. MALDI-TOF-MS Peaks of Free Compounds 2—4

and 7—10
peptides species MALDI-TOF-MS calcd (found), %

2 [2H]* 596.7 (596.5), 25%
[2H.5H,0]" 686.7 (686.4), 68%
[2-BocH]* 496.6 (496.4), 40%
[C,H,NOSNa]* 225 (225.6), 100%

3 [3H]" 582.7 (582.5), 25%
[3-BocH]* 482.6 (482.5), 5%
[C,H,NOSNa]* 225 (225.6), 100%

4 [4H]" 667.8 (667.5), 10%
[4-BocH]* 567.8 (567.5), 55%

[C1sH14N,0538H]"

303 (303.5), 100%

7 [7Na]* 984 (983.6), 20%
[7-BocNa]* 884 (884.5), 15%
[C34H33N058,H]* 625 (625.8), 98%
[C3sH33N;OsS,H]* 669 (669.8), 85%
[C,,H,NOSH.CH;CN]* 2432 (243.5), 100%

8 [8H]" 385.06 (385.06), 100%

9 [9Na]* 700.1 (700.03), 10%
[9-BocNa]* 599.2 (599.9), 45%

10 [10-BocH]" 649.1 (649.5), 20%
[10-Boc-BznH-MeOH]* 633.2 (633.4), 25%
[C2,H,1N50,48,H]* 456.1 (456.5), 35%

[C1oH16N,058,H]" 385.1 (385.5), 100%

this compound. Figure 3 shows the changes in the absorption (A)
and emission (B) spectra of 4 upon the addition of increasing
amounts of Hg™".

In particular, the addition of the first equivalent of Hg** did
not induce any change in the spectrum of 4, while the addition of
the second equivalent caused a significant absorption change,
with an isosbestic point at 328 nm and an emission quenching of
95%. This suggests that the complexation of the first metal ion
can probably involve the peptide far from the chromophore,
while the second metal equivalent can be complexed by the
donor atoms present on the chromophore.'”” The minimum
quantities of metal ions detectable bzr 4 in absolute ethanol were
1.85 ppm (Ag") and 0.71 ppm (Hg"").

All of the results discussed so far show that the insertion of
alanine moieties on going from 2 to 4 leads to a higher affinity
toward Hg”" ions, and this is of particular interest for the design
of more and more efficient chemosensors.

Among the other cations studied, the presence of Ag" induced
some changes in the photophysical properties of 4, namely, a red
shift in the absorption spectra of 6 nm (from 316 to 322 nm) and
a 65% quenching of the emission intensity (data not shown), but
with smaller association constants. Also, the addition of increas-
ing amounts of Fe>" to this ligand in an ethanol solution induced
significant changes in the photophysical properties and, in
particular, an almost complete quenching of its emission inten-
sity (Figure S2B in the Supporting Information). On the other
side, the fitting of these data revealed a 1:1 stoichiometry of the
complex but an association constant of several orders of magni-
tude lower than the one with mercury.

With the aim of introducing an additional chromophore in the
peptide skeleton to enrich the photophysical properties, an
emissive tryptophan unit was added to 3, yielding the tripeptide

Table 4. MALDI-TOF-MS Most Important Peaks of Com-
pounds 2 and 4 in the Presence of 1 or 2 equiv of Ag*, Cu’",
and Hg™*

MALDI-TOE-MS

peptidesmetal species caled (found), %

2 Ag" [2Ag]"
[2-2AgBF,] "
Cu** [2-2Cu-3CF;S0;Na]"
Hg™* [2H,Hg(CF;S0;),Na]"
4 Ag" [4Ag]”
[4-Boc-Ag]”

702.7 (702.6), 53%
897.3 (897.5), 15%
589.5 (589.4), 30%
809 (809.6), 15%
775 (775.5), 35%
675 (675.4), 60%
Cu** [4H,Cu-3CF;80;H,0] * 629.5 (629.5), 100%
[4-2Cu-3CF3SO3Na]* 631.9 (631.5), 80%
[4H,Cu,CF;S05- CH;CH,OH - Na]*730 (729.6), 55%
Hg™" [4HHg(CF;805),H,0-Na]" 538.5 (538.5), 50%

7. In this case, the absorgtion spectra after the addition of
increasing amounts of Hg"" did not show any change, while
the fluorescence intensity was again strongly quenched (by ca.
80%; Figure S4 in the Supporting Information). It has to be
noted that the estimated association constant (see Table 2) with
Hg’* for 7 is the highest observed among all of the peptides
reported here for this metal ion. Interestingly, a relative enhance-
ment of the fluorescence of 14% for Ag" and of 23% for Zn>* and
a quenching of 100% for Fe®>" were also observed, but with
smaller association constants. Moreover, no changes were re-
corded for other metal ions (Cu®*, Ni**, Cd**, and Pb>"). The
minimum quantity of Hg*" observed was 3.12 ppm.

