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Single-walled carbon nanotubes were functionalized with biotin using either electropolymerization or
formation of m-stacking interactions for the construction of biosensors. Thanks to the high affinity of
the avidin-biotin interactions, a biotinylated glucose oxidase (B-GOX) as a biomolecule model was
immobilized on the biotinylated nanotubes. The influence of the biosensor configuration on their
amperometric performances was investigated by changing the amount of nanotubes and the numbers
of avidin/B-GOX layers. By increasing the amount of nanotube and avidin/B-GOX layers, both sensor
setups show a perfect linear increase of immobilized enzymes reflecting a high reproducibility of

our systems. The highest sensitivities (up to 5.2 mA M~' cm~2) and maximum current densities (up to
55 pA cm~?) were obtained using nanotube deposits modified by electrochemical coatings. In contrast,
non-covalently functionalized biotin-nanotubes show a better permeability for the enzymatically

generated hydrogen peroxide.

1. Introduction

During the last 20 years, a revolution appeared in sensor
research, giving birth to a large number of sensor devices for
medical’? and environmental technology.®* Investment and
development in this field expanded exponentially. In particular,
glucose biosensors received enormous attention due to the need
of new developments for the diagnosis and control of diabetes.>”
Moreover, electrochemical biosensors based on the use of
enzymes, antibodies or antigens have received considerable
attention due to the advantages of the association of the high
specific recognition properties of biomolecules with the sensi-
tivity and versatility of the amperometric, potentiometric or
impedimetric transduction.

However, one of the limitations of common biosensors resides
in the amount of active biomolecule immobilized per surface
unit. The sensitivity of the molecular recognition event (enzy-
matic reaction, immunoreaction and even hybridization) indeed
is mainly proportional to the electrode surface. The concept of
biomolecule immobilization by affinity interactions should
preserve the biological activity by formation of a single attach-
ment point enabling a specific orientation. The principal
approach consists of the immobilization of biotinylated
biomolecules on biotin covered surfaces via avidin bridges
between the two biotinylated components. The strong associa-
tions between biotin (a vitamin) and avidin (a protein with four
biotin specific cavities) were widely used for ELISA assays. The
electrogeneration of biotinylated polymer films enabled therefore
the successive attachment of avidin and biotinylated proteins,
oligonucleotides or bacteria on the transducer surface
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Significant efforts focalize on the development of three-
dimensional biomaterials to improve the detection limit. Among
the various possibilities envisioned for such goals, the use of
carbon nanotubes (CNTs) aroused an increasing interest owing
to the geometry and conductivity of this material. Nanotubes
have an impressive high specific surface of around 1000 m? g,
making them promising candidates for the construction of highly
porous three-dimensional nanostructured frameworks. More-
over, the high conductivity of CNTs may be utilized to extend the
electrochemical transduction step localized at the electrode
surface to the whole three-dimensional structure of biocoatings
based on CNT scaffolds. However, the biomolecule immobili-
zation on CNT deposits was mainly performed by entrapment
within a matrix,*® spread or generated onto CNT coatings
preventing thus direct electrical communication between
biomolecule and CNT.!*!!

To circumvent this drawback, biomolecule immobilization
was carried out by its direct covalent binding onto the CNT
surface.'> However, this approach requires, first, the chemical
modification of CNTs (for instance, their chemical oxidation for
creating carboxylic groups) that drastically reduces their elec-
tronic conductivity.

In this context, we report here the original non-covalent
modification of single-walled carbon nanotubes (SWCNTSs) by
biotin groups allowing the immobilization of biotinylated
biomolecules in the close proximity of carbon nanotube surface
by affinity interactions via the avidin—biotin system. The SWCNT
modification by biotin was achieved via T-stacking interactions
between the nanotube sidewall and a biotinylated pyrene
derivative (Scheme 1A) or by electropolymerization of a biotin
derivative functionalized by a pyrrole group (Scheme 1B). The
resulting biotinylated SWCNT coatings were used for the
successive attachment of avidin and biotin-labelled glucose
oxidase chosen as the biomolecule model. The efficiency of the
biomolecule anchoring was investigated by fluorescence
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Scheme 1 Schematic presentation of the functionalization methods used for the attachment of biotin groups to the nanotubes. (A) Functionalization by
m-stacking interaction between the pyrene-biotin derivative and the nanotube sidewalls and deposition of the biotinylated SWCNTs onto Pt-electrodes.
(B) Electropolymerization of the pyrrole-biotin monomer on the SWCNTSs, deposited on a Pt-electrode.

measurements and the amperometric response of these modified
electrodes to glucose, which was oxidized into gluconic acid and
H,O0,. In addition, the effect of varying the amount of SWCNTs
and/or enzyme layers on the performance of the resulting
electrodes was also examined.

