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Deposition of biological macromolecules with the entire retention T
. S . . : . A N C
of their activity is the subject of increasing research efforts owing z 200 g o251
to its potential applications in the field of medical diagnostics and =. [
bioreactors. One such method uses transition metal complexes olZ 1gof- 00+
nitrilotriacetic acid (NTA)} =3 particularly in the protein purification g 5| .
technique known as immobilized metal-ion affinity chromatography © 0 ‘-\_v//

(IMAC). This approach utilizes th_e NTA chelator to _coordlnate Ofb 0'5 1t2 50 07 0B o0 G
bivalent metal cations (e.g. €y Ni2*, Zn?*, Co*") leaving free Potential (V vs Ag/Ag"

L . Do g/Ag)
coordination sites of the chelatemetal complex for the ligation ) ) )
of histidine-tagged proteirfs® Hexahistidine tags can be easily Zfs’éfeérz(é)m%’)cg‘; 1"?‘?1"11??ﬁnuqfﬁggzc:];trezLﬂ;art'g;‘?olil‘zgc’de
attached to N- of C-terminus of the protein by mutagenesis and 143\, dashed line) in CECN + 0.1 M LiCIO,. Scan rate= 0.1 V-s L.
hence can be used as tools in protein localization and orientation. (B) First 25 scans in the oxidative electropolymerizationlat x 1073
However, nanoengineered biosensors and biochips would requireM) in CHsCN + 0.1 M LiClOs. Scan rate= 0.1 V-s1. (C) Cyclic
the immobilization of NTA on transducer surfaces with a controlled Voltammogram of the polymerizeli(I" = 41x 10°® mol-cm?) in CHs-
spatial resolution at nanoscale level. CN + 0.1 M LICIO,. Scan rate= 0.1 V-s™

The electrosynthesis of polymers is one of the few known
methods that allow the reproducible and precise functionalization potential ofl is higher than that of regular pyrrole (Figure 1A).
of conductive microsurfaces of complex geometry by organic Electropolymerization of was accomplished by repeated potential
molecules. With the aim of developing an immobilization method  cycling over the range of-80.8 V (Figure 1B); the appearance
combining the advantages of electrochemical addressing and affinityand the continuous growth of reversible oxidation waves at 0.18 V
immobilization, this contribution describes, for the first time, the clearly indicate the formation of a polymeric coating on the
design of an electropolymerized NTA film for the reversible and electrode surface. The resulting electrode was transferred with
oriented anchoring of histidine-tagged proteins (Scheme 1). thorough rinsing to a CkCN + 0.1 M LiCIO, solution free of
monomerl. As expected, the cyclic voltammogram of this electrode

Scheme 1 . Schematic Representation of the Reversible exhibits a reversible peak systemtaf, = 0.18 V assigned to the

Immobilization of Histidine-Tagged Biomolecules to an

Electrogenerated Poly(pyrrole)-NTA Film oxidation of the poly(pyrrolic) matrix (Figure 1C). The apparent
’ surface coverage of the electropolymerizedl’ = 4.1 x 1078
i— T'\' mol-cm~2, was determined from the charge recorded under the
- o..?Hf‘ Protein Nﬁ__’;‘ oxidation wave of the poly(pyrrole) backbone.
a8 i%io b"'tz"@;o 0"'?‘;8%0 Initially, the chelation of copper ions into the electropolymerized
N NS0 His-tag i g poly(pyrrole)-NTA (poly1) was investigated by cyclic voltammetry
i ('"“”, & m after the poly(pyrrole) electroactivity was destroyed by electro-
LCH,}.H (-BTT LCH'z]m m {CHa)io chemical overoxidation. The coordination of Tuions with

