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ABSTRACT

We have designed a two-step procedure to coat silica particles with fluorescent 2,7-diazapyrenium dications. The electron-deficient character
of the dications encourages the association of dopamine at the particle/water interface. The supramolecular event produces a significant
decrease in the fluorescence intensity. Model binding studies with catechol and propylamine revealed that the interfacial complexation of
dopamine is dominated by the interaction of its electron-rich dioxyarene fragment with the electron-deficient fluorophore in neutral aqueous
environments.

Neurotransmitters ensure the propagation of information in perturbation of the local brain environment, have limited
the central nervous systetithey travel across synaptic clefts  spatial resolution, and are extremely slow. Electrochemical
establishing chemical communication between presynaptic sensors, instead, offer millisecond response with micrometer
and postsynaptic neurons. This general mechanism forresolution? Unfortunately, they suffer the interference of
information transfer appears to involve the participation of compounds that are oxidized at potentials very similar to
stereoelectronically diverse organic compounds. The under-those of catecholamines. Despite their intrinsic limitations,
standing of their fundamental role in neurotransmission and these analytical methods have provided already invaluable
of their implication in disease states requires, first of all, the information on the functions of catecholamine neurotrans-
identification of efficient analytical procedures for their mitters? For example, it is known that dopamine plays a
reliable determination in vivo and in vitro. The need to fundamental role in motor functions and its activity has been
elucidate the biosynthesis, metabolism, and functions of associated with various diseases, including Parkinson’s and
catecholamine neurotransmittérf®r example, continues to  schizophrenid.Nonetheless, much remains to be unraveled
stimulate the development of experimental methods for their
detection and for the analysis of their precursors and (2) Goldstein, D. S.; Eisenhofer, G.; McCarty, Ratecholamines:
metabolites. Perfgsmn and microdialysis sampling coupled ?ggg.lng Basic Science with Clinical Medicingcademic Press: San Diego,
to chromatographic analyses have evolved over the years as (3) (a) Guillin, O.; Diaz, J.; Carroll, P.; Griffon, N.; Schwartz, J. C.;
sensitive and selective methods for determining catechol- Sckoloff, P.Nature 2001, 411, 86-89. (b) de la Fuente-Fermandez, R.;

. . L Ruth, T. J.; Sossi, V.; Schulzer, M.; Calne, D. B.; Stoessl|, ASclence
amines: These procedures, however, involve a significant 2001293, 1164—1166. (c) Falkenburger, B. H.; Barstow, K. L.; Mintz, I.

M. Science2001, 293, 2465—2470. (d) Conway, K. A.; Rochet, J. C;
(1) Perry, E. K.; Ashton, H.; Young, A. HNeurochemistry of Conscious- Bieganski, R. M.; Lansbury, P. Bcience2001, 294, 1346-1349. (e) Sawa,
ness: Neurotransmitters in Mindenjamins: Philadelphia, 2002. A.; Snyder, S. HScience2002,296, 692—695.
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on the mechanism of action of this particular molecule in physisorbed reagents. The combustion analysis of the result-

the central nervous system. ing materials indicates a carbon content of ca. 13%, confirm-
The emergence of fluorescent probdsr the fast and ing the presence of an organic layer on the inorganic support.

reliable determination of organic analytes is encouraging the  The absorption (aén Figure 2) and excitatiorb) spectra

exploration of optical methods for dopamine detection. of the 2,7-diazapyrenium dicatidhare remarkably similar
These strategies require (1) the identification of molecular

building blocks that can recognize the target analyte produc-_
ing a detectable fluorescence response and (2) the im-
mobilization of the molecular probes on solid supports that
can be incorporated into reliable sensor architectures. A
simple analysis of the structure of dopamine reveals electron-
rich catechol and ethylamine fragments. These functional
groups are expected to associate with electron-deficient 2,7-
diazapyrenium dications. Indeed, these particular compounds
are known to form stable complexes with dioxyarenes and
aliphatic amines as a result of electrostatic forces and charge-
transfer interaction.The synergism of these noncovalent
bonds has been exploited extensively to assemble interlocked
molecules and supramolecular arréysln addition, the
fluorescence intensity of the 2,7-diazapyrenium core de-
creases dramatically upon complexation. Therefore, theseFigure 2. Absorption (a), excitation (b), and emission (d) spectra
electron-deficient compounds appear to be promising build- ©f @ Solution of the hexafluorophosphate salBdfL.2 x 10 ° M,

: : . MeCN, 25°C, Aem = 432 NM,Aexe = 342 nm). Excitationd) and
ing blocks for the assembly of dopamine-responsive Suncaceemission €) spectra of a suspension of the fluoroscent particles

coatings. _ S (0.5 mg/mL, MeCN, 25°C, Zem = 432 NM, deye = 342 NM).
The syntheses of 2,7-diazapyrenium dications rely on the