2. Results and discussion
2.1 Characterization using fluorescence microscopy

The effective immobilization of biotin groups on SWCNTSs using
electropolymerization or m-stacking interactions and its
bioavailability for subsequent anchoring of avidin protein was
investigated by fluorescence measurements with a streptavidin—
phycoerythrin conjugate. The deposition of the carbon nano-
tubes was carried out on microelectrodes (10 pm diameter)
arrayed on a silicon chip. The resulting modified biotin nanotube
surfaces were exposed to a solution of streptavidin—phycoery-
thrin (0.5 mg mL™") over 20 min in darkness and then washed

with stirred phosphate buffer solution (pH 7) and deionised
water in order to avoid non-specific adsorption.

The efficient immobilization of phycoerythrin-labelled strep-
tavidin on biotinylated polypyrrole films obtained by polymeri-
zation of pyrrole-biotin is demonstrated in Fig. 1B. For these
experiments, three layers (each 4 puL) of the SWCNT dispersion
were deposited on the electrode followed by the electro-
polymerization (0.1 mC) of a thin poly(pyrrole-biotin) film on
the nanostructured surface. The same characterization was
elaborated using a microelectrode covered by three layers of 4 uL
of pyrene-biotin-modified SWCNTs.

The fluorescence depends on the presence of biotin at the
surface of the microelectrodes. This indicates that the immo-
bilization of the fluorescent streptavidin conjugate is specific
for the avidin—biotin interaction. A cross-experiment based on
bare microelectrodes (Fig. 1A) led to the absence of fluores-
cence, highlighting that the enzyme immobilization is due to
the specific affinity interactions instead of non-specific
adsorption.

Fig. 1 Microelectrodes visualized by fluorescence microscopy after incubation with streptavidin—phycoerythrin: (A) bare electrode, (B) electrode
covered with SWCNTs and a film of poly(pyrrole-biotin) and (C) electrode covered with pyrene-biotin SWCNTSs.
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Fig. 2 Cyclic voltammogram of the oxidative polymerization of the
biotin—pyrrole derivative on (A) a Pt-electrode by repeated potential
scanning between 0 and 0.85 V, and (B) a SWCNT deposit (60 pL) on
a Pt-electrode by repeated scanning between 0 and 0.6 V. Potentials were
applied versus a 10 mM Ag*/Ag in CH;CN + TBAP (0.1 M) reference
electrode; scan rate 100 mV s~

It should be noted that the intensity of the fluorescence can be
related to the amount of biotin derivative involved in the
corresponding process. The streptavidin immobilization is more
apparent in the case of the electropolymerization on the surface
of the micro-spots while in the case of the SWCNT-pyrene—
biotin sample (Fig. 1C) the fluorescence is less intense and the
streptavidin is fixed even outside the micro-spots indicating the
repartition of the modified carbon nanotubes on the whole
surface of the microelectrode.

2.2 Characterization by cyclic voltammetry

The electrochemical behaviour of the poly(pyrrole-biotin) film in
acetonitrile + 0.1 M TBAP was investigated by cyclic voltam-
metry. The cyclic voltammogram clearly shows an oxidation
peak at 0.35 V and a reduction peak at 0.25 V due to the
oxidation and reduction of the pyrrole group respectively.
However, repeatedly scanning between 0 and 0.85 V shows no
clear current intensity increases (Fig. 2A). This probably
indicates the formation of an insulating polymer on the electrode
surface as previously observed. To solve the problem of the
conductivity of the pyrrole-biotin derivative, previous works
were reported using a copolymer.'**

The cyclic voltammograms of poly(pyrrole-biotin) electro-
generated on deposits of pristine nanotubes on a platinum
electrode (60 puL and 80 uL) show oxidation waves at around
0.1 Vand 0.3 V and reduction waves are observed at 0.05 V and
0.25 V. Repeated potential scanning of pyrrole-biotin over the
range from 0 to 0.6 V results in the appearance and the
continuous growth of the peak system for the reversible anodic
and cathodic waves (Fig. 2B). As already observed for the elec-
tropolymerization of N-substituted pyrrole derivatives,' this
clearly indicates the formation of an electrogenerated film on the
nanostructured electrode surface.

