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Carbon nanotubes (CNTs) are good candidates to construct nanostructured, implantable micro-
electrodes since they are conductive materials and may increase the overall electrode surface area,
and thus the signal/noise ratio. However, the adsorption of biomolecules on CNTs is well-known
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to lead to a surface passivation. In this context, a surface modification appears essential to
overcome these limitations. In this paper, the non-covalent functionalisation of multi-walled
carbon nanotubes (MWNTs) by pyrene-PEG molecules through n—n stacking is presented. We
describe in the first part the functionalisation of MWNT powders in aqueous solution for which
we obtained a stable dispersion of functionalised MWNTSs. The stability of the non-covalently
functionalised MWNT dispersion during 7 cycles of dialysis in H,O was studied by UV
spectroscopy. The density of pyrene—PEG on the MWNT surface stabilised at about

4 x 10" molecules mm™2 after 4 cycles of dialysis (all the free pyrene—PEG molecules were
removed by dialysis). Next, this non-covalent functionalisation of MWNT arrays on a substrate
was examined. After the functionalisation, the increase of the MWNT wettability led to a 50-fold
increase of the capacitance of the MWNT nanostructured electrode. Finally, we chose
streptavidin, a well-known adhesive protein, as an example to test the efficiency of functionalised
MWNTs towards preventing non-specific adsorption. The result shows that the presence of

pyrene—PEG on the MWNT surface is indeed efficient.

Introduction

In recent years, researchers have developed systems to inter-
face living cells, such as neurons, with electronics to create a
brain—computer interface (BCI) system using micro-electrodes
and so to record action potentials.'> The use of electrodes
with a nanostructured surface can be a way to: (i) make small
diameter electrodes with large active surface areas, (ii) increase
the signal intensity, (iii) increase the signal to noise ratio and
consequently improve the electrode sensitivity. In this way,
carbon nanotube (CNT) arrays can be good candidates to
make nanostructured, electrically conductive and implantable
micro-electrodes. Indeed, CNTs allow an increase in the over-
all surface area leading to a higher signal and tend to reduce
the electrode output impedance and increase its capacitance.
Consequently, the signal to noise ratio is increased by limiting
the thermal noise proportional to the interfacial impedance.’
However, the design of implants with stable electrical proper-
ties in long-term applications is still a challenge since the

“CEA-LETI-DTBS Minatec, 17 rue des Martyres, 38054 Grenoble,
France. E-mail: jie.liu@cea.fr; Tel: +33 (0)4 38 78 21 46

b CEA-DSM-DRFMC, 17 rue des Martyres, 38054 Grenoble, France
“CEA-LITEN-LCH, 17 rue des Martyres, 38054 Grenoble, France

1 Electronic supplementary information (ESI) available: NMR and
MS spectrum of pyrene-PEG; calibration curve of MWNTs; TGA
curve of MWNT-1 after 7 cycles of dialysis; XPS C Is results of
MWNTs/Si functionalised with only MeO-PEG-NH,; XPS results
of MWNTs/Si and ~MWNTs/Si before and after the adsorption of
streptavidin. Angle contact measurements. See DOI: 10.1039/b813085j

non-specific adsorption of some proteins can generate the
formation of fibroblasts around the electrodes, which degrade
their electrical performance over time. A functionalisation of
the CNTs may be an efficient way to prevent the adsorption of
these bio-molecules.

Polyethylene glycol (PEG) is a biocompatible polymer
which has been widely used in the field of biology to create
hydrophilic surfaces and to prevent the non-specific adsorp-
tion of bio-molecules on the surface. The functionalisation of
CNT-covered electrodes by PEG chains may be an efficient
way to prevent the non-specific adsorption of some bio-
molecules on the surface. Many works have been reported
on the functionalisation of single-walled carbon nanotubes
(SWNTs) by PEG chains. For example, after oxidation of
SWNTs, the generated carboxylic groups have been modified
in acyl chloride groups which can react with hydroxyl-
terminated PEG to give PEG-chain covalently-functionalised
SWNT bundles.** PEGylated individual SWNTs have also
been obtained through doping by lithium to undo the bundles
before reacting with PEG chains.® However, the covalent
functionalisation can introduce defects on the sidewall of
CNTs, which will reduce their electrical conductivity.’
To overcome this problem, several works have been described
on the non-covalent functionalisation of CNTs by
PEG chains: (i) adsorption of PEG chains onto SWNTs
assisted by Triton X-100 or Triton X-405;% (ii) adsorption
of PEG-phospholipids on the SWNTs through hydro-
phobic interaction;’ (iii) functionalisation of SWNTs by

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1017-1024 | 1017


http://dx.doi.org/10.1039/b813085j
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ033005

Downloaded by University of Belgrade on 02 January 2013
Published on 15 December 2008 on http://pubs.rsc.org | doi:10.1039/B813085J

View Article Online

Fluorescein-PEG molecules.!” These authors have shown
good resistance to the non-specific binding of proteins,
stability at high temperature (80 °C) and strong ionic
strengths.

