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Carbon Nanotubes With Different Orientations
for Electrochemical Biodevices

Irene Taurino, Sandro Carrara, Mauro Giorcelli, Alberto Tagliaferro, and Giovanni De Micheli

Abstract— Carbon nanotubes (CNTs) improve the sensitivity
of electrochemical biosensors. An optimized CNT/trasducer inte-
gration is required to realize accurate devices. The nanotube
orientation on the sensor electrode is a key parameter. The role of
the sidewalls and the tips in the electroactivity of the nanosensor
is presently investigated in the literature. In addition, nanotube
hydrophobicity is a drawback for biosensing purposes. Indeed,
samples are always in water conditions and the integration
biomacromolecules—-CNTs are often required. In this paper, a
comparison of CNTs with and without exposed walls before
and after an acid treatment is proposed. It is done by using
contact angle measurements and electrochemical measurements
of the electroactive compound potassium ferricyanide. Finally, the
electrochemistry of two biomolecules is investigated with those
nanostructures more suitable for biodetection.

Index Terms— Chemical vapor deposition, cyclic voltammetry,
electrochemical biosensors, etoposide, hydrogen peroxide, multi-
walled carbon nanotubes, potassium ferricyanide, wettability.

I. INTRODUCTION

ECENTLY, nanostructures are of great interest in
nanoscale engineering and system integration of existing
materials for a variety of applications. Nanomaterials have
enabled the development of very sensitive devices because of
their excellent electronic and electrocatalytic properties lead-
ing to novel sensors with excellent characteristics. In particu-
lar, nanostructures for biosensors lead to an enhanced signal
amplification and electron-transfer kinetics providing suitable
environments for the immobilization of biomolecules as well
as an efficient electrical communication with redox biomole-
cules/enzymes that may address future diagnostic needs.
Among different biosensors, those based on amperometric
transducers confer a high sensitivity [1]. In this case, the signal
detection involves a redox process at the electrode/solution
interface between biomolecules and the transducer. Biocom-
pounds can be detected by a transducer with an immobilized
enzyme (e.g. oxidases) or oxidize and reduce spontaneously
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at specific potentials (e.g. etoposide, anti-breast-cancer drug
[2], [3]). Nanomaterials integrated onto these electrochemical
devices can improve the biomolecular detection.

Among common nanostructures, carbon nanotubes (CNTSs)
have attracted a large interest [4]. Non nano-structured elec-
trodes provide good sensitivity only in millimolar (mM) ranges
[5] while nanostructured electrodes using multi walled CNTs
(MWCNTs) reach detection limits in the micromolar (xM)
range, that is the physiological concentration range of target
metabolites in human serum [6]. However, these advantages
are limited by the characteristic CNT hydrophobicity [7].
CNTs tend to aggregate in many solvents producing also diffi-
culties for bioapplications as the integration CNT-enzymes [8].

The electrochemical performance of CNT-based electrodes
depends on many factors, such as the synthesis methods [9],
surface treatments [10], bonding to the substrate [4], [11],
orientation of tubes and type of targets [12]. Most of the
literature on CNTs is based on the assumption that the tips
are responsible for the good electrochemical activity [13].
The role of the sidewall is currently under investigation [12],
[14]. Recent studies demonstrate a large contribution from the
sidewalls in case of RO CNTs [14], [15]. The electrochemical
properties of this material change by generating alterations on
the CNT sidewalls [14], [16].

The aim of this work is to improve the biosensing perfor-
mance of CNT-based biodevices by investigating wettability
and electrochemical behavior of MWCNTs with different
orientations. MWCNTSs were fabricated via chemical vapor
deposition (CVD) directly onto silicon wafers using camphor
and ferrocene as precursors. Contact angle measurements
demonstrate the effects of the treatment. Field-emission scan-
ning electron microscopy (FE-SEM) images were acquired
to observe possible morphological changes related to the
treatment. Electrochemical studies were performed by using
cyclic voltammetry (CV). Potassium ferricyanide (K4Fe(CN)g)
was selected because it is a redox model compound. It was
used to compare the electrochemistry of MWCNTs with and
without exposed sidewalls before and after the acid treatment.
Then, HyO; and etoposside electrochemistry was evaluated
because both these molecules have a large importance in
biomedical applications.