2.3 Glucose response of the biosensor

The attachment of biotinylated glucose oxidase (B-GOX) on
biotinylated SWCNTSs via avidin bridges was investigated. The
analytical characteristics of the constructed enzyme configura-
tion towards the detection of the injected glucose were investi-
gated by amperometry in 0.1 M phosphate buffer with an applied
potential of 0.7 V. Under these conditions the enzymatically
generated hydrogen peroxide is oxidized on the platinum
electrode giving an electrochemical signal (current) which is
directly correlated to the amount of generated H,O,.

Fig. 3 shows the anodic current response of the biosensors as
a function of glucose concentration for different layers of pristine
carbon nanotubes. The sensitivities of the SWCNT-based
biosensors determined by the slope of the linear part of the
calibration curve are 3.3, 5.2, and 1.3 mA M~! cm™? with
a maximum current density of 22.5, 33.5, and 15 nA cm~2 for 40,
60, and 80 pL of the carbon nanotube deposits, respectively.
Compared to the corresponding flat configuration of a poly-
pyrrole film electropolymerized on a platinum electrode,!s:1¢
the high specific surface of SWCNTSs for the 60 pL setup shows
a more than ten-fold improvement of the glucose sensitivity due
to the increased amount of anchored enzymes. In addition,
a marked increase in maximum current density was observed.
This suggests that the geometrical effect of the nanotube leads to
a larger area covered by the poly(pyrrole-biotin) film and,
therefore, increases in the amount of anchored GOX. It has to be
noted that sensitivity and J,., clearly decrease for the sensor
configuration corresponding to 80 plL of deposited SWCNT
dispersion. This effect can be attributed to a more densely packed
nanotube deposit and therefore to a diminished accessible
surface and to the fact that the increased distance of the enzyme
to the electrode provokes an increased loss of the enzymatically
generated H,O, in the bulk. This argument is supported by the
clearly higher K, value (4.8 mmol L') of the setup with the
highest amount of nanotubes (Fig. 3¢) compared to the biosen-
sors with 40 uL (2.7 mmol L") and 60 uL (2.2 mmol L") as seen
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Fig. 3 Calibration curves of the glucose constructed on unmodified
SWCNT deposit on Pt-electrodes using (a) 2 x 20 pL, (b) 3 x 20 uL, and
(c)4 x 20 uL of the SWCNT dispersion and a film of poly(pyrrole-biotin).
Applied potential 0.7 V versus SCE; 0.1 M phosphate buffer (pH 7).
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Fig. 4 (A) Calibration curves of the glucose constructed on unmodified
SWCNT deposit on Pt-electrodes using 3 x 20 pL of the SWCNT
dispersion and a film of poly(pyrrole-biotin) by successive incubations in
(a) one, (b) two, (c) three and (d) four times in avidin and B-GOX. Inset
(B) Evolution of the current versus the number of deposited avidin and
B-GOX layers for 40 mM (see dashed line in part (A) of glucose
concentration constructed on 60 pL of unmodified SWCNT deposit and
a poly(pyrrole-biotin) film (0.54 mC).

in Fig. 3a and 3Db, respectively. For the following experiments, all
electrodes were prepared using 60 uL of the nanotube dispersion.

It has been reported that avidin-biotin interactions can
successfully be used to build controlled molecular architectures
composed of multienzyme layers.” Therefore, after optimisation
of the amount of carbon nanotubes and the poly(pyrrole-biotin)
thickness, the matrix has been applied for the construction of
multienzyme layers by successive immersion of the modified
electrode into an avidin and then into a B-GOX solution.
Following this easy and fast procedure, several enzyme layers
were fixed on the electrode surface. Fig. 4A shows the resulting
calibration curves for glucose obtained with biosensors based on
one, two, three, and four avidin/enzyme layers while Fig. 4B
(inset) shows the evolution of the current versus the number of
the avidin/B-GOX deposits for 40 mM of glucose concentration.
As expected, the obtained results show a steady increase in
maximum current density reflecting the higher amount of
immobilized B-GOX. This evolution is linear, as shown for
40 mM of glucose (Fig. 4 inset).