In this paper, we present in the first part the non-covalent
functionalisation of multi-walled carbon nanotube (MWNT)
powders in aqueous solution by pyrene—-PEG through m—n
stacking. Analysis of the results shows an effective functiona-
lisation and a strong interaction between the CNT surface and
the pyrene—PEG molecules. This non-covalent functionalisa-
tion appears stable under extreme pH conditions and in strong
ionic strength solutions. Secondly, this functionalisation
method was applied to functionalise MWNT arrays on a
substrate through a simple incubation in pyrene-PEG
solution; we characterised the MWNT arrays by XPS,
wettability and electrochemical methods. In the final part,
the efficiency of functionalised MWNT arrays in preventing
the non-specific adsorption of streptavidin on the MWNT
array surface was shown.

Experimental

Materials and reagents. Purified MWNT powder was pur-
chased from Nanocyl S.A. (NC3100). a-Methoxy-B-amino
poly(ethylene glycol) (750 Dalton, polydispersity = 1.1) was
purchased from Iris Biotech GmbH. Phosphate buffer solution
(PBS) (10x, pH 7.4) was purchased from Euromedex and
diluted (1x) with water for biological tests. Quantum dots
covered by streptavidin (Qdots-streptavidin), with an emission
at 605 nm, were purchased from Invitrogen Sarl
(Ref. Q10101MP). All other reagents were purchased from
Sigma-Aldrich and used without further purification.

Synthesis of pyrene—-PEG 1. 5 ml of a-methoxy-B-amino
poly(ethylene glycol) (~0.7 mmol) solution in dimethylform-
amide (DMF) was slowly added to 5 ml of a stirred solution of
1-pyrenebutanoic acid succinimidyl ester (1 mmol) in DMF
under inert atmosphere. After 24 h at room temperature,
DMF was removed under vacuum and the brown residue
was purified by chromatography on alumina (CH,Cl,-MeOH
= 98 : 2). A white oil was obtained with a yield of 46%. 'H
NMR (200 MHz, [Dg] DMSO): 6 = 2.04 (m, 2H), 2.25(t, J =
7 Hz, 2H), 3.22 (s, 3H), 3.23-3.6 (m, 66H), 7.9-8.42 (m, 9H).
Multiple mass spectrometry peaks were observed due to the
polydispersity of PEG. ESI-MS mi/z: 808.5; 852.5; 896.5; 940.5;
984.5 (M + Na with n = 15); 1028.5; 1072.5; 1116.6; 1160.5;
1204.6; 1248.5; 1292.6; 1336.7. The structural formula of the
pyrene-PEG 1 is shown in Scheme 1.

Scheme 1 Structural formula of the pyrene-PEG 1.

EE

Fig. 1 Dispersions of MWNT-1 in different solutions after settling
for 1 week. A: MWNT-1 after dialysis; B: MWNT-1in | M NaOH; C:
MWNT-1in 0.1 M NaOH; D: MWNT-11in 0.5 M NaCl; E: MWNT-1
in 0.1 M HCI; F: MWNT-1 in 1 M HCI; G: MWNT-1 in physiologic
buffer (PBS 10x); H: oxidised MWNT-1 in 0.1 M HCI; I: oxidised
MWNTs in 0.1 M HCL.

Functionalisation of MWNT powders. 7 mg of MWNTs were
added to 10 ml of pyrene—PEG solution (6 mM) in H,O. The
mixture was treated using an ultrasonic bath (100 W) for 3 h at
room temperature. After sonication, the MWNT suspension
was centrifuged at 24000 g for 3 h, and the black supernatant
was collected. Next, 1 ml of the MWNT suspension was
diluted by H,O to 30 ml and submitted to dialysis in H,O to
remove the free pyrene—PEG molecules in the suspension. The
dialysis H,O was changed every day until elimination of
molecules 1 in the dialysis water (probed by UV spectroscopy).
After the dialysis, the MWNT suspension was centrifuged at
10000 g for 2 h. A transparent stable suspension of MWNTs
was obtained (Fig. 1, sample A). The functionalised MWNTs
are named MWNT-1.

Determination of pyrene—-PEG density on the MWNT surface
in an aqueous dispersion containing MWNT-1 and free 1
molecules. The density of pyrene-PEG 1 on the surface
of MWNT-1 was determined by UV-Vis absorption
spectroscopy.

(1) First, the calibration curve (absorbance = f{concentration))
of 1 was established at 342 nm.