Compound 9, a dipeptide containing the bithienylbenzo-
[d]oxazole chromophore, showed changes upon the addition
of various metal ions, namely, Cu*" Zn*, Ag’, Fe**, and Hg2+,
only in the emission szpectra. In particular, the addition of 1 equiv
of Fe*, Cu®", or Hg"" induced a quenching of the fluorescence
emission of ca. 20%. On the other hand, the addition of
increasing amounts of Zn>* or Ag" to 9 induced a small emission
increase of ca. 12% and 14%, respectively. The minimum
quantity of Hg*" detectable was estimated to be ca. 3 ppm.

As was already observed for the series 2—4, insertion of an
alanine moiety into the backbone of 9 to give 10 changed
dramatically its response to the presence of transition-metal ions.
In particular, the addition of Ag’ ions (Figure SS in the
Supporting Information) induced a very small decrease and a
red shift (Al = 11 nm) of the band centered at 366 nm in the
absorption spectra and an increase of 45% of the intensity of the
emission, which was also red-shifted (A4 = 15 nm). On the other
hand, the addition of Fe** led to a significant but not complete
quenching of the fluorescence emission (Figure S2C in the
Supporting Information).

As can be seen from Figure 4, the addition of Hg2+ induced
even more pronounced effects. In particular, as was already
observed for 4, the first equiv of Hg** did not cause any
spectral change, while the second equiv led to a decrease in
the absorbance in the range of 366—383 nm and an increase at
higher wavelengths, with an isosbestic point at A = 383 nm. The
color of the solution changed consequently from colorless to
yellow. The strong quenching (92%) of the emission intensity
was also accompanied by a large red shift of the band maximum
from 440 to 480 nm. This result is of particular interest because
it makes 10 a ratiometric chemosensor. The values of the
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Scheme 3. Schematization of the Synthesis of AuNPs Decorated with 1
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Figure 5. TEM picture of AuNPs functionalized with 1. Inset: Absorp-
tion spectra in dichloromethane of 1 (black line) and of AuNPs (red
line) decorated with 1 (T = 298 K; A, = 316 nm).

association constants calculated for ligand 10 with Hg2+ (log 11
(M:L — 1:1) = 4.49 & 0.21 and log f3,, = 8.90 & 0.08) indicate
how the introduction of the second thiophene ring resulted in a
significant affinity reduction toward these ions. Compound 10
was estimated to be able to detect down to ca. 1 ppm of Hg*".

To have a clearer picture of the intensity changes of the ligands
versus the different metal ions added, we have reported a column
graph (Figure S6 in the Supporting Information) of the normal-
ized (with respect to the uncomplexed ligand) emission intensity
for compounds 3, 4, 7, and 10. The most significant response
changes were observed with Cu®" in the case of 3 and with Hg**
for compounds 4, 7, and 10.

MALDI-TOF-MS Studies. In order to explore the possible
applications of these new species as MALDI-TOF-MS active
matrixes, peptides 2—4 and 7 were studied with this technique as
such, in the absence of any other external organic matrix.

To perform the metal titrations, two different strategies were
explored: a dried droplet solution and a layer-by-layer deposition

sample preparation. In the first set of experiments, two solutions
containing a ligand, and in particular 2 or 4 (1 ug/uL), and the
metal salt (1 #L) were mixed and shaken before insertion in the
MALDI-TOE-MS sample holder. The second method consisted
of a layer-by-layer deposition of the different solutions: at first, a
solution of peptide 2 or 4 was spotted in the MALDI-TOF-MS
plate and then dried in vacuum; subsequently, 1 uL of the
solution containing the metal salt was placed on the same sample
holder and dried. Finally, the plate was inserted into the ion
source. The most significant difference between the two proce-
dures is that, in second case, the complexation reaction between
the ligand and metal salts occurred directly in the holder, and the
complex species were produced in the gas phase.

