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Abstract

In this work we present the fabrication and characterization of immunosensors based on
polystyrene (PS)-multiwalled carbon nanotube (MWCNT) composites. The electrochemical
properties of the sensors have been investigated and show that the surface area is increased upon
addition of the MWCNT-PS layer. Furthermore, a plasma activation process is used to partially
remove the PS and expose the MWCNTs. This results in a huge increase in the electrochemical
area and opens up the possibility of binding biomolecules to the MWCNT wall. The MWCNTs
have been functionalized covalently with a model antibody (rabbit IgG). The biosensors have
been tested using amperometric techniques and show detection limits comparable to standard

techniques such as ELISA.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The use of carbon nanotubes (CNTs) for the development
of sensors has been explored for a wide variety of systems
like gas sensors or biosensors [1-4]. The reasons for
the interest in using CNTs for sensing applications are the
high surface area that CNTs possess and the existence of
unoccupied m orbitals at the surface of the CNTs. This
makes their electronic properties extremely sensitive to any
molecule adsorbing to their surface [5]. The modification of
the electronic properties is not selective but selectivity on the
sensing event can be achieved by the correct functionalization
of the CNTs [6, 7]. This is very interesting for the
development of biosensors where binding enzymes, proteins,
nucleic acids or antibodies to the surface of the CNTs or
other nanowires like silicon results in highly sensitive/selective
devices [8, 9].

0957-4484/08/075102+06$30.00

In particular, the use of CNT-polymer composites for
the development of electrochemical biosensors has been
extensively investigated since the first work published
over a decade ago [10, 11]. There have been reports
on the use of various polymers for the preparation of
CNT composites such as nafion, polyaniline [12] or even
natural polymers such as chitosan [13] for amperometric
sensors [14]. The main limitation of using polymer composites
for this application is that most polymers are insulating and
therefore hinder electron exchange between the CNTs and
any electroactive species in solution. To overcome this,
there have been attempts to use conducting polymers such as
poly(3,4-ethylenedioxythiophene) and polyaniline to fabricate
amperometric biosensors [12, 15, 16]. However, the resulting
composite material suffers from low chemical stability and
not very high electrical conductivity.  Other conductive
polymers just show redox activity in narrow pH ranges, which

© 2008 IOP Publishing Ltd  Printed in the UK
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limits its use as electrode materials. Furthermore, with both
insulating and conducting polymers, the layer surrounding
the CNTs impedes accessing the CNT walls for the correct
functionalization with the appropriate biomolecules, which
will be used as the recognition element of the biosensor.

In this work, a novel approach for the fabrication of
polymer—CNT based biosensors is presented. The polymer—
CNT composite is drop cast on the top of microfabricated
electrodes. The resulting composite surface appears to be
covered by a polymer layer surrounding the CNT, which
is partially removed by a plasma treatment. The main
advantages of our approach are that the CNTs are not
electrically insulated and their walls are accessible for the
appropriate functionalization. Moreover, our process is fully
compatible with microelectronic fabrication technology and
therefore the devices can be batch processed. Mechanical
polishing strategies are commonplace in this field but they are
not compatible with microelectronic processes and are more
difficult to apply with electrodes of planar configuration [17].
Here, covalent immobilization of appropriate immunochemical
receptors to the surface of CNTs enables the development of
immunosensor platforms. Their performance is tested with
rabbit immunoglobulin G (IgG), chosen as the model analyte.
The sensitivity of these electrochemical immunosensors is
comparable with that achieved with routine immunochemical
techniques such as enzyme-linked immunosorbent assays
(ELISAS).

2. Experimental details

The gold microelectrodes (100 nm Au/20 nm Ti) with an area
of 1.63 mm’ were fabricated using standard Si/SiO,/metal
microelectronic technology. Carboxylic-functionalized multi-
walled carbon nanotubes (COOH-MWCNTs) were purchased
from Nanocyl (NC-3101) and used as-received. According to
the supplier specifications the MWCNTs are around 10 nm in
diameter and according to XPS measurements contain <4%
COOH groups. The preparation of MWCNT-polymer com-
posite was carried out as follows. Polystyrene pellets (Sigma-
Aldrich) were dissolved in toluene. Then, the MWCNTSs were
added to the solution and sonicated for 30 min. A drop of the
resulting solution, typically 20 ul, was placed onto the micro-
electrode surface and allowed to dry in air. The plasma etch-
ing of the polymer—-MWCNT composite was performed using
a Plasmalab 80 Plus Oxford Instruments RIE system. The pres-
sure of the chamber during the process was 75 mTorr using N,
as the carrier gas and 10 sccm of O,. The RF power was typ-
ically of 25 W, which resulted in ~100 V of self-bias. The
surface morphology of the samples was examined using a Hi-
tachi S4000 Field Emission Gun scanning electron microscope
(SEM) operated at 15 kV.