In order to realise the MWNT calibration curve, 30 mg of
MWNTs were added to 30 ml of a sodium dodecyl sulfate
(SDS) aqueous solution (1 wt%). The mixture was treated
using an ultrasonic bath (100 W) for 3 h. Then the suspension
was centrifuged at 24000 g for 3 h to remove the aggregated
MWNTs and the supernatant was collected. The MWNT
concentration in this suspension was measured using the
following protocol: 100 ml of acetone were added to 10 ml
of the obtained MWNT-SDS suspension to precipitate the
MWNTs which were then collected by centrifugation to
remove SDS. The rinse with acetone was repeated three times
and MWNTs were collected on a PTFE filter (0.2 pm) in the
final step. The collected MWNTs were dried in vacuum at
80 °C for 24 h, and weighed (1.6 mg). So the concentration of
MWNTs in the suspension (stabilised by SDS) was determined
to be about 160 pug ml~'.

The MWNT calibration curve was plotted by diluting 10 to
500 pl of the obtained MWNT-SDS suspension with 4 ml SDS
aqueous solution (1 wt%). The UV-Vis spectra of the diluted
suspensions were recorded using a SDS solution (I wt%) as
reference, and the absorbance of MWNTSs at 254 nm was used
to plot the calibration curve (Fig. S2, ESI¥).

(ii) Secondly, the density of 1 on the MWNT-1 surface in a
suspension containing MWNT-1 and free 1 molecules was
determined by UV-Vis spectroscopy. In the following
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Fig. 2 Determination of density of molecules 1 on the surface of
MWNT-1. Solid line: absorption spectrum of MWNT-1 + free 1.
Dashed line: absorption spectrum of MWNTs stabilised by SDS.
Dotted line: the difference between the two spectra represents the
absorption of all the 1 in functionalised MWNTSs. Inset: absorption
spectrum of filtrate of functionalised MWNTSs by molecules 1.

protocol, all solutions were diluted before UV—Vis spectro-
scopy measurements to ensure that the absorbance of
MWNT-1 and 1 is in the linear zone of their calibration curve.

To prepare a suspension containing MWNT-1 and free 1
molecules, 1 mg of MWNTs was dispersed in 2 ml of an
aqueous solution of 1 (6 mM) by an ultrasonic bath (3 h),
followed by centrifugation at 24 000 g for 3 h to eliminate the
aggregated, non-functionalised MWNTs. 1 ml of the super-
natant was collected and diluted to 30 ml by H>O. The diluted
MWNT-1 suspension was dialysed in 2 1 of H>O for 24 h and
then submitted to centrifugation at 10000 g for 2 h. Fig. 2
(solid line) shows the spectrum of this suspension containing
MWNT-1 and free 1.

To obtain the total concentration of 1 (1 on the surface of
MWNT-1 + free 1) in the suspension, the contribution of
MWNTs in the spectrum of Fig. 2 (solid line) was subtracted
by a spectrum of MWNTs stabilised by SDS with an intensity
of absorption near to that of MWNT-1 at 600 nm, at which
wavelength 1 does not absorb. The spectrum of MWNTs-SDS
was multiplied by a constant to make the two spectra overlap
between 500 nm and 800 nm (Fig. 2, dashed line). After
removal of the MWNT contribution to the spectrum of
Fig. 2 (solid line), we obtain a spectrum typical of pyrene-PEG
1 (Fig. 2, dotted line); it represents the absorption of all
pyrene—PEG molecules in the suspension, and is attributed
to 1 on the surface of MWNT-1 and free 1. From this
spectrum (Fig. 2, dotted line), the total concentration of 1
([1 total]) in the suspension using the calibration curve of 1was
calculated.

To determine the concentration of free 1, the suspension
containing MWNT-1 and free 1 was filtered to remove
MWNT-1. In order to avoid the evaporation of solvent during
the filtration, a PES filter (pore size: 0.1 pm) on syringe was
used. The filtrate spectrum is shown in the inset of Fig. 2. We
suggest that the concentration of 1 in the filtrate corresponds
to that of free 1 in the suspension ([Free 1]). The concentration
of 1 on the MWNT-1 surface ([1 on MWNT-1]) was calculated
from the difference between the total concentration of 1 in
the suspension and that of the free 1 in the filtrate:
[1 on MWNT-1] = [I total] — [Free 1].

The concentration of MWNT-1 [MWNT-1] in the suspen-
sion was calculated from the spectrum of Fig. 2 (dashed line)
using the calibration curve of MWNTs.

The surface area of the MWNTSs is calculated from the
formula given by Peigney er al.'' Our MWNTs have an
average diameter of ~8 nm, with an average number of walls
of 6, based on TEM. The calculated outside surface area is
270 m? per gram.