In general, the peaks corresponding to the protonated ligand
and several fragments were perfectly observed (Table 3 and
Scheme 2)

Compounds 2 and 4 were investigated as such and with 1 or 2
equivof Ag*, Cu®*, or Hg”" (Table 4), following both procedures
for preparation of the sample. The formation of mononuclear
and dinuclear complexes was evidenced by the appearance of
several peaks clearly attributable to the metal complexes with
these two stoichiometries. The most intense peaks were recorded
upon the addition of Cu”* or Hg”**, confirming the affinity trends
already observed in solution.

AuNPs. In order to study the effects of the peptide length in
stabilizing AuNPs, compounds 1 and 4 were selected to be
properly functionalized for the synthesis of decorated AuNPs.
These compounds were therefore derivatized with a suitable
cross-linker (DSP; Scheme 3) and then used as capping agents in
the synthesis of AuNPs following the well-known Brust and
Schiffrin procedure (see the Experimental Section).

The formation of nanoparticles was proven by the appearance
of the gold plasmonic resonance absorption band centered around
520 nm (see Figure S), accompanied by a color change to dark
purple. The size of the nanoparticles was measured by DLS and
TEM. The hydrodynamic diameter was measured by DLS; for
AuNPs prepared using 1 as the capping agent, it was 4.2 & 2 nm,
while for nanoparticles stabilized with compound 4, it was quite
large, 15.0 £ 3.6 nm. TEM images of the nanoparticles with
compound 1 showed a core radius of ca. 3 & 2 nm (Figure S),
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Scheme 4. Schematization of the Synthetic Pathway To Decorate Silica Nanoparticles with Compound 8 and the TEM Image of
Silica Nanoparticles Obtained
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Flgure 6. Spectrofluorimetric titration of silica nanoparticles functionalized at the surface with compound 9, with increasing amounts of Ag" (A) and
Hg’" (B) in absolute ethanol. Inset: emission intensity at 450 nm as a function of [Ag"]/[9] (A) and as a function of [Hg**]/[9] (B) ([9] = 7.71 x 10°¢

M; Aexe = 368 nm; T = 298 K).

while for the ones with compound 4, we measured a diameter of
3.5 £ 2.5 nm. In both cases, the nanoparticles presented a
polydispersed distribution, and this could be due to the steric
hindrance of these compounds, which does not allow a perfect
packing of the capping ligands on the surface, affecting the
dimensional dispersion of the particles. Moreover, in the case
of peptide 4, some sm—-stacking interaction between the
thienylbenzo[d]oxazole moieties could occur that, together with
the possibility of forming different conformers on the AuNP
surface, because of its longer flexible chain, could also induce
particle aggregation.

In both cases, as far as emission properties are concerned,
solutions of carefully washed nanoparticles redispersed in di-
chloromethane did not present any luminescence, and this
complete quenching of the ligands proved their binding to the

8845

gold core. The quenching of the emission of a fluorophore linked
to a AuNP is a typical effect; however, it is not always the case
even for short spacers.”®

Silica Nanoparticles Obtained by Surface Derivatization.
The first strategy followed to combine the peptides with trans-
parent silica nanoparticles was to derivatize 8 to 10 with an
alkoxysilane group and then to anchor them to the surface of
commercial Ludox silica nanoparticles (see Scheme 4).>’

It was possible to determine an average number of 94, 29, and
27 molecules of 8—10, respectively, per Ludox nanoparticle.”®
The profiles of the absorption and emission spectra of the
derivatized nanoparticles were very similar to the ones of the
free ligands, as expected because, on the one hand, the silica
nanoparticles are totally transparent to the visible light and inert
to electron-transfer processes'* and, on the other hand, the
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Figure 7. Spectrofluorimetric titration of silica nanoparticles func-
tionalized at the surface with compound 10, with increasing amounts of
Hg*" in dichloromethane. Inset: emission intensity at 460 nm as a
function of [Hg**]/[10] ([10] = 2.14 X 10" ° M; Adeye = 373 nm; T =
298 K).

photophysics of these peptides is scarcely affected by the
environment, as was previously discussed. DLS measurements
of the new materials revealed diameters of 150 + 10 nm for 8,
665 = 25 nm for 9, and 6900 + 25 nm for 10 decorated silica
nanoparticles, demonstrating that the derivatization with the
peptides induced their aggregation, which was more and more
significant with an increase in the length of the peptide chain, a
trend already observed also for AuNPs. For silica nanoparticles,
the bonding of the peptides is expected to decrease their very
negative surface potential, making them more prone to aggrega-
tion processes. The additional possibility of having intermole-
cular bonding among the molecules on the surface enhances this
effect more and more.