The covalent immobilization of the antibodies or antigens
to the carboxylic groups of the MWCNTSs was performed using
carbodimide/succinimide chemistry (EDC-NHS), as reported
elsewhere [18]. Basically, the COOH-MWCNTs were
incubated in a solution containing a 4:1 molar ratio of 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide-ester (NHS-ester). Afterwards,

the activated carboxylic groups were left to react with rabbit
IgG (Sigma, 10 ug ml~! solution prepared in 0.1 M phosphate
buffer pH 7.2 (PB)) at 4°C overnight. Thus, the activated
carboxylic groups reacted with terminal amino groups of the
antibody giving rise to stable peptide bonds. Afterwards, the
modified electrodes were incubated in PB solution containing
1% bovine serum albumin (BSA) for 15 min and finally in
a 10 g ml~! solution of anti-rabbit IgG (anti-IgG) labelled
to horseradish peroxidase (anti-IgG-HRP) in PB for 1 h.
Washing steps were performed in between incubations using
a PB solution containing 0.1% Tween 20. The non-covalent
adsorption of the IgG for the comparative experiments was
performed following the same steps but without the addition of
the EDC and NHS. For the selectivity studies, an electrode with
non-labelled anti-IgG (Sigma, 10 g ml~! solution prepared
in 0.1 M PB, pH 7.2) was prepared using the same covalent
binding protocol as above.

Electrochemical experiments were performed at room
temperature using a type III u-Autolab potentiostat (Eco-
chemie), controlled with GPES 4.7 (general purpose electro-
chemical system) software package. Measurements were car-
ried out with a standard three-electrode electrochemical cell
that comprised a Pt counter electrode, a Ag/AgCl/10% (w/v)
KNO; reference electrode (Orion) and the MWCNT-based
working electrode described above. The recording of the an-
alytical signal was carried out by dipping the sensorina 0.1 M
acetate buffer solution pH 5 containing 0.05 mM 3,3',5,5'-
tetramethylbenzidine (TMB) and 1 mM H,0, enzyme sub-
strates.

3. Results and discussion

The MWCNT-polystyrene (PS) composite suspended in
toluene is drop cast onto gold microfabricated electrodes. A
SEM image of the surface of the MWCNT-PS composite
(30 wt% MWCNT/70 wt% PS) can be observed in figure 1(a).
The MWCNT content of the composites is well above the
percolation threshold for this kind of material, which is around
4 wt% [19]. The image shows the surface of the MWCNT-
PS composite consisting of a web of MWCNTSs coated with a
thick PS layer. The coating is homogeneous and the resulting
nanostructures have diameters ranging from approximately
50 to 110 nm. It is worth noticing that according to our
transmission electron microscope (TEM) observations and to
the specifications of the supplier, the MWCNTs are around
10 nm in diameter. Therefore, the image indicates that the
MWCNTs are coated with a thick PS layer, between 40 and
100 nm, which on one hand acts as a binder material giving
structural integrity to the composite, but on the other hand
isolates the surface of the MWCNT. For this reason, the
composite was treated with a mild oxygen plasma for 1500 s.
This treatment has the objective of partially removing the PS
layer from the surface of the MWCNTSs and exposing their
surface while keeping the binding properties of PS in order
to give structural integrity to the MWCNT mat. Stronger
plasma treatments may result in the detachment of MWCNTSs
from the surface of the sensor leading to a loss of both
signal and reproducibility. The resulting surface after the
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Figure 1. (2) SEM image of the surface of the pristine MWCNT-PS composite. (b) SEM image of the surface of the MWCNT-PS composite

after plasma treatment for 1500 s.

Initial
—250s

——330s
——870s

i (LA)

——1770s ]
——2370s |

-0.1 0.0 0.1 0.2 0.3 0.4
E vs Ag/AgCl (V)

30 T T T T T T
b l—___I--"" """"""
25| (B T "
. -
20t g 4
< 15t v -
< )
g .
10 ¥ 4
sf & |
-
of * g
: : : : : :
0 500 1000 1500 2000 2500
Time (s)

Figure 2. (a) Cyclic voltammograms for the MWCNT-PS composites at different plasma treatment times. (b) Evolution of the cathodic peak
current value at 100 mV as a function of the plasma treatment time. Voltammograms recorded in 1.0 mM K;3;Fe(CN)4/0.1 M KNO;, at

50 mV s!.

plasma treatment can be observed in figure 1(b). Clearly, the
surface of the MWCNT-PS composite is strongly modified by
the plasma treatment by partially removing the polymer and
exposing the surface of the MWCNTSs. After the treatment, the
MWCNTs are visible and partially covered with some polymer,
which binds them in contrast with the previous fully coated
MWCNTs. The power of the plasma treatment was kept low
(25 W RF, —100 V self-bias) compared to other studies [20, 21]
in order to avoid defect formation on the MWCNTSs and keep
the stoichiometry of the carboxylic group. However, it is
possible that some extra carboxylic groups could be introduced
with such a treatment. In any case, the number of extra
carboxylic groups cannot be large because control experiments
performed with MWCNTs that do not contain these groups
did not show a detectable degree of functionalization after the
plasma treatment.