With the given concentration of MWNTs, the concentration
of 1 on the surface of MWNT-1, and the MWNT surface area,
we can then calculate the density of molecule 1 on the MWNT
surface:

density (molecule mm~2)

~6.02 x 10?3 (molecules mol™") x [I on MWNT](mol I"")
2.7 x 108(mm? g=1) x [MWNT — 1](g1™")

A TGA analysis was carried out to verify the accuracy of the
calculated density of 1 on MWNT-1 by absorption spectro-
scopy: a suspension of MWNT-1 after removal of all free 1
molecules was filtered through a PES membrane (pore size:
0.2 pm). The recovered MWNT-1 was dried in vacuum at
50 °C for 3 days and submitted to TGA analysis. The TGA
analysis was performed in inert atmosphere, temperature was
increased from room temperature to 550 °C at 10 °C per
minute.

Study of the variation of density of 1 on MWNT-1 during
dialysis. The variation of the concentration of MWNT-1
and of the density of 1 on the surface of MWNT-1 in a
functionalised MWNTs suspension was followed during dialysis
of 7 cycles.

In a typical experiment, 2 mg of MWNTs were dispersed in
4 ml of an aqueous solution of 1 (6 mM) by an ultrasonic bath
(3 h), followed by centrifugation at 24000 g for 3 h to
eliminate the aggregated, non-functionalised MWNTs. 2 ml
of the supernatant were collected and diluted to 60 ml by H>O.
7 ml of this diluted MWNT-1 suspension, containing free 1,
were preserved and submitted to centrifugation at 10000 g for
2 h. The concentration of MWNT-1 and the density of 1 on
MWNT-1 in this suspension were determined by the method
described above (Table 1). The rest of the diluted suspension
(53 ml) was submitted to dialysis (membrane CELLU-SET T1
3500 Da) in H,O (1 1). The dialysis water was changed every
24 h for 7 days, and 7 ml of the suspension were preserved
after every cycle of dialysis. The preserved suspension was
submitted to centrifugation at 10000 g for 2 h before determi-
nation of concentrations and density of 1. The dialysis water
was also analysed by UV-Vis spectroscopy after every dialysis
cycle. The concentration of MWNT-1 and of 1, and the
density of molecule 1 on the surface of MWNT-1 for 7 cycles
of dialysis are calculated and listed in Table 1 and Fig. 3.

MWNT synthesis on silicon substrate. Two kinds of samples
were considered in this study, MWNT arrays (MWNTs/Si)
and MWNT array-covered electrodes. In both cases, MWNTs
were grown on a silicon substrate coated with a layer of silicon
oxide (SiO,, 1 pum thick) and titanium nitride (TiN, 300 nm
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Table 1 Variation of concentration of MWNT-1, 1 during the dialysis, and the density of pyrene-PEG on the surface of MWNTs

1 on Free 1 in dialysis Density of 1 on % of coverage
MWNT-1/ugml™'  MWNT-1/uM  1/juM  H,O/uM MWNT-1/molecules mm > of MWNTSs
Diluted, before dialysis ~ 15.7 113.5 41.5 NA 1.6 x 1013 720
1 Dialysis 17.0 61.6 7.4 8.26 7.8 x 102 361
2 Dialysis 18.0 19.4 1.6 2.00 2.3 x 102 107
3 Dialysis 19.8 9.6 0 0.86 1.0 x 10" 47
4 Dialysis 18.7 5.0 0 0 5.8 x 10" 26
5 Dialysis 19.6 43 0 0 4.7 x 10" 22
7 Dialysis 20.0 4.1 0 0 44 x 10" 20
120 T 1E+14 Characterisation. The UV-Vis spectra were determined on a
- A1 ONMWNT-1 CARY 300 scan UV-Visible spectrophotometer. The XPS
goo - :;’:\;jﬁ E analyses were performed on an S-probe instrument using
E i % density of tonMWNT-1 | T & Al Ka (1486 eV) monochromatic electron source. The decon-
% z f volutions of the C 1s peaks were performed using the XPS
- .
<60 - % = Peak software. The contact angle was measured with a GBX
= .. . . .
= ; ; Digidrop instrument. The electrochemistry was realised on a
:E 40 ~ T1EF12 3 g Princeton Applied Research 283 potentiostat. The centrifuga-
2 3 tion of CNT suspensions was performed using a Prolabo
S 27 SR4000 instrument.
0 L AE+11

Cycles of dialysis

Fig. 3 Variation of concentrations of MWNT-1, free 1, 1 on the
surface of MWNTs and the density of 1 on MWNT-1 during 7 cycles
of dialysis in H,O.

thick). The SiO, and TiN layers were deposited by chemical
vapour deposition (CVD). In the case of MWNT electrode,
the substrate was patterned by UV photolithography and
dry etching (SFs plasma) techniques to define electrodes
(@ = 150 pm), conductive lines and contact pads of the
matrix. A silicon nitride (Si3Ny) layer of 500 nm was deposited
and then etched by a plasma (CF4/O,) to open windows for
the TiN electrodes and pads. Next, a 5 nm nickel layer was
deposited by CVD on the full TiN layer for MWNTs/Si and
specifically on TiN electrodes by the lift-off technique for
MWNT electrode. Finally, growth of the MWNTs on the
electrode was realised by CVD at 600 °C in an atmosphere
composed of acetylene and hydrogen at low pressure for
15 min.

