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Abstract

Novel chiral electro-oxidizable dicarbazoles functionalized N»guccinimidyl/phthalimidyl or pentafluoro-
phenyl carboxylate6a—c were synthesized from-lysine methyl estet and characterized electrochemically. The
corresponding chiral polycarbazole filBs—c constitute polymers suitable for covalent grafting of proteins, as
demonstrated for bovine serum albumin as a model compound. © 2000 Elsevier Science Ltd. All rights reserved.
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Recently developed microfabrication techniques, like microphotolithography, have facilitated the
specific design and preparation of microdevices that integrate the recognition properties of biological
macromolecules with the exquisite sensitivity of electrochemical transdtiddrsse transducers com-
prise of conductive microsurfaces, which can be modified by appropriate ligands, enabling them to detect
and measure biological interactions occurring on them. Particularly attractive as microdevice transducers
are microelectrodes covered by electropolymerized conductive polymers (ECPs) capable of immobilizing
biomolecules:® The main advantages of ECPs are: (1) their capacity to be mildly electrogenerated onto
microelectrodes of defined geometries; (2) their electroconductivity, allowing strictly controlled growth
of the polymeric layers; and (3) the relative ease of chemically modifying the electro-polymerizable
precursor monomers?

Basically, two main strategies can be envisaged for stable immobilization of a biomolecule onto a
microelectrode via ECPs: entrapment of the biomolecule within a polymer as it grows during the electro-
chemical process or covalent attachment of the biomolecule onto a preformed functionalized gotymer.
Interestingly, the former procedure has been plagued by a number of problems: difficult access of analytes
to the immobilized proteins and reduced activities of entrapped enzfdditionally, it should be
noted that the direct grafting of precursor monomer-linked biological macromolecules has also been
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used but does not provide homopolymerization. Rather, an electrochemical copolymerization process
with unsubstituted monomers was required for biopolymer form&tfo@onsequently, much of the
effort to develop ECPs as matrices for the grafting of biomolecules has been directed towards the search
for improved polymers in terms of performances of their chemically activated surfaces. For example,
attractive precursor polymers have been produced by functionalizing some racemic thiophene and pyrrole
monomers with easy leaving group$.

In this context, this letter describes our recent results in the synthesis of new chiral electro-oxidizable
N-substituted dicarbazole monoméis— activated byN-succinimidyl/phthalimidyl or pentafluorophen-
yl carboxylate groups (Scheme 1). This is the first report of electropolymerization of these monomers to
afford unique chiral polydicarbazole films that are chemically activated via lysing fdhttions for
protein/antibody attachment onto microelectrodes.
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Scheme 1.

It should be noted that the monome¥a—c contain two carbazole moieties able to generate, after
oxidation, long polymeric chaira—c (Scheme 1, indicated polymer growth directions). In addition, the
resulting polymer films should exhibit a cross-linked skeleton and, hence, a better mechanical stability.
Furthermore, the close vicinity of an electron-attracting ester group to one of the two carbazoles could
differentiate them oxidatively, thus modulating the structural properties of related films.