The electrochemical properties of the MWCNT-PS
composite and the effect of the plasma treatment have
been studied by cyclic voltammetry using ferricyanide as a
redox probe. Figure 2(a) shows the evolution of the cyclic
voltammogram as a function of the oxygen plasma treatment
for a 30 wt% MWCNT/70 wt% PS composite. The value
of the current at 4100 mV (versus a Ag/AgCl reference
electrode) with respect to the plasma treatment duration is
shown in figure 2(b). Clearly, the voltammogram for the
pristine PS-SMWCNT composite shows that the electrode
surface is passivated, that is, MWCNTs are isolated, so that
the faradaic current recorded is negligible. Only after a

50 s plasma treatment could the faradaic current, related to
the reduction/oxidation of the ferricyanide redox process, be
recorded. At this point, the charge transfer kinetics is still very
slow, which suggests that a high degree of electrical insulation
of the MWCNTs still exists. Subsequent plasma treatments
lead to a dramatic increase of the current up to 25 times and
also to a well defined ferricyanide voltammetric process. This
indicates fast electron transfer kinetics between electrode and
solution and an increase of the electrochemically active area.
The peak current of the ferricyanide redox process stabilizes at
around 1500 s when most of the MWCNT surface is exposed.
Further plasma etching involved removing of MWCNTs from
the surface, thus exposing the ones below, but it does
not improve the electrochemical properties of the composite
material. The cathodic peak current of the ferricyanide process
is directly proportional to the electrochemically active area.
Using the Randles—Sevcik equation [22] an estimation of the
electrochemically active area after a 10 and 1500 s plasma
treatment was carried out and the value of the roughness factor
calculated. These were 0.5 mm? and 12.4 mm?, respectively.
These values indicate that the active area has increased 24-fold,
this being the value of the estimated roughness factor. The
potential difference between the anodic and cathodic process
of the redox probe (AEp) is around 100 mV. The theoretical
Nernstian value for the ferricyanide single-electron redox
process is 59 mV; however, similar values to the one obtained
here were previously reported using CNT-based electrodes
were the nanotubes were randomly dispersed directly on a
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Figure 3. Cyclic voltammogram for a MWCNT-PS composite after
plasma activation and the covalent immobilization of anti-IgG-HRP
at the surface. The blank corresponds to the voltammogram without
TMB and H,0,, the voltammogram in presence of TMB is also
represented. Finally, the reduction of TMB in presence of H, O, is
depicted. Voltammograms were recorded in 0.1 M acetate buffer
solution at pH 5 and 5 mV s~

surface or being part of a composite material. A factor related
to the difference in the conduction/semiconduction properties
between the walls and the ends of the carbon nanotubes
appear to play an important role in the overall electrochemical
behaviour of the resulting transducer [23].

The analytical system chosen for the fabrication of
an immunosensor is rabbit IgG/anti-rabbit IgG. Firstly, the
electrodes were modified with anti-IgG HRP conjugate in order
to test the covalent conjugation protocols and the number of
active sites of the MWCNTs. The HRP catalyses the oxidation
of 3,3,5,5 -tetramethylbenzidine (TMB) in the presence of
H,O, following the overall reaction [24]:

HRP
B O T S e R
pH5

T™MB TMBox

The TMB substrate is commonly applied in ELISAs based
on the use of HRP label and the detection of the blue colour
intensity of TMB,x by absorbance at 405 nm [25]. However,
the redox properties of TMB enable the electrochemical
detection of the catalytic reaction [26]. Indeed, the oxidation
process of TMB to give the diimine derivative (TMB,y) follows
two separate 1HT, single-electron processes resulting in the
initial formation of a semiquinone-imine cation radical species
(TMB™) that is further oxidized to the more stable diimine
derivative (TMB,x). These two processes are easily recorded
by cyclic voltammetry using the CNT composite electrode
developed in this work. They show half-wave potentials (E )
of 4230 and +420 mV, in 0.1 M acetate buffer pH 5.

Figure 3 shows the cyclic voltammograms of the first
redox process of TMB recorded with a MWCNT-PS electrode
after a 1500 s plasma treatment that was further functionalized
with the anti-IgG-HRP.