Surprisingly, no evolution of the sensitivity for glucose can be
observed. This can be due to a reduced permeability and hence
a decrease in the H,O, permeation through the polypyrrole-
SWCNT film. The total coverage of the carbon nanotube film by
the polymer generates constraints towards the diffusion of H,O,
through the polymer and therefore inhibits the increase of
sensitivity.

Our second approach consisted of the deposition of biotin—
pyrene-functionalized SWCNTSs on the Pt-electrodes to allow the
formation of an avidin monolayer and, thus, the anchoring of
B-GOX over the whole accessible surface. Fig. 5 represents the
resulting biosensor responses as a function of glucose concen-
tration for different layers of deposited pyrene—biotin SWCNTs.
All sensitivities were determined by the slope of the linear part of

the calibration curve. The glucose sensitivity for such modified
electrodes increases linearly with increasing amount of deposited
pyrene-biotin SWCNTs. For 40 uL of the pyrene-biotin
SWCNT dispersion, a sensitivity of 0.35 mA M~' cm~2 was
obtained. For 60 pL and 80 pL of the deposited pyrene—biotin
SWCNT dispersion, 0.56 mA M~' cm~2 and 0.77 mA M~ cm ™2
were measured. The comparison with the sensitivities of the
corresponding polypyrrole configuration with an increasing
amount of pristine carbon nanotubes highlights the beneficial
role played by the absence of the polymer film despite the esti-
mated higher hydrophobic character of the pyrene-biotin-func-
tionalized nanotubes. The immobilization of different layers of
avidin and B-GOX onto pyrene-biotin SWCNTs led to an
increase in both the sensitivity and maximum current density.
These results indicate an unhindered permeation of H,O,.
Fig. 6A, 6B and 6C show the obtained calibration curves for
glucose sensors with different avidin/enzyme layers, each
immobilized on deposits of 40, 60, and 80 pL of the pyrene—
biotin SWCNT dispersion. This demonstrates the reproducible
elaboration of nanotube and enzyme layers where the maximum
current at saturating glucose concentrations is related to the
amount of immobilized B-GOX. Moreover, the evolution of the
current versus the number of avidin and B-GOX deposits is linear
as shown in Fig. 6D for 40 mM of glucose and for different
pyrene-biotin SWCNT deposits. This linear evolution for the
different enzyme layers indicates the successful elaboration of
three-dimensional architectures. Moreover, the progress of the
slope with the modified SWCNT layers is in a good correlation
with the amount of adsorbed nanotubes on the electrode surface
showing the excellent control of the nanotube deposits. Since the
maximum current density reflects the amount of immobilized
enzymes to be independent to permeability effects, we can
conclude our results for our biosensors using differently modified
nanotubes by comparing the J,.. values of both setups.
Regarding the same amount of deposited nanotubes (60 pL)
with 4 enzyme layers (see Fig. 4A(d) and Fig. 6B(d)), the
biosensor using the polypyrrole-modified SWCNT deposit shows
55 pA cm~? while for the biotin—pyrene-functionalized nanotubes
34 pA cm~2 could be reached. The distribution of biotin groups
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Fig.5 Calibration curves for biotinylated SWCNT deposits constructed
by m-staking on Pt-electrodes using (a) 40 uL, (b) 60 nL, and (c) 80 uL of
the pyrene-biotin SWCNT dispersion deposited on Pt-electrodes
followed by functionalization with avidin and B-GOX.

This journal is © The Royal Society of Chemistry 2009

Analyst, 2009, 134, 2412-2418 | 2415


http://dx.doi.org/10.1039/B916774A

Published on 29 September 2009. Downloaded by University of Sydney on 31/05/2013 19:14:37.