We have explored the properties of these biocompatible
species supported on different surfaces aiming to implement
the design and realization of new fluorescent sensing species
based on biomolecules for applications in biology and medicine.
Toward this goal, we have also characterized the nanoparticles
with peptides 8—10 using an instrumentation (NanoDrop)
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that allows the investigation of a few microliters of solution. In
view of a possible introduction of these or similar systems as new
proteomic platforms, the study of their behavior and reproduci-
bility in very small samples is, in fact, particularly interesting. A
total of 2 4L of a solution ca. 1.0 x 10~ M of each nanoparticle
batch was used in each experiment and titrated with increasing
amounts of metal ions. In Figure S7 in the Supporting Informa-
tion are reported the spectrofluorimetric titrations of compound
8 bound on the silica nanoparticles with Ag" (A) and Hg"" (B).
In both cases, the absorption spectra were not affected by the
presence of the metal ion, while the fluorescence intensity was
quenched by 20% and 80% upon the addition of Ag* or Hg’",
respectively. An even higher interaction for Hg”" ions was
observed in the case of nanoparticles decorated with compound
9 (see Figure 6, panel B).

It is interesting to note that compounds 8 and 9 free in
solution present an emission increase when titrated with Ag”,
while silica nanoparticles decorated with the same compounds
undergo a nonnegligible emission quenching. This can probably
be explained by hypothesizing the rise of cooperative effects in
the complexation due to the short distance between the chro-
mophores on the nanoparticles, yielding different stoichiome-
tries and configurations. The results obtained with nanoparticles
decorated with 10 are perfectly in line with those given by other
systems. The addition of $ equiv of Hg>", for example, caused an
emission quenching of 10 of 90%, accompanied by a blue shift
from 460 to 440 nm, as shown in Figure 7.

Moreover, upon the addition of Hg*", the nanoparticle size
obtained via DLS measurements decreased from 6900 =+ 25 to
57 % 10 nm, indicating that the complexation of Hg** ions was
able to induce a relevant decrease of the nanoparticle aggrega-
tion. A very similar result was recorded also for the system
presenting compound 9 that passed from a diameter of 665 =+ 25
to 46 £ 10 nm. These results, in our opinion, can possibly
be attributed to reduction of the 7—m* interaction between
the (bi)thienylbenzo[d]oxazole chromophores when involved in
complexation and/or to significant changes in the Z potential of
the system.

All of the findings reported above indicate that when com-
pounds 8 and 10 are bound on the surface of silica nanoparticles,
they undergo a higher emission quenching with the same amount
of Hg™", showing a higher sensitivity toward this metal ion.

Use of Core/Shell Water-Soluble Silica Nanoparticles. We
have recently developed a new one-pot approach for the synth-
esis of water-soluble dye-doped silica core/shell nanoparticles
(CSNPs) based on the preparation of micelles of Pluronic F127
in water.”® The final material is a versatile multicompartment
system characterized by a high water solubility, stability, and
brightness. Most interestingly, we have also demonstrated the
possibility of hosting in the outer PEG shell water-insoluble dyes,
which are able to give rise to very efficient energy-transfer
processes with the molecules hosted in the core, if present.”
In an attempt to make the peptides operate in water, 10~ * M
dimethyl sulfoxide solutions of 4, 7, and 10 were prepared. Small
aliquots (1—10 uL) of these solutions were then added in 2.5 mL
of a water dispersion containing 1077 M CSNPs (Figure 8).
Despite their poor solubility in pure water, in the presence of
CSNPs, the peptides could be solubilized and thus revealed in
this solvent by means of absorption and emission spectra
perfectly matching the ones obtained for the same compounds
in absolute ethanol. Moreover, a higher fluorescence anisotropy
signal (>0.2) could be measured in the presence of CSNPs than

in absolute ethanol, where the values were very close to zero.
These data can be reasonably explained by the positioning of the
peptides in the outer hydrophobic PEG shell of the nanoparti-
cles, where they experience a reduced rotational freedom, as was
already proven for analogous systems. We have then titrated with
metal ions the ligand inside these complex structures, and
compound 4 showed the most pronounced changes upon the
addition of both Ag" and Hg”* (Figure 8). It was also possible to
calculate association constants for some of them and, in parti-
cular, for the complex of 4 with Hg2+, it turned out to be smaller
(log K = 3.80 = 0.20) than that previously reported in solution
(log 551 = 12.47 £ 0.21); however, it is important to note that in
this case it was possible to perform all of the measurements in
pure water. This last feature is particularly valuable because it
makes these chemosensors suitable also for all of the applications
that need water as a solvent such as medical and environ-
mental ones.