W W _@n_ polymerized NTA groups was carried out by immersing the
‘.’ ‘, ‘,. modified electrode for 15 min in sodium acetate/acetic acid buffer
solution (pH= 4.5) containing 10? M of CuCl, kept under stirring
We report herein the first successful synthesis and electropoly- conditions. After accumulation of the metal ion, the electrode was
merization of an NTA derivative and the use of the resulting poly- carefully washed with distilled water, and the chelated*Cons
(pyrrole) film for the successful coordination of copper ions and were then reduced &t0.9 V versus SCE for 10 s in 0.5 M aqueous
histidine-tagged glucose oxidase. In this study, the pyrrole monomer NaCl. Upon oxidative scanning from0.9 to 0.5V, an irreversible
(1) functionalized with an NTA group was prepared by reaction of peak and a reversible one were observed-@t15 and 0.17 V,
nitrilotriacetic acid with succinimidyl ester of 1-(11-undecanoic respectively (Figure 2A). The latter corresponds to the successive
acid)pyrrole® The pyrrolic NTA was characterized ByH NMR one-electron oxidation of reduced Cu(0) to Cu(l) and Cu(l) to
and by FAB mass spectromeftyThe succinimidyl ester was  Cu(ll). The amount of immobilized copper was determined by
synthesized using the carbodiimide metfaahd characterized by  integration of the charge under these oxidation peaks. It appears
1H NMR.1! that the copper ion content increases almost linearly with the
The electrochemical behavior of the pyrrole NTA4 mM) was thickness of the pol{t film (Figure 2B), providing an average value
investigated in CHCN + 0.1 M LiClO,4. Upon oxidative scanning,  of 3.5 polymerized NTA for each Ct center. The immersion of
the monomer exhibits an irreversible peak at 1.08 V corresponding Cu2*-doped polyl film in sodium acetate/acetic acid buffer solution
to the oxidation of the pyrrole group. As expected, the oxidation (pH = 4.5) containing EDTA (0.2 M) fo 2 h showed the
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Figure 2. (A) Cyclic voltammogram of polyl-modified glassy carbon
electrode (diameter 3 mm,T" = 2.1 x 10-8 mol-cm~2) containing chelated
CW?" in 0.5 M aqueous NacCl. Scan rate0.1 V-s~L. (B) Evolution of the

apparent surface coverage of coordinated™Ci'cy2+) as a function of
apparent surface coverage of polymerized NTA monorhgy. (

These results clearly demonstrate the efficiency and reversibility
of the oriented immobilization of histidine-tagged protein onto an
NTA-poly(pyrrole) film through an affinity “lego” procedure.
However, the usefulness of the method may be hampered in acidic
media (pH< 4) that prevent the Gt coordination. It is expected

that this simple and promising approach of protein fixation will be

useful in the development of bioanalytical nanodevices.
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removal of immobilized C#" ions via EDTA coordination.

To investigate the potential affinity of metapoly 1 film for
histidine-tagged proteins, two polyplatinum electrodes containing
coordinated C#' ions were soaked in 0.1 M phosphate buffer, one
in the presence of histidine-tagged glucose oxidase (his-GOX, 0.1
mg-mL~1) and the other in the presence of regular glucose oxidase
(GOX, 0.1 mgmL~1). Since this enzyme catalyzes in the presence
of oxygen, the oxidation of glucose with the concomitant production
of HyO,, its activity can be monitored via the electrochemical
oxidation of HO, at the underlying electrode surfateThe
maximum current densityjfax determined at glucose saturating
conditions was markedly higher for the electrode incubated wit
his-GOX (3.4uA cm~2) than for the electrode incubated with GOX
(0.48uA cm2). Sincejmax is directly proportional to the enzyme
loading, this difference clearly indicates that the enzyme binding
was mainly due to the specific ligation process of the histidine
residues to the coordinated €usites of the polyl. In addition,
the similarity between this value (3:4A cm~2) and theJnax value
(3.7uA cm~2) reported under the same potential and pH conditions
for a close-packed monomolecular layer of biotinylated GOX
immobilized via avidin-biotin bridges® demonstrates the ef-
ficiency of the metal affinity immobilization system. However, it
should be noted that this method cannot be applied to the fabrication
of electrochemical devices working at negative potentials lower
than—0.5 V because of the reduction of Cu(ll) into Cu(0).

To validate the role of the metal ion, a control experiment was
carried out with a pure poly film incubated with his-GOX. As
expected, the resulting modified electrode provided alayvalue
(0.78uA cm~2), reflecting solely nonspecific binding of his-GOX.
Moreover, the incubation of the enzyme electrode with a high
concentration of imidazole (0.2 M) fo4 h induced a drastic
decrease iffimax (0.44uA cm~2). This phenomenon was attributed
to the replacement of the histidine ligand of the five-coordinate
complex by imidazole, leading thus to a quasi total release (88%)
of the anchored his-GOX. The immersion of the same electrode in
CuCl solution then in his-GOX solution allows us to restore its
initial enzymatic activity. Five successive cycles of enzyme release
and electrode regeneration were carried out without noticeable

h

decrease in the amperometric response of the modified electrode

toward glucose. This illustrates the reversibility of this concept of
protein—polymer interactions, contrary to biotinylated polymers that
led to irreversible anchoring of biotinylated biomolecules via the
formation of an avidin bridge.

Note Added after ASAP Publication. At the request of the
corresponding author, an addition was made to the Acknowledgment
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