View Article Online

T T T T

A) B) o
44 L (e) 8 " + (e)
L ',_,_,_,, v (d) 71 = v (d)
2 3' /.)!, — . . A(C) &__ 6. * ,'..
2 32 5] Pl P
= 2 T o —o——o(b) = AT
G T (@ g 47 Bl N
5 . : 7_7._7_4:__,.,.7-'-'—"" 5 3 w7 . .
o 14 - (&) 2 é:: i "
1] g
0' i 0- ﬁ :
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
[Glucose](mmol/L) [Glucose](mmol/L)
C) 1 D) 12
12 - +(e) 4o +(c)
_ 10/ T e _ ’
z 10 el =
2 8- 3 " 2 8
z L z : +(b)
£ 67 AT () £ 6 .
3 4 L ™ (@) 8 ]
- *y . - e —"—u(a -
2] el N @
HF Rl
1

0 10 20 30 40 50 60 70
[Glucose](mmol/L)

2 3 4 5
Number of enzyme layers

Fig. 6 (A) Steady state current responses of the biosensor constructed on pyrene-biotin SWCNTs to glucose increments using 2 x 20 pL of the
modified-SWCNT electrode which has further been treated by successive incubations of (a) one, (b) two, (c) three, (d) four, and (e) five times in solutions
of 0.5 mg mL~! of avidin and B-GOX. (B) Steady state current responses of the biosensor constructed on biotin—pyrene-modified CNT to glucose
increments using 3 x 20 pL of the modified-SWCNT electrode which has further been treated by successive incubations of (a) one, (b) two, (c) three,
(d) four, and (e) five times in solutions of 0.5 mg mL~" of avidin and B-GOX. (C) Steady state current responses of the biosensor constructed on pyrene—
biotin SWCNTSs to glucose increments using 4 x 20 pL of the modified-SWCNT electrode which has further been treated by successive incubations of
(a) one, (b) two, (c) three, (d) four, and (e) five times in solutions of 0.5 mg mL~"' of avidin and B-GOX. (D) Evolution of the current versus the number of
deposited layers of avidin and B-GOX for 40 mM of glucose concentration (see dashed lines in 6A—C) constructed on (a) 2 x 20 uL, (b) 3 x 20 uL, and

(c) 4 x 20 pL of pyrene—biotin SWCNTs.

on the biotin—pyrene-functionalized nanotube sidewalls is less
pronounced than for the polypyrrole film which explains the
inferior amount (0.63 equiv.) of immobilized enzymes. Against
this, increasing the amount of biotin—pyrene-functionalized
nanotubes shows no restrictions in permeability. Constructing
the biosensor by depositing 80 pL of the biotin SWCNT
dispersion almost the same Jy,.x value (53 pA cm™?) as for the
poly(pyrrole-biotin) configuration could be obtained after
4 enzyme layers (Fig. 6C(d)). For the 5th enzyme layer as shown in
Fig. 6C(d), this setup even surpassed the J,., value (65 pA cm—2)
of the poly(pyrrole-biotin) equivalent reflecting the high poten-
tial of such nanotube derivatives for biosensor application.

3. Experimental
3.1 Reagents

Avidin and biotin-labelled glucose oxidase (GOX, 120 U mg™')
were purchased from Sigma while tetra-n-butyl ammonium
perchlorate (TBAP) was purchased from Fluka and was recrys-
tallized from ethyl acetate and cyclohexane and dried under
vacuum at 80 °C for 3 days. Streptavidin—phycoerythrin conju-
gate was purchased from Molecular Probes. All other chemicals
were obtained commercially and were of analytical grade.

Glucose solutions were allowed to mutarotate at room temper-
ature for 24 h before use and were kept refrigerated.

Single-walled carbon nanotubes, produced by the HiPco®
process (Purified, CNI grade/Lot #: P0313), were purchased
from Carbon Nanotechnologies, Inc. (CNI). To obtain better
dispersions, as received HiPco® nanotubes (20 mg) were
dispersed in 300 mL of THF in an ultrasonic bath for three
hours. The solvent of the inhomogeneous dispersion was then
evaporated in a vacuum to recover a fine powder of carbon
nanotubes. The solid was diluted with 200 mL DMF and
sonicated for a further two hours at room temperature. After
sedimentation of undispersed nanotubes, the supernatant was
filtered over a PTFE membrane filter (pore size: 0.45 pm) and
washed with THF. The residue was not allowed to dry during
filtration. Thus, the wet sludge cake was put in a few millilitres of
diethyl ether and mechanically stirred and ground until dryness
to avoid re-aggregation of the SWCNTs. Using such pre-treated
nanotubes, stable and homogeneous dispersions in THF can be
obtained after only 20-30 min of sonication.

