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Exploiting the Self-Assembly Strategy for the
Design of Selective Cu"" Ion Chemosensors**

Patrizia Grandini, Fabrizio Mancin, Paolo Tecilla,*
Paolo Scrimin, and Umberto Tonellato*

Chemosensors, small abiotic molecules that signal the
presence of analytes, typically combine two components: a
recognition site that binds the target substrate and a readout
system that signals binding.['! In the case of metal ion sensors
the recognition site is a metal-chelating molecule designed to
bind the target ion selectively and the readout system is very
often a fluorophore. The two components are usually
covalently linked through a spacer and the complexation of
the metal ion results in a variation of the position and/or
intensity of the emission band of the fluorophore. With this
set-up a large number of molecular sensors has been devised
for the detection of alkali and transition metal ions in
solution. Among the latter group, Cu! has attracted
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particular attention.”?! For instance, Fabbrizzi et al.,’l Czarnik
etal., Imperiali etal.,” and Marchelli et al.l’! have con-
nected fluorescent probes to different types of selective Cu'!
ligand subunits. The binding of the metal ion causes a
quenching of the fluorescence emission of the probe and
allows its detection in the micro- or submicromolar range. In
these systems the quenching is ascribed to a photoinduced
metal-to-fluorophore electron-transfer mechanism.?l How-
ever, sensors in which the binding of a Cu" ion causes an
increase in the fluorescence emission or in which the
fluorophore and the metal ion do not interact directly have
been reported by the groups of Bharadwajl”’ and Arnold,?!
respectively.

A common feature of all the sensors described so far is a
covalent linkage between the two components. While this
ensures their proximity, it requires a proper design and
synthetic efforts. Our goal was to realize a system in which the
active components assemble spontaneously to give a sensor,
without the need for any covalent link between them.! We
reasoned that a lipophilic ligand, a fluorophore, and a
surfactant would self-assemble in water to give a comicellar
aggregate.l'’5- The proximity between the ligand and the
fluorophore inside this aggregate should ensure contact
between the complexed metal ion and the dye. Herein we
present a sensor for Cu' ions that is able to compete in
selectivity and sensitivity with other more sophisticated
systems. This is realized by simply mixing, under suitable
conditions, commercially available surfactants and fluoro-
phores with a dipeptide-based ligand. We have also applied a
combinatorial approach to emphasize the versatility of this
self-assembly strategy.

To achieve strong and highly specific binding of Cu'! ions in
neutral water we selected the glycylglycine dipeptide 1,
bearing a C,, linear alkyl chain at the N-terminus, as the
ligand. The dipeptide is known['"! to coordinate Cu" ions by
means of its amino group, the deprotonated amido nitrogen
atom, and the carboxylate group as shown in Scheme 1. The

o) (0}

~

H-C10H21*NH HN n-CmH217N\ N7
+Ccu? AN +2H*
cu%
o o
HO ‘o
1 [cu'@)
Ph\NH SO3H
CH — 3
|+3 Br

H-C16H33—'T|—CH3
CHs

CTABr ANS

Scheme 1.

key feature for the selective formation of a strong complex is
the deprotonation of the amido nitrogen atom, which occurs
under slightly acidic or neutral pH exclusively with Cu' ions,
and not with other metal ions such as Zn', Ni'', or Co".. While
ligand 1 dissolves in water up to millimolar concentrations in
the pH range 2-9, the neutral complex [Cul(1)] is only
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slightly soluble above pH 5. Clear and stable solutions of the
complex can be obtained by addition of a surfactant such as
CTABr when [CTABr]/[Cu(1)] >2/1. The uncomplexed
ligand also partitions in CTABr and the resulting comicelles
have a critical micellar concentration (cmc) of 2.6 x 10~*m
(CTABr). The commercial fluorophore 8-anilino-1-naphtha-
lenesulfonic acid (ANS) strongly binds to the above aggre-
gates as highlighted by the strong increase in the fluorescence
associated with its transfer from the aqueous solution to the
less polar micellar environment.'® The binding is very
effective and ultrafiltration experiments show that, even at a
concentration of CTABr as low as the cmc, the fluorophore is
fully bound to the aggregate. Thus, the ligand and the
fluorophore spontaneously self-assemble in water containing
CTABr aggregates. Titration of such assemblies at pH 7 with
Cu(NO;), results in the almost total quenching of the
fluorescence emission of ANS, which reaches a plateau at
about 5% of its initial intensity (Figure 1). Formation of the
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Figure 1. Spectrofluorimetric titrations of CTAB1/1/ANS comicelles with
Cu(NOs), in HEPES buffer 0.01M, pH 7. Conditions: [ANS] =5.0 x 10-7M;
[CTABr]/[1] =2; [CTABr] =9.4 x 10~*M (2); 4.7 x 107*M (0); 2.4 x 10~*m
(®). Inset: enlargement of the first part of the titrations. /I5! =ratio of
fluorescence intensity and original fluorescence intensity.