Although usually applied for pyrrole synthesis, the Clauson—Kaas reactioting.eondensation of an
amine derivative with 2,5-dimethoxy-tetrahydrofurafi was modified to afford solely the dicarbazole
methyl esteB from theL-lysine methyl estet (dihydrochloride) under acid catalysik 3.0 mmol,2: 6.8
mmol, 14 ml of 1:1 CHCO,H:dioxan, 1 h at 110°C and stirring overnight at 203C29%). Transient
formation of the dipyrrole methyl estdrwas observed (TLC check with a pure standard) accompanied
by uncharacterized polymers produced from the acid-sendtivdter saponification § 0.22 mmol,
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6.0 ml of 2:1 CICHCH,CI:EtOH, 0.5 M NaOH: 2.6 mmol, overnight reflux) and acidic hydrolysis (2
M HCI, 5: 97%), the free acid (0.56 mmol) was activated (DCC: 0.67 mmol, &Fy: 5.0 ml) to
couple with the nucleophileN-hydroxysuccinimide/phthalimide and pentafluorophenol (0.56 mmol, 2
h, 20°C). This afforded purified activated oxidizable dicarbazole mono6zers(6a: 70%,6b: 66%,6¢:
80%) ready for the preparation of the polycarbazole films. Application of these same coupling conditions
to (§-methylbenzylamine (99% optical purity, Aldrich), confirmed that this three-step sequence does
not racemize the chiral center 6&-c, since the only diastereoisomer detected was dicarbazole amide
7 [85%; 'H NMR check (500 MHz, CD@); analytical HPLC: LichroCAR? 125-4, LichroSphét
Si 60 (5 m), petroleum ether PE:AcOEt 90:1tk=11.20 min, PE:CKCl, 50:50, tg=11.18 min].
Furthermore, theS)-absolute configuration depicted for C(2) of the dicarbaz6kes and7 (retention
of configuration) was based on an acid-catalyzed cationic mechanism analogous to the mechanism of the
Clauson—Kaas pyrrole reaction but involving transient nucleophilic indole intermeéfates.

The electrochemical behavior of the dicarbazole derivatbees (1 mM) was examined by cyclic
voltammetry in CHCN (Fig. 1A/B). In the positive region (0-1.2 V versus Ag/AH0 mM in CH;CN),
the three monomers presented identical behavior, namely, two irreversible anodic peaks at 0.88 and 1.11
V. The later correspond to a one-electron oxidation of each carbazole group. The difference in oxidation
potential is most probably due to the close vicinity of the electron-withdrawing ester group to one of
them.
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Fig. 1.

As previously reported foN-alkylcarbazoles, repeatedly scanning the potential over the range from
0 to 1.2 V results in the formation of polymeric films for all the monomérgor instance, Fig. 1A
[oxidative polymerization o6a (1 mM) by repeated potential scans between 0 and +1.2 V at a platinum
electrode (@ 5 mm) in CEKCN+0.1 M TBAP, scan rate=0.1 V.§] shows the appearance and growth of
reversible peak systems, illustrating the electrogeneration of agadiim 8a. After 10 successive cycles
and transfer to an C}CN solution free of monomer, the cyclic voltammogram of the modified electrode
( 6a=1.15 nmol.cm?) exhibited an electroactivity similar to the regular electroactivity of classical poly-
(N-alkylcarbazole) films [Fig. 1B, cyclic voltammogram of the p@g-electrode, g,=1.15 nmol.cm?,
in CH3CN+0.1 M TBAP, scan rate=0.1 V.8].12 If the potential range for the 10 cycles was restricted to
the oxidation of only one carbazole group, the growth of the electrodeposited coating decreased markedly.
Surprisingly, permeability of the resulting coating was lower than that of the former one. This may be due
to the electrodeposition of short oligom&rglack of polymer cross-linking). In contrast, the oxidation
of the two carbazole groups should provide not only longer but also cross-linked polymeric chains and,
hence, a polymer able to swell in organic media.

To illustrate the potential of such polymers for the easy covalent grafting of biological macromolecules,
the immobilization of bovine serum albumin (BSA) as a model protein was investigated. Théaoly-
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electrode was modified by soaking it for 2 h in an aqueous solution of BSA (0.5 my,ifdllowed by 1

h in a stirred neutral phosphate buffer. Before and after the incubation with BSA, the permeability of the
poly-6afilm was tested by recording the cyclic voltammogram of ferrocene as a permanent electroactive
probe in CHCN [Fig. 2, cyclic voltammograms of 1 mM ferrocene in EN+0.1 M TBAP at a polyéa
electrode (a) before, and (b) after, incubation with an aqueous BSA solution, scan rate &]1The
ferrocene signal was drastically reduced after the incubation, indicating a decrease in permeability of the
poly-6afilm due to the insulating binding of BSA. A similar phenomenon was observed with thegpoly-

and polyécfilms (similar curves not shown), illustrating the efficient grafting of BSA8trc.
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Fig. 2.