B CONCLUSIONS

A new family of bioinspired fluorescent peptide-based che-
mosensors, 2—4 and 7—10, were successfully synthesized and
characterized. All compounds had been studied by elemental
analyses, MALDI-TOF-MS, IR, 'H and >C NMR, UV —vis, and
fluorescence spectroscopy.

These peptides showed, in general, high fluorescence quan-
tum yields and high association constants with several metal ions
of environmental and medical interest. We have then investi-
gated their characteristics as fluorescent chemosensors in ethanol
solutions and in the gas phase, using absorption and fluorescence
spectroscopy and MALDI-TOF-MS to evidence the formation of
the complexes. In all cases, the strongest affinity and sensitivity
were observed in the presence of the heavy and pollutant Hg>"
ions. The results showed that the insertion of an alanine residue
(natural amino acid) on going from 2 to 4 and from 9 to 10
increased the affinity toward Hg*" ions, which could probably be
explained by the higher flexibility of the longer ligands. This is a
very interesting result in view of the design of a second genera-
tion of more eflicient bioinspired chemosensors.

Aiming to explore new possibilities for the design and realiza-
tion of fluorescent sensing species based on biomolecules for
applications in biology and medicine, we have bound our active
moieties on different surfaces and then characterized these new
materials. The use of supported molecules is generally a funda-
mental step in order to build sensing devices, and, in general, this
opens up many new possibilities for applications. We have,
therefore, verified whether the characteristics and properties of
our materials could be maintained or even improved when
included in a more complex architecture.

These ligands were first bound on the surface of AuNPs. In
particular, compounds 1 and 4 were used as stabilizing agents in the
well-known Brust and Schiffrin synthetic strategy to successfully
obtain stable AuNPs. As in most cases when fluorophores are linked
on the surface of AuNPs, the fluorescence signal of both 1 and 4 was
completely quenched and did not undergo to any changes by the
addition of all of the metal ions studied; this unfortunately prevented
their possible investigation as chemosensors.

To overcome this important drawback, we decided to inves-
tigate more inert materials as possible supports for our ligands
and, in particular, silica. We therefore derivatize peptides 8—10
with a suitable anchoring group, namely, triethoxysilane, to
covalently link them to the surface of commercial Ludox
nanoparticles of 15 & 3 nm diameter. The systems were
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successfully obtained and because of the inert nature of silica, as
expected, the nanoparticles were highly luminescent, in line with
the behavior of the peptides in solution. These new hybrid
systems were able to efficiently complex Hg** and Ag" ions, with
a concomitant quenching of the fluorescence intensity. More-
over, when compounds 8 and 9 were bound on the surface of
silica nanoparticles, they underwent a higher emission quenching
with the same amount of Hg**, showing higher sensitivity toward
this metal ion. This can be attributed only to new positive
cooperative effects in the complexation rising between the
ligands due to their close vicinity on the nanoparticles. We have
already demonstrated, in fact, that this architecture can yield
enhanced sensitivity because the cooperativity of two or more
neighboring units in each binding event'*™ can substantially
increase the efliciency of the complexation and it can also
contribute to inducing collective Tesponses of more than one
active unit per interacting metal ion,!>>2¢

Finally, we have shown the successful vehiculation of some of
the chemosensors in study in water, despite their very poor
solubility in this solvent, inserting them in the outer PEG shell of
silica core/PEG shell nanoparticles recently developed in our
laboratories. In these conditions, compound 4 was also able to
signal the presence of Hg*" and Ag” ions, confirming that this is
an efficient strategy to enable this family of bioinspired chemo-
sensors to work in water, greatly enlarging the possibilities
offered by these species. Further experiments to obtain signal
amplification effects inserting dyes in the silica core of these
nanoparticles are in due course in our laboratories.

Il ASSOCIATED CONTENT

© supporting Information. Spectrophotometric and spec-
trofluorimetric titrations of 2—4 and 7—10 with Hg2+ in absolute
ethanol and 10 in the presence of Ag’, spectrofluorimetric
titrations of compounds 3, 4, 7, and 10 in the presence of Fe**
in absolute ethanol, spectrofluorimetric titration of silica nano-
particles of compound 8 with the addition of Ag" and Hg*" in
absolute ethanol, selectivity studies of compounds 3, 4, 7, and 10
for metal ions, and TEM images of AuNP and silica nanoparticles
with compounds 4 and 9. This material is available free of charge
via the Internet at http://pubs.acs.org.
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