complex [Cu'l(1)] is the essential prerequisite to observe the
fluorescence quenching. No effect is observed in the absence
of the ligand, or in the presence of an excess of the hydrophilic
ligand ethylenediaminetetraacetic acid (EDTA), or at a pH
value below 5 where the complex is not formed. The system is
rather stable and reproducible: titrations made with different
micellar preparations or measurement of the fluorescence
emission of the same solution at different times give identical
results within experimental error (<2 %). Only in the case of
the more diluted comicelles (@ of Figure 1) has a relatively
higher (<5%) variation of the fluorescence data been
observed.

The sensitivity of the system strongly depends on the ratio
[CTABr]/[ANS] reaching the micromolar range while the
concentration of the surfactant is close to the cmc (Figure 1).
At high surfactant concentration, when the number of
micelles exceeds the number of dye molecules, it is reasonable
to assume that some micelles do not contain ANS. As a
consequence, binding of Cu'! ions to the empty aggregates is
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ineffective relative to the quenching process. Hence, the
dependence of the quenching efficacy on the total concen-
tration of surfactant allows one to tune the sensitivity of the
system. For example, the amount of Cu' ions that reduces the
initial fluorescence intensity to 50% ([Cu']s,) decreases
from 4 x 1075 to 1 x 107°m on changing the concentration of
CTABTr (and 1, the ratio being 2/1) from 9.45 x 10~* to 2.34 x
10~*m. The ratio [CTABr]/[ligand] is another important factor
that determines the sensitivity. By keeping the concentration
of ANS (5x1077m) and 1 (2.3 x 10~*M) constant and increas-
ing the ratio [CTABr]/[1] from 2/1 to 5/1 and 10/1, [Cu"]sys,
increases from 1 x 1075, to 5 x 10~° and 1.5 x 10~*M, respec-
tively. Thus, dilution of the ligand in the aggregate inhibits the
quenching process, making the contact between the fluoro-
phore and the Cu" complex less favorable.

Selectivity is of paramount importance for a chemosensor
and to prove it for the present system we have titrated
(Figure 2) comicelles made from CTABTr, 1, and ANS with
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Figure 2. Spectrofluorimetric titrations of CTAB1/1/ANS comicelles
(4.7 x 1074M/2.3 x 10~*M/5.0 x 10-"m) in HEPES buffer 0.01M, pH 7 with
different metal ions: Mn" (+); Fe' (m); Co!" (¢); Ni" (8); Zn" (x); Cd" (0);
Pb" (2); Cu" (0); Cu' in the presence of all the other metal ions each 1 x
10-*M (@).

other divalent metal ions, mainly belonging to the 3d series.
No effect was observed with all cations investigated, except
Fe'.[2l With this latter metal ion the [Fe'"]syq, is 2.0 x 10~*m
from which a Cul/Fe!! selectivity of 20 may be determined.
More importantly a titration of Cu!! in the presence of all
cations listed in Figure 2 (each 1.0 x 10~*m) gives a curve
superimposable to the one obtained exclusively in the
presence of Cu" ions. Therefore, the sensor not only does
not respond to other metal ions but is also selective towards
Cu" ions in their presence.

A major advantage in using the self-assembling strategy is
the easy interchange of the different components to achieve
the desired properties and the facile set up of a combinatorial
approach for the selection of the most effective system. To
investigate this aspect we performed a series of experiments
checking all combinations of 1, surfactants, and dyes. The
results are summarized in Figure 3 as the percentage of
residual fluorescence in the presence of Cuions (5 x 10-5m),
fluorophore (5.0 x 10-7m), 1 (2.3 x 10~*M), and the minimum
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amount of surfactant needed to solubilize the complex (see
caption of Figure 3 for details). Of the systems investigated
that made up of CTABr and 1-naphthylphosphate
(1-NAFOSF) proved to be the most effective. This result is

DANSA

20 ACA

’ 1-NAFOSF

ANS

Brij 35

8
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>
c
o
.E
-

CTABr /:

Figure 3. Percentage of residual fluorescence in the presence of 5.0 x
10 M Cu'" measured for the different comicellar systems. Conditions:
HEPES buffer 0.01M, pH 7; [fluorophore] = 5.0 x 1077m; [1] =2.3 x 107*M;
[surfactant]/[1]=2 (CTABr); 6 (DMMAPS); 10 (Brij 35); 10 (Triton
X-100). The couple Triton X-100/1-NAFOSF was not investigated because
of the high background level of fluorescence emitted by the surfactant
when irradiated at 286 nm.

probably related to: a)the low [surfactant]/[ligand] ratio
attainable with CTABr and b) a possible weak interaction of
the phosphate group with the Cu'! complex. A more detailed
investigation is under way to assess the role played by other
factors, such as the charge of the surfactant and the structure
of the dye.