Functionalisation of MWNT arrays. To functionalise the
MWNT arrays, the sample with MWNT arrays was incubated
in 10 ml of pyrene-PEG solution (2 mM) in H,O for 24 h.
Next, the sample surface was rinsed thoroughly with distilled
water (3 x 20 ml) to remove the free pyrene-PEG molecules
and dried under vacuum at room temperature. The final
samples are named ~MWNTs/Si.

Non-specific adsorption of streptavidinn MWNTs/Si or

SMWNTSs/Si were incubated in a Qdots-streptavidin or strep-

tavidin solution (15 nM) in PBS (phosphate buffer saline,
1x, pH = 7.4) for 18 h. Next, the samples were rinsed in
PBS (1x) solution for 3 h to remove the free streptavidin and
washed one more time with PBS, three times with de-ionised
water and then dried.

Results and discussion

The non-covalent functionalisation of the CNTs by substi-
tuted pyrene through n—n stacking has been widely described
in the literature.">'® This functionalisation consists in the
specific recognition between the n—mn skeleton of the CNTs
and a pyrene moiety due to the delocalised m-electrons. An
aromatic interaction is a non-covalent interaction between
organic compounds containing aromatic moieties. -7 inter-
actions are caused by intermolecular overlapping of p-orbitals
in m-conjugated systems, so they become stronger as the
number of m-electrons increases.

In order to characterise the functionalisation, especially to
determine the density of 1 on the MWNT-1 surface, the
functionalisation was firstly developed on MWNT powders
and next transferred to the well-established protocol on the
MWNTs arrays.

Functionalisation and characterisation of MWNT powders

The functionalisation was performed by sonication of a
mixture of MWNTs and 1 in aqueous solution. The non-
dispersed MWNTs after sonication were removed by
centrifugation, and a black, stable functionalised MWNT
suspension was obtained. This suspension is composed of
functionalised MWNTs (MWNT-1) and free 1 molecules.
After dilution and dialysis to remove the free 1 molecule, a
stable MWNT-1 suspension was obtained (Fig. 1, sample A).
There is no more 1 detectable in the dialysis H,O after 4 cycles
of dialysis (Table 1) and therefore, in the MWNT-1
suspension. This result suggests that the MWNTs, initially
insoluble in water, have been functionalised by 1 which allows
their dispersion.

It has been reported in the literature that CNTs can be
functionalised by trimethyl-(2-oxo-2-pyren-1-yl-ethyl)-ammonium
bromide, a pyrene-carrying ammonium ion (pyrene-ammonium),
through m—mr stacking, the molecules are in dynamic equili-
brium between the bulk phase and the sidewalls of the CNTs.
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Dialysis of the functionalised CNTs by pyrene—
ammonium caused a gradual precipitation of the CNTs.!®
Instead of ammonium, here we used a PEG chain to substitute
the pyrene moiety. The MWNT-1 remains stable in suspension
even after all the free 1 molecules have been removed. Dai
et al.'® have also reported the functionalisation of SWNTs by
Fluor-PEG, and the functionalised SWNT suspension
remained stable after removal of free Fluor-PEG molecules.
This result shows that the PEG chain may help the functiona-
lisation of 1 on the surface of CNTs.

The stability of the functionalisation of MWNTs by pyrene—
PEG 1 is studied by following the change of MWNT-1 and 1
concentrations, and the density of 1 on the MWNT-1 during
each cycle of dialysis. The concentration of MWNT-1, the
total concentration of 1, free 1 and 1 in the dialysis H,O was
measured by UV-Vis spectroscopy. The densities of 1 were
calculated by the method described in the experimental
section. These data are listed in Table 1 and Fig. 3.

We observed that dialysis is efficient in removing the free 1
molecules in the MWNT-1 suspension. Indeed, the concentra-
tion of free 1([Free 1]) decreases rapidly to 0 after 3 cycles of
dialysis (Table 1). The concentration of 1 in dialysis H,O is a
little higher than that of free 1, and decreased to O after 4
cycles of dialysis. So, 4 cycles are enough to remove the free 1
molecules in the suspension.

The concentration of 1 on the surface of MWNT-1
([1 on MWNT-1)) is always far greater than [free 1] in the
suspension (Table 1). This means that the interaction between
1 and the surface of MWNTs is strong and pyrene—PEG
molecules absorbed on the MWNT surface rather than
in the solution. The concentration of 1 on MWNT-1
([1 on MWNT-1]) decreased rapidly over the first 3 cycles of
dialysis, and stabilised at about 4 uM after 7 cycles (Fig. 3). On
the contrary, the concentration of MWNT-1 increased slowly
over the first 3 cycles of dialysis. In fact, there is a diminution
of the total volume of MWNT-1 suspension after the 7 cycles of
dialysis: only ~2 ml of MWNT-1 suspension rested instead of
11 ml after the preservation during the dialysis. This can
explain the increase of MWNT-1 concentrations. As the
concentrations of MWNT-1, free 1 and 1 on MWNT-1
were measured independently after each dialysis, this
diminution of volume will not change the calculated density
of 1 on MWNT-1.