Pyrrole-biotin ester,’> pyrenebutanol biotin ester and
biotinylated SWCNTs'” were synthesized as described with slight
modifications.

Biotin—pyrenebutyl ester: pyrenebutanol (280 mg, 1.0 mmol)
was dissolved in 20 mL DMF under an argon atmosphere. The
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coupling reagents (DCC, 280 mg, 1.35 mmol; DMAP, 100 mg,
4.2 mmol) were added to this solution as well as biotin (0.250 g,
1.0 mmol). The reaction was observed by TLC (solvents:
CH,CI,/EtOH 95:5; retention 0.5). After one week of reaction
time, the solvent was evaporated and the yellow solid was dis-
solved in CH,Cl,. Biotin—pyrene was purified by flash chroma-
tography (mobile phase CH,CL,/EtOH 95:5) on silica gel 60 um
particle size as the stationary phase. 'H NMR (CDCls,
250 MHz): 6 ppm = 8.23 (1H, d), 8.07 (7H, m), 7.85 (1H, d), 5.52
(1H, s), 5.12 (1H, s), 4.25 (1H, 1), 4.12 (2H, t), 4.05 (1H, d), 3.35
(2H, t), 2.92 (1H, d), 2.72 (2H, 2xdd), 2.27 (2H, t), 1.90-1.23
(10H, m). MS (EI, 200 °C): m/z = 503 (MH*, C30H34N,05S).

11-Biotin-(1-pyrrolyl)undecyl ester: biotin (500 mg, 2 mmol),
11-(1- pyrrolyl)undecanol (208 mg, 1.66 mmol), DCC (413 mg,
2 mmol) and DMAP (81 mg, 0.66 mmol) were dissolved in dry
CH,Cl,. The mixture was stirred under argon for 6 days at room
temperature and then filtered. The organic phase was evaporated
and the residue was washed with Et,O. The resulting product was
purified by flash chromatography on silica gel with CH,Cl,/
EtOH (95:5). Crystallization from CH,Cl,/Et,O gave the pure
product. MS (EI, 200 °C): m/z = 464 (MH"*, C,5H4;N305S). 'H
NMR (DMSO-dg, 200 MHz) 6 ppm = 1.14-1.5 (m, 10H), 1.75
(m, 14H), 2.04 (t, 2H), 2.68 (m, 1H), 2.86 (m, 1H), 3.08 (m, 1H), 4
(m, 4H), 4.26 (m, 1H), 4.46 (m, 1H), 5.61 (s, 1H), 6.04 (s, 1H),
6.14 (m, 2H), 6.64 (m, 2H).

For the SWCNT functionalization by m-stacking interactions,
pre-treated HiPco® nanotubes (20 mg) were dispersed in 150 mL
THE. After sedimentation of not-dispersed nanotubes, the dark
but still transparent dispersion was decanted off and 20 mg
(40 pumol) of pyrenebutanol biotin ester was added. After 3 h of
stirring at room temperature, the non-covalently functionalized
nanotubes started to precipitate. The supernatant was decanted
off and the sediment was diluted with THF and sonicated for 1 h.
The product was filtered over a PTFE membrane filter (pore size:
0.45 pm) and washed with DMF, THF and CH,Cl, to remove
the excess of the pyrene-biotin derivative.

3.2 Measurements and apparatus

All electrochemical measurements were performed with
a conventional three-electrode system. A saturated calomel
electrode (SCE) and a Pt wire placed in a separate compartment
containing the aqueous electrolyte were used as reference and
counter electrode, respectively. The working electrode was
a platinum disk electrode with 5 mm diameter, polished with
2 um diamond paste (MECAPREX Press PM) followed by
rinsing with distilled water, ethanol and acetone. The ampero-
metric measurements were carried out with a Tacussel PRG-DL
potentiostat in phosphate buffer solution (PBS, 0.1 M, pH 7) in
a thermostated cell at 25 °C under stirred conditions. Cyclic
voltammetry experiments were performed with an EGC PARC,
Model 173 potentiostat equipped with a Model 175 universal
programmer and a Model 179 digital coulometer in conjunction
with a Serfam TGM 164 XY/t recorder.