In summary, chiraN-substituted dicarbazoles bearing activated ediers were synthesized and,
for the first time, successfully electropolymerized to the corresponding polydicarbazol&#haOur
preliminary results emphasize the potential of these chemically activated chiral ECPs for microelectrode
functionalization by covalent attachment of proteins. Additional applications of these novel films to im-
mobilize redox mediators as well as antibodies/proteins suitable for the fabrication of protein Bibchips
are presently under investigatiéh.

Acknowledgements

This work was generously supported by the Institute for Applied Biosciences (Ben-Gurion University
of the Negev) through internal granting and a post-doctorate fellowship (K.P.) as well as by the Ministry
of Science and the Arts. J.-P. Lellouche wishes to thank the Rashi Foundation for its financial support
through the granting of a Guastella fellowship.

References

1. (a) Amato, |.Sciencel998 282 402-405; (b) Drexler, K. ENanosystems: Molecular Machinery, Manufacturing and
ComputationJohn Wiley & Sons: New York, 1992.

2. (a) Bartlett, P. N.; Cooper, J. M. Electroanal. Chem1993 363 1-12; (b) Cosnier, Biosens. Bioelectrorl999 14,
443-456.

3. (a) Deronzier, A.; Moutet, J.-GCurr. Top. Electrochenil 994 3, 159-200; (b) Hiller, M.; Kranz, C.; Huber, J.; Bauerle, P.;
Schumann, WAdv. Mater.1996 8, 219-222.

4. (a) Naarman, HMakromol. Chem., Macromol. Synt987, 8, 1-15; (b) Tropanowicz, M.; Krawczyfiski vel Krawczyk, T.
Mikrochim. Actal995 121, 167-181; (c) Cosnier, Electroanalysis1997, 9, 894-902.

5. Schumann, WMikrochim. Actal995 121, 1-28.

6. Livache, T.; Fouque, B.; Roget, A.; Marchand, J.; Bidan, G.; Teoule, R.; Mathian&. Biochem1998 255 188-194.



3729

7. Korri-Youssoufi, H.; Garnier, F.; Srivastava, P.; Godillot, P.; Yassagd.Am. Chem. S04997 119, 7388-7389.
8. Ambrose, J. F.; Nelson, R. F. Electrochem. S04.968 115 1159-1164.
9. Elming, N.; Clauson-Kaas, Mcta Chem. Scand 952 6, 867-874.

10. (a) Kashima, C.; Hibi, S.; Maruyama, T.; Omote, Tétrahedron Lett1986 27, 2131-2134; (b) Kashima, C.; Hibi, S.;
Maruyama, T.; Harada, K.; Omote, Y. Heterocycl. Chenl987 24, 913-916.

11. Deshene-Monvernay, A.; Lacaze, P. C.; Dubois, J.Electrochem. S0d.981, 129 229-235.

12. Faid, K.; Ades, D.; Siove, A.; Chevrot, Synth. Met1994 63, 89—-99.

13. Desbene-Monvernay, A.; Lacaze, P. C.; Delamar, M. Electrochem. S0d.992 334, 241-246.

14. (a) Dutton, G.Genet. Eng. New$996 16, 1-3; (b) Edgington, S. MBio/Technologyl994 12, 468—471; (c) Wilson, C.
Scripp Magazind 998 68, 35—-37; (d) Service, R. Bciencel998 282 396—399; (e) Schena, M.; Heller, R. A.; Theriault,

T. R.; Konrad, K.; Lachenmeier, E.; Davis, R. Wends Biotechnoll998 16, 301-306.

15. The new compounds were fully characterized spectroscopically (FIHR3C NMR, CI-MS) and their homogeneities
checked by TLC and analytical HPLC for chromatographically stable compot8siccinimidyl 2,6-di(carbazol-9-yl)
hexanoatesa (yellow solid): 'H NMR (CDCls, 200 MHz)  (ppm) 8.15 (d,J=8.5 Hz, 2H), 8.05 (dJ=8.6 Hz, 2H),
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