The density of 1 on the MWNT-1 surface calculated from
concentrations of MWNT-1 and concentrations of 1 on
MWNT-1 is 1.6 x 10'* molecules mm~ in the diluted and
non-dialyzed suspension. This density decreases rapidly during
the first 3 cycles of dialysis and more slowly during the last 4. It
stabilised at about 4 x 10'" molecules mm 2 (Fig. 3). The
density of 1 on MWNT-1 was also calculated by TGA analysis
after removal of all free 1 molecules to compare with the result
obtained by UV—Vis absorption spectroscopy. We observed a
weight loss of 22 wt% in TGA analysis for collected and dried
MWNT-1 sample (Fig. S3, ESI{). The weight loss began at
about 200 °C and finished at about 400 °C. This weight loss is
attributed to the mass of 1in the MWNT-1. The density of 1 in
MWNT-1 calculated from this weight loss using the MWNTs
surface area of 270 m? g~! and average 1 molecules mass of
961.5 g mol™! (data obtained from mass spectroscopy) is

6.5 x 10" molecules mm 2. This value is generally incoherent
with the result obtained by absorption spectroscopy, in which
an error may be introduced during the subtraction of the
MWNT-1 spectrum by a MWNTs-SDS spectrum, because the
background absorption of MWNTs stabilised by SDS and by
1 may not be the same.

The proportion of MWNT-1 surface covered by a pyrene
moiety in percentage is calculated from the density of 1 on the
MWNT-1 surface. First the surface area of a pyrene ring is
simulated from ChemBio3D to be 0.46 nm? (using MM?2
minimised energy). Then, the proportion of covered surface
in percentage (PC) is calculated through the following
formula: PC = 046 (nm?> molecule™!) x density of
1 (molecule mm™—2) x 100. The calculated PC is listed in
Table 1. The PC of diluted and non-dialyzed suspension of
MWNT-1 is 720% (Table 1); this suggests that there is more
than one layer of 1 on the surface of MWNT-1 in this sample.
We think that at a high concentration of pyrene—PEG, the
interaction between the PEG chains can confine the pyrene—
PEG on the surface of MWNTSs, which formed a multi-layer
coverage of the MWNT-1. However, this interaction between
the PEG chains is relatively weak since the multi-layer can be
removed by dialysis. After 7 cycles of dialysis (removal of the
entire free 1), the PC stabilised at about 20%.

The stability of the functionalisation is also studied under
extreme pH conditions. In a typical experiment, 67 pl of
concentrated MWNT-1 was diluted in 2 ml of the desired
solution and the suspension was left to settle for 1 week. Fig. 1,
samples B-F show the MWNT-1in 1 M NaOH, 0.1 M NaOH,
0.5 M NaCl, 0.1 M HCI, 1 M HCI. These suspensions are
stable after settling for 1 week; we observed only a small
amount of precipitate at the bottom in 1 M NaOH (Fig. 1,
sample B) and 1 M HCI (Fig. 1, sample F) suspensions, and no
precipitate in the other solutions. The MWNT-1 is also stable
in PBS even at a high concentration, 10x (Fig. 1, sample G).
These results show that the functionalised MWNTs are stable
in strong basic and acidic conditions, and also in high ionic
strengths.

Fig. 1, sample H, shows the suspension of oxidised MWNTs
functionalised by 1 in 0.1 M HCI,; it is also stable, no obvious
precipitate being observed after settling for 1 week. On the
contrary, the oxidised MWNTs precipitate very fast in 0.1 M
HCI without pyrene-PEG (Fig. 1, sample I). HCI treatment
is usually necessary after oxidation of CNTs to transfer
carboxylate to carboxylic groups for further functionalisation
of CNTs. But the CNTs with carboxylic groups are barely
soluble in aqueous solutions, which make the reactions in-
homogeneous. The functionalisation of oxidised MWNTs
with pyrene-PEG makes it possible to have a homogeneous
reaction between CNTs and biological molecules, such as
DNAs and proteins, in aqueous solution.