Substrates were visualized by fluorescence microscopy
(Olympus BX61) at 488 nm excitation and 578 nm emission
wavelengths equipped with a DCC camera using microelec-
trodes.

3.3 Preparation of the electrodes

In order to design new biological 3D architectures based on
SWCNTs, we have first functionalized SWCNT coatings by
a poly(pyrrole-biotin) film. The SWCNT layers were formed
after deposition of 20 pL of the SWCNT-THF dispersion on
Pt-electrodes (J Smm) followed by evaporation of the solvent in
a vacuum. These steps were repeated to obtain 40 uL, 60 uL and
80 uL coatings of the pristine carbon nanotubes. Since the
SWCNT concentrations of the THF dispersion can only be
approximately estimated (around 0.01 mg mL™"), the layers will
further be denoted with the used quantities (uL) of the deposited
dispersion. The homogeneity of the deposits was evaluated by
optical microscopy. Only deposits where no large aggregates
were visible were used for our experiments. Due to the pre-
treatment, no surfactants or additives were necessary to obtain
homogeneous dispersions. Therefore, stable deposits could be
formed on the electrodes. The electrochemical polymerization of
pyrrole-biotin onto the deposits was performed in CH;CN +
0.1 M TBAP containing biotin—pyrrole (4 mM) at a constant
potential (0.95 V) in a glove box under an argon atmosphere. All
nanotube deposits were evaluated with scanning electron
microscopy and compared to precedent experiments.'”!® These
modified electrodes were then incubated in 20 pL of avidin
solution (0.5 mg mL~") for 20 min. The resulting electrodes were
carefully washed with PBS (0.1 M, pH 7.0) and 20 pL of B-GOX
(1 mg mL~" in PBS) was deposited on the electrode surfaces and
left for 20 min at 4 °C. The resulting enzyme electrodes were
thoroughly rinsed in PBS (0.1 M, pH 7.0) before being used for
the amperometric measurements.

The preparation of the electrochemical sensor modified using
dispersions of biotin—pyrene-functionalized SWCNTs consists of,
as described above, casting the platinum electrode (& 5 mm) with
successive drops of 20 uL followed by drying in a vacuum in order
to obtain different layers of biotin-modified carbon nanotubes
formed with 40 pL, 60 uL. and 80 pL from the given THF disper-
sions. Avidin and B-GOX were immobilized on the biotinylated
SWCNT-modified electrodes, as previously described, for the
poly(pyrrole-biotin)-modified SWCNT electrode.

4. Conclusion

Among the numerous procedures of protein immobilization,
carbon nanotubes have been demonstrated to be an excellent
material for the development of electrochemical sensors.

The electropolymerization of pyrrole-biotin monomers onto
a deposit of single-walled carbon nanotubes combined with the
avidin—biotin affinity interactions offered large potentiality for
biosensor construction and the control of the electrochemical
characteristics of the bioelectrodes. Moreover, the successive
anchoring of avidin and enzyme molecules constitutes an
attractive way for the elaboration of multilayered enzyme
immobilization. However, a reduced permeability of hydrogen
peroxide through the polymer film can be seen as a limiting factor
for this biosensor setup. Against this, deposits of non-covalent
functionalization using m-stacking interactions between pyrene—
biotin and carbon nanotubes offers an optimal diffusion of
H,O0,, even at high amounts of deposited SWCNTs and enzyme
layers. Therefore, such biotinylated SWCNTs have a more
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promising potential for the fabrication of biosensors.
Fluorescence microscopy studies allowed the determination of
the avidin—biotin affinity and demonstrated the reliability of this
anchoring method on modified electrode surfaces.

The unique properties of nanotubes for the enhancement of
the accessible surface area contribute in a large extent to the
design of a new generation of biosensors with high analytical
performances able to address future challenges in clinical
diagnostics, environmental monitoring and security control.
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