N-alkylation of a preformed 2,7-diazapyrene cbréhese

procedures can be adapted to assemble 2,7-diazapyreniurto the excitation spectrum of the modified silica particles
dications on solid supports in two steps (Figure 1). Initially, (c). The emission spectrum &f(d) and that of the coated
particles (e) show the characteristic bands of the 2,7-
diazapyrenium dication (quantum vyiel& 0.28). These
observations confirm the attachment of the fluorescent
compounds to the silica supports and indicate that the
surface-confinement has a negligible effect on their absorp-
tion and emission properties. A loading of cax2.0-® mmol
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Figure 1. Two-step assembly of 2,7-diazapyrenium dications on ghim-1996éhl4, 10|7:1é‘(11- (ICE) Bfgg;stgg, 2-35%; I-2|f§r5n8ma£i Aé; \g_n‘ltAD.
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the surface of silica particles Balzani, V.: Langford, S. J.; Stoddart, J. F..Am. Chem. S0d997,119,
2679—2681. (e) Becker, H. C.; Broo, A.; Norden, B.Phys. Chem. A
N ) ~1997,101, 8853—8860. (f) Ashton, P. R.; Ballardini, R.; Balzani, V.;
the hydroxylated surfaces of silica particles (surface density Consstﬁble](,_ EIdC.; Crecg, A.; Kocian, g-;;(?ngford, J.F Prgce;tr:g J. P.; Prodi,
— ; ; ; ; ; L.; Schoefield, E. R.; Spencer, N.; Stoddart, J. F.; Weng m. Eur.
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. P.; Heath, J. RAcc. Chem. Re2001, 34, 433—444. (b) Ballardini, R.;
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of 2,7-diazapyrenium dications per mg of coated particles molecular association of dopamine with the immobilized 2,7-

can be estimated from the emission intensity3aind that
of the fluorescent particles. Comparison of the loading with

diazapyrenium dications.
The analysis of the fluorescence decay (Figure 3) with a

the carbon content determined by combustion analysis multiple-equilibria binding modét revealed that the electron-
indicates that the fluorescent particles contain several un-deficient dications and the electron-rich analytes form 1:1
reacted surface-confined benzyl chlorides. and 1:2 complexes at the particle/water interface. The

The response of the fluorescent particles to dopamine wasinterfacial association constants of the 1:1 complexes are 180
tested in aqueous environment at neutral épEmission + 7 and 260+ 10 M for dopamine and catechol,
spectra revealed a dramatic fluorescence decrease after theespectively. The small difference between them is, presum-
addition of the analyte. A plot of the relative intensity of ably, a result of disfavoring electrostatic repulsion between
the emission band at 432 nm against the concentration ofthe cationic ammonium group of the protonated form of
dopamine shows a rapid decay to a saturation value of ca.dopamine and the 2,7-diazapyrenium dication. Instead, the
40% (Figure 3). The surface-confined 2,7-diazapyrenium 1:2 complexes are extremely weak and their association

constants are ca. 1 M.
] The influence of the surface-confinement of the electron-

deficient component on the binding event was estimated by

100 comparing the response &f and that of the fluorescent
%D particles to catechol in MeC®N.The association constants

@ for the corresponding 1:1 complexes are#B and 70+
[} 7 M1, respectively, and those for the 1:2 complexes are,
again, extremely small (ca. 1 M). The negligible difference
between the association constants of the 1:1 complexes
indicates that the supramolecular association of the comple-
mentary electron-rich and electron-deficient components is
not affected by the inorganic support. This observation
suggests that the dications are positioned away from each
other on the particle surfaces and cannot cooperate in the
binding event. It is interesting to note, however, that the
transition from an aqueous environment to an organic solvent
decreases the interfacial association constant by approxi-
mately 1 order of magnitude. Thus, the hydrophobic con-
tribution to the binding energy appears to be significant in
these complexation processes.

In summary, fluorescent recognition sites can be attached
units interact with dopamine at the particle/water interface to silica supports following a simple two-step procedure. The
producing a detectable fluorescence response. electron-deficient character of the surface-confined building

Under the experimental conditions employed, dopamine blocks encourages the supramolecular association of dopam-
is preferentially in a protonated forfiThe lack of electron- ine at the solid/water interface. The interfacial complexation
rich character in the resulting ammonium group suggests thatis transduced into a detectable optical signal. These sensitive
the interaction with the surface-confined electron-deficient surface coatings can be integrated, at least in principle, with
dications involves the aromatic portion of dopamine. To fiber optical probes and lead to the development of a new
confirm this hypothesis, the response of the fluorescent generation of fast sensors for the real-time detection of
particles to propylamine and catechol was assessed. Nocatecholamine neurotransmitters.

significant changes in the emission intensity (Figure 3) could Acknowledgment. We thank the UM NIEHS Marine and
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decay was observed for catechol (Figuré'3)he remarkable _ _ _ _

similarity between the dopamine and catechol trends dem- Supporting Information Available: Experimental pro-

onstrates that the dioxyarene fragment dominates the supracedures for the preparation of the fluorescent particles and
their precursors and determination of the association con-

(8) Surface-confined 2,7-diazapyrenium dications are not stable under stants. This material is available free of charge via the
basic conditions. As a result, we have not explored the response of the
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Figure 3. Relative emission intensity of the fluorescent particles
(0.3 mg/mL, sodium phosphate buffer, pH 7.0, 32°C, dem =
432 nm,Lexe = 342 nm) in the presence of various concentrations
of catechol, dopamine, or propylamine.

fluorescent particles to dopamine at high pH values.
(9) At a pH of 7.0, the ratio between the ammonium and amine forms is

ca. 80:1 and the concentration of the phenolate anion is negligible. The

pKa values for the dissociation of the ammonium cation and the first hydroxy
group of dopamine are 8.9 and 10.6, respectively; see: Martin, R. B.
Phys. Chem1971,75, 2657—2661.

(10) At a pH of 7.0, the ratio between propylammonium and propylamine
is ca. 5000:1. This value was estimated using the literatigeop10.7 for
propylamine; see: Frenna, V.; Vivona, N.; Consiglio, G.; Spinelli,JD
Chem. Soc., Perkin Trans.1D85, 1865—1868.
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