Functionalisation and characterisation of MWNT arrays

The above results show that MWNTSs can be functionalised
with pyrene-PEG molecules 1 by n—= stacking and the inter-
action 1/MWNTs is relatively strong. This makes it possible to
non-covalently functionalise the MWNT arrays on silicon by
this method. MWNTs/Si (1 x 1 cm) was incubated in an
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Fig. 4 XPS survey scans of MWNTs/Si (A) and ~-MWNTs/Si (B).
Atomic percentages of elements in MWNTSs/Si: C, 96.5%; O, 2.7%;
N, 0.8%. In f~MWNTs/Si: C, 91.1%; O, 7.9%; N, 1.0%. Inset:
deconvolution of XPS C 1s peak.

aqueous solution containing 1 for 24 h and thoroughly rinsed
with water to remove the free pyrene—PEG molecules. These
samples were first characterised by XPS (Fig. 4). In the non-
functionalised MWNTs/Si, we observed 2.7% of oxygen
atoms coming from the defects on the MWNTSs and 0.8% N
atoms due to the TiN layer (which is confirmed by the
deconvolution of the N 1s peak, data not shown here). The
low percentage of nitrogen atoms shows that the TiN surface
was almost totally covered by MWNTs. After the functiona-
lisation, an increase of the 0%, from 2.7% to 7.9%, due to the
presence of pyrene-PEG molecules in the fMWNTs/Si
sample, is observed. The deconvolution of the XPS C 1s
spectra of MWNTs/Si and ~-MWNTs/Si was performed with
a Shirley baseline and five Voigt lines to fit the C 1s spectra

(Fig. 4, inset).!” After the functionalisation by pyrene—PEG
molecules, the component which corresponds to carbons
bonded to an oxygen through a single bond (C-O) is strongly
increased (Fig. 4, inset). Indeed, the PEG chains contain a
large number of C-O bonds, and so the increase in the C-O
component indicates the presence of pyrene—PEG molecules
on the ~MWNTs/Si surface. Note that a control experiment
was carried out to check the m—m stacking by incubating
MWNTs/Si in an aqueous solution of MeO-PEG-NH,
(750 Dalton) (2 mM) for 24 h, then washed thoroughly with
distilled water and characterised by XPS. In this case, no
obvious modification of the XPS spectrum of MWNTs was
observed (Fig. S4, ESIf). These results confirm that the
pyrene-PEG molecules immobilised on the MWNTs
surface through interaction between the pyrene moiety and
the MWNTs.

The functionalisation of MWNTs/Si by 1 can modify the
wettability of the MWNTs/Si surface. The contact angle of a
distilled water drop on the MWNTs/Si surface before and
after the functionalisation was measured; we obtained a
contact angle of 153° on the non-functionalised MWNTs/Si
whereas it becomes 28° after functionalisation (Fig. S5, ESI¥).
This change can be explained by the presence of the very
hydrophilic PEG chains on the surface.

Finally, electrochemical measurements, cyclic voltammetry
and ac-impedance spectroscopy were carried out on MWNT
array-covered electrodes, which have a diameter of 150 pm
(Fig. 5A, inset), to investigate the impact of functionalisation
on electrode electrical characteristics. The MWNT electrode
was functionalised with the same procedure described before,
and the electrochemical behaviour was measured before and
after the functionalisation by 1 to specifically assess the
capacitive comportment of the MWNT array. Impedance
measurements were carried out at open circuit potential by
applying a modulated potential (10 mV rms, frequency range
10 mHz-50 kHz) in a KCl solution (1 M). Fig. 5A displays the
Nyquist plot of the impedance spectra related to 1 functiona-
lised (AMWNT) and non-functionalised MWNT arrays.
These impedance spectra were fitted using the electrical
circuits displayed in Fig. 5B and the obtained data are
reported in Table 2.

Impedance spectra of the functionalised MWNT arrays and
of the non-functionalised one show a large difference in the
low frequency range. Indeed, non-functionalised array impe-
dance spectra could be fitted with a classical Randles circuit
(Fig. 5B) for which the Warburg contribution is taken as
convective diffusion Warburg. This behaviour is in accordance
with the electrode size of 150 um in diameter at which
spherical diffusion takes place. In such a case, impedance
modelling allows us to evaluate the interfacial capacitance
(considered here as a pseudo-capacitance according to the
surface roughness brought by the nanotube array) to be 0.2 uF
(1.13 mF cm™?). Such a capacitance is rather low considering
the developed surface associated with the nanotube array.
Such behaviour is in accordance with the low wettability of
the nanotube structure. Thereby, the nanotube array could
only be considered as an “envelope” where only nanotube
ends and walls placed at the periphery of the array are
electrically active. In parallel, the obtained charge transfer
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Table 2 Parameters of the electrical circuit components used for the
fitting of impedance spectra of functionalised and non-functionalised
MWNT arrays