In conclusion, we have demonstrated that the self-assembly
strategy can be conveniently used for the construction of a
Cul! sensor. The components of the system employed in this

1433-7851/99/3820-3063 $ 17.50+.50/0 3063



COMMUNICATIONS

study are commercially available or can be easily synthesized.
They spontaneously self-assemble in neutral water giving rise
to an assembly that displays some of the most important
features of a sensor, such as sensitivity and selectivity. This
modular approach allows for the easy variation of the
components, which makes the process of system optimization
very simple. Work is in progress to extend such a concept to
ligands selective towards other metal ions and to widen its
scope to the sensing of neutral molecules.

Experimental Section

N-Decylglycylglycine (1) was synthesized following a reported proce-
dure!™ and was isolated as the CF;COOH salt. All spectral and analytical
data were in agreement with the proposed structure. Representative data
for 1: m.p. 109-110°C; elemental analysis caled for C;sH,N,OsF;: C 49.7,
H 7.56, N 7.25; found: C 50.1, H 7.51, N 7.27; '"H NMR (250 MHz, CD;0D,
25°C, TMS): 6 =0.94 (t,/=6.5 Hz, 3H), 1.38 (m, 14H), 1.74 (m, 2H), 3.07
(t,J=6.7Hz, 2H), 3.88 (s, 2H), 4.03 (s, 2H).

Critical micellar concentrations were obtained from surface tension
measurements using a Kriiss K6 apparatus. Ultrafiltrations were performed
with a 8010 Amicon cell equipped with a regenerated cellulose Millipore
filter with a cut-off of 10* Daltons. Emission spectra were recorded on a
Perkin — Elmer LS-50B spectrofluorimeter. Titrations were performed in a
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer
0.01mM, pH 7, and 25°C. Excitation and emission wavelengths (nm) were,
respectively: 375 and 500 for ANS; 286 and 360 for 1-NAFOSF; 362 and
415 for 9-anthracenecarboxylic acid (ACA); 325 and 530 for dansylamide
(DANSA).
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N,N-Diethanolaminomethyl Polystyrene:
An Efficient Solid Support to
Immobilize Boronic A cids**

Dennis G. Hall,* Jyoti Tailor, and Michel Gravel

Insoluble resins that selectively couple to a functional
group are vital in combinatorial chemistry to immobilize
substrates to be derivatized by solid-phase synthesis.!! They
are also employed as scavenger or “fishing out” resins in the
solution-phase parallel synthesis of small molecule libraries.?!
Despite the use of boronic acids as intermediates in reactions
such as the Suzuki cross-couplingl® and in biological applica-
tions including sugar recognition*! and inhibition of serine
proteases,’! there are currently no solid supports available
that couple to the boronic acid functionality. Herein we report
on the preparation of N,N-diethanolaminomethyl polystyrene
(DEAM-PS), the first resin capable of immobilizing boronic
acids, along with a preliminary assessment of its usefulness
toward combinatorial chemistry applications. DEAM-PS
resin can immobilize aryl, alkenyl, and alkyl boronic acids
almost quantitatively in a wide range of organic solvents.
Moreover, it is easily synthesized at low cost and can be
recycled.

Diethanolamine boronate adducts have long been em-
ployed to stabilize, purify, and characterize boronic acids.[!
We looked at several ways to derivatize polystyrene resin to
include such a diethanolamine anchor. We have best achieved
this goal through the reaction of aminomethylated polystyr-
ene (AM-PS) with excess ethylene oxide at 50°C in a THF/
water solvent mixture in a sealed, pressure-resistant tube
(Scheme 1). Under these conditions, quaternization to give
the triethanolalkylammonium hydroxide salt and oxirane
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Scheme 1. Synthesis of DEAM-PS resin 1. Immobilization and subsequent
release of boronic acids 2. a) Ethylene oxide (excess), THF/H,O 9/1 (sealed
tube), S0°C, 24 h; b) boronic acid 2 (see Table 1), solvent, RT, 15 min;
¢) THF/H,0/AcOH 90/5/5, RT, 1 h; or THF/H,O 9/1, RT, 2 h.
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