The blank voltammogram corresponds to the signal
recorded with the functionalized electrode in 0.1 M acetate
buffer pH 5 without H,O, or TMB. No faradaic processes

are observed. When TMB is added to the solution, a
reversible signal related to the oxidation/reduction of this
electroactive molecule (TMB/TMB™") is shown, as described
above. Following the addition of H,O; to the buffer solution,
another voltammetric experiment was carried out that shows
a large cathodic current. This corresponds to the reduction
of the oxidized form of TMB generated by the HRP catalytic
reaction. The overall reaction taking place at the electrode
surface can be outlined as follows:

electrochemical
TMB™' + 1H" + le ————— TMB.
HRP

The cathodic current recorded is around 15 times larger
than that recorded in the absence of H,O,. The measurement
was repeated several times with several electrodes obtaining
the same signal. This demonstrates not only the high activity
of HRP toward the oxidation of TMB but also the efficient and
stable anchorage of the antibody—HRP conjugate on the surface
of the MWCNT, and so the high density of available carboxylic
groups at the composite surface.

The catalytic reaction of HRP was further followed by
amperometry at a set overpotential of 4150 mV (versus the
Ag/AgCl ref. electrode), at which all TMB enzymatically
oxidized is reduced back to TMB.

A comparative study was performed in order to
demonstrate the advantages of covalent binding versus
adsorption of biomolecules to the surface of the composite
electrodes. This study was also aimed at demonstrating that
the plasma treatment efficiently exposes the CNT surface for
the further robust immobilization of biomolecules. Adsorption
processes of immunoglobulins have been commonly carried
out for the fabrication of immunosensors due to their
simplicity [27]. However, they are not robust enough for
most applications, that is, the biomolecules come off the
surface, which makes the resulting device less sensitive
and reproducible. In order to carry out this study, two
electrodes were incubated in an IgG solution, one activated
with EDC/NHS and one without carrying out this activation
step, as described in section 2. Figure 4 shows amperograms
recorded using both approaches and demonstrates the great
enhancement achieved when the antibody is attached to the
surface by a peptide bond. The signal is amplified by a factor
of 130. Therefore covalent binding of the biomolecules to
the transducer increases not only the reproducibility but boosts
the performance of the biosensor. Furthermore, the low signal
level also indicates that the non-specific adsorption of the anti-
IgG-HRP to the electrode surface is also low. This suggests an
effective blocking of the electrode surface by BSA.

Another important aspect in the performance of biosensors
is the signal specificity. Immunoreactions are extremely
selective, but unspecific binding to the surface of the sensor
can lead to undesired signals. With our analytical system, the
unspecific signal may come from the non-specific adsorption
of the anti-IgG-HRP to the electrode surface. Figure 4 shows
the amperograms recorded with two electrodes modified with
IgG and with anti-IgG following the protocol described in
section 2. The specific signal is given by the first electrode
where the reaction between IgG and anti-IgG-HRP occurs.
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Figure 4. Amperometric signals recorded when: IgG is either
adsorbed or covalently immobilized on the CNT walls, and is left to
react with anti-IgG-HRP conjugate; anti-IgG is covalently
immobilized on the CNT walls and is left to react with
anti-IgG-HRP conjugate (non-specific interactions).

The signal coming from the second electrode corresponds
to the unspecific signal because anti-IgG and anti-IgG-HRP
should not bind together and there is just the contribution of
the conjugate non-specific adsorption to the electrode surface.
The relationship between the two signals gives an estimation
of the signal specificity. This ratio is around 90%, which
indicates that the contribution of the non-specific adsorption
of anti-IgG-HRP is greatly avoided. This value strongly
depends on the analytical system studied and the specificity
of the antibodies and could be further improved by using
monoclonal antibodies. Nevertheless, although there are not
many data for this area and it is difficult to compare with other
analytical systems, this 90% specificity seems to be a good
value compared to other works previously reported [28].

4. Conclusions

The fabrication of an immunosensor based on MWCNT-
PS composite has been presented. This process is fully
scalable, repetitive and uses common techniques for the
semiconductor processing industry. Thus, it can be performed
at wafer level. The novelty of our approach is the controlled
removal of the PS polymer from the composite surface in
order to expose the surface of the MWCNT. This leads to
optimum electrochemical responses of the resulting composite
electrode. The removal of the polymer from the surface of the
MWCNT also permits the functionalization of the MWCNT
walls with the antibodies. Furthermore, we demonstrate the
importance of covalently binding the biomolecules to the
surface of the MWCNT in terms of sensor performance. We
also show how the fabricated sensor shows a specificity in
signal of ~90% and since the non-specific adsorption is low,
this value is controlled by the specificity of the analytical
system used. Indeed, results to be published later show
detection limits equivalent to conventional immunochemical
techniques such as ELISA [29]. Finally, it is worth mentioning
that the electrodes are potentially reusable by removing
the antibody from their surface using a strong acid and

repeating the plasma treatment. This type of process opens
a way forward for the integration of CNTs with analytical
systems based on immunoreactions such as medical devices or
drug testing.
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