RikQ  Rcri1/kQ  Qi/uF  Rerao/kQ  Oy/uF

Non-functionalised 4.3 207 0.2 — —
Functionalised 3.5 152 0.3 345000 10.3

resistance is high (207 kQ). Such a high transfer resistance is in
accordance with the electrochemical properties of MWNT for
which only nanotube ends and defects are electroactive.'® In
the case of PEG functionalised arrays, a second circuit com-
posed of a pseudo-capacitance and a charge transfer resistance
in parallel, could be added in series to the Randles circuitry
(Fig. 5B). The Randles part of the circuit still represents a
nanotube array envelope as already described. The obtained

electrical components are in accordance with the one
previously obtained for the non-modified array. The circuit
adjunction is related to low frequency comportment and could
be associated to the “opening” of nanotube array nano-
porosity owing to their enhanced wettability following func-
tionalisation with PEG chains. Indeed, diffusion within such a
constrained superstructure is slow. In such a way, the capaci-
tance takes a high value of 10.3 pF (58.2 mF cm™!) that
highlights the large developed surface of the nanotube edifice.
Concomitantly, the associated charge transfer resistance is
very high (345 MQ) and is coherent with the electrochemical
inertness of nanotube walls. Such behaviour was already
reported by Wang et al. that modified a CNTs array by a
lipid modified PEG chain.'"” The authors obtained charge
transfer resistances of modified and unmodified arrays of the
same order whereas the capacitance values and enhancement
recorded here show higher efficiency. Such differences may be
related to the structure of the nanotube arrays.

Cyclic voltammetries (Fig. 5C) in the same electrolytic
solutions were performed to check the reliability of the
impedance analysis and fitting. As expected, the voltampero-
gram associated with the PEG modified MWNT array
shows an enhanced capacitive behaviour compared to the
unmodified structure. The capacitance of MWNT, calculated
from the cyclic voltammogram, is 8 mF cm ™2 whereas it is
increased to 31 mF cm ™ after functionalisation with 1. These
values are the same order of magnitude as those extracted
from impedance spectra thus validating the reliability of the
fitting.

Non-specific adsorption of streptavidin on the MWNT arrays

Previous studies have shown that proteins, such as strepta-
vidin, can adsorb on the CNT surface through non-specific
binding.?® One of the main objectives of the MWNT array
functionalisation by 1 is to prevent the non-specific adsorption
of proteins on the surface. The adsorption of streptavidin on
the MWNTs/Si and f-MWNTs/Si surface was first evaluated
using Quantum dots covered with streptavidin (Qdots-
strepatvidin) in PBS (1x, pH = 7.4) solution. The samples
were characterised with a fluorescence microscope at an
excitation wavelength of 546 nm, and the emission at
605 nm. Fig. 6 shows the fluorescence image of the
MWNTs/Si (Fig. 6A) and ~-MWNTs/Si (Fig. 6 B) surfaces after
the adsorption of streptavidin-Qdots. The red spots in the image
correspond to the Qdot fluorescence, and denote the presence of
streptavidin on the surface. We observed that a large amount of
streptavidin is adsorbed on the MWNTs/Si surface, but there is
almost no adsorption on the ~MWNTs/Si surface.

Another experiment consisted in the free streptavidin
adsorption (without Qdots) on MWNTs/Si and f~MWNTs/Si,
and analysis of the surface by XPS (Table S1, ESIt). The 0%
and N% of the MWNTs/Si surface increased strongly after
incubation in the streptavidin solution, which is due to the
presence of streptavidin on the surface. In the same experi-
ment, the O% and N% of f~MWNTs/Si were unchanged.
These results show that the functionalisation of MWNT
arrays 1 is efficient in preventing the non-specific adsorption
of proteins.
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160 pm

Fig. 6 Non-specific adsorption of Qdots-streptavidin on MWNTs/Si
before (A) and after (B) functionalisation by 1. The observation was
performed with a fluorescence microscope (objective x63) with
excitation wavelength of 546 nm and emission at 605 nm.

Conclusions

In summary, we have described in this paper a non-covalent
functionalisation of CNTs by pyrene-PEG through m—n
stacking. This functionalisation was first developed on
MWNT powder, which shows a strong interaction between
pyrene-PEG molecules and the MWNTs. The dialysis, used to
remove free pyrene—PEG molecules in the suspension, did not
lead to a diminution of MWNT-1 concentration. The percen-
tage of coverage of the surface of the MWNT-1 by the pyrene
moiety is about 20% after removal of all the free pyrene-PEG
molecules in the suspension. Furthermore, the functionalisa-
tion is stable under extreme pH conditions, and also in high
ionic strength solutions, which makes it possible to use this
functionalisation in biological applications.

Secondly, we functionalised MWNT arrays with this
method. This kind of functionalisation allowed retaining the
MWNT conductivity (without creating further defects during
the functionalisation) while increasing the electrode wett-
ability and thus, the capacitance from 1.13 mF cm™ to

2

58.2 mF cm™~. In addition, the presence of pyrene-PEG

molecules is efficient in preventing the non-specific adsorption
of streptavidin and Qdots-streptavidin.
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