II. MATERIALS AND METHODS
A. Fabrication of MWCNTs Onto Silicon Wafers

MWCNTs were grown onto a silicon wafer (Si-mat,
Germany) via CVD. Camphor and ferrocene were used as car-
bon precursor and catalyst, respectively. Commercial camphor
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Fig. 1. Scheme of the CVD reactor for MWCNT synthesis.

was selected as the carbon precursor, since the 3D structure
of this material facilitates the formation of nanotube rings
[17]. Moreover, camphor is non-toxic for humans and envi-
ronment [17]. Ferrocene (98% purity in weight, Aldrich) is an
organometallic chemical compound acting as both a catalyst
and a carbon source. It is the source of iron atoms that
agglomerate in clusters on which CNTs grow. The utilized
CVD reactor consists of a furnace and of a deposition cham-
ber connected by an heated tube (250°C) to avoid the gas
condensation. The furnace is fed by two evaporation chambers
where the precursors are heated. In the deposition chamber, the
silicon substrate is placed on a graphite plate and is heated up
at the desired temperature (700°C-925°C). The structure of the
reactor is shown in Fig. 1. After the deposition, the substrate
is cooled to room temperature inside the chamber in inert
atmosphere. By varying the deposition conditions different
structures can be obtained.

1) To obtain randomly-oriented MWCNTs (RO MWCNTs),
the substrate is heated at 700°C. Ferrocene is introduced
in the deposition chamber for 1 minute and, at the same
time, camphor is carried for 10 minutes both without
gas carrier. The substrate holder rotates at 3 r/min.

2) Vertically-packed MWCNTs (VP MWCNTs) are
obtained with ferrocene introduction of 3 minutes.
Ferrocene is carried in the deposition chamber by a
laminar flow of nitrogen (50 cm?3/s). Camphor is flown
for 10 minutes with no carrier gas. The substrate is
kept at 850°C and its holder rotates at 12 r/min.

3) Vertically-aligned MWCNTs with oriented tilted tips
(OTT MWCNTs) are grown with a substrate temperature
of 775°C and a rotational velocity of the silicon wafer
of 40 r/min. Ferrocene is introduced in the deposition
chamber for 3 minutes and, then, camphor is carried for
7 minutes both with carrier gas.

B. Chemicals

All solutions were prepared using 0.01 M Phosphate Buffer
Saline (PBS, Sigma) at pH 7.4. Pristine MWCNTs were
treated in 6 M H»SO4 (Sigma, 95-98% vol) solution for 6
hours [18]. Potassium ferricyanide in form of powder and
hydrogen peroxide (30% vol) from Sigma were utilized.

C. Electrochemical Measurements

CV was performed using a Versastat 3 potentiostat (Prince-
ton Applied Technologies) and an electrochemical cell with a
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standard three electrode configuration. A platinum wire served
as counter electrode, while a wire in Ag|AgCl saturated with
KCI (3M) was used as reference electrode (Roschi Rohde and
Schwarz AG, Switzerland). MWCNTSs on silicon substrates
were utilized as working electrode. All experiments were
carried out under aerobic conditions at room temperature with
PBS as supporting electrolyte.

From time to time, the basics of any electroanalyti-
cal techniques are explained by using electroactive species.
K4Fe(CN)g is often taken as reference analyte to decribe the
fundamentals of the CV [19]. In this study, cyclic voltammo-
grams were taken in solutions containing different concen-
trations of K4Fe(CN)g. This compound was selected since
it is widely used for the electrochemical characterization
of electrodes [20]. At carbon materials this redox couple
shows a simple and well-defined response. This response is
strongly dependent on the way to fabricate carbon electrodes
since K4Fe(CN)g is a “surface sensitive” compound [21]. In
particular, the electrochemical investigation of new CNT-based
electrodes with K4Fe(CN)g is largely present in literature [22],
[23]. The K4Fe(CN)g redox reaction at +300 mV is

[Fe(CN)sl > + e~ — [Fe(CN)sl ™. (1)

For each CV, a linear fit of the voltammogram portion
located before the start of the K4Fe(CN)g electrochemical
activity was performed. The anodic peak current (/,,) was
taken from the baseline of the CV according to the well-known
procedure [24], [25] (see Fig. 2(a) and (b)).

The Rangles-Servic equation (valid for a reversible reaction
and standard temperature) was utilized to compute the elec-
trosensing parameters [25]

I, =2.69-10°AD'2n/?p'/2C 2)

where I, is the current peak, A is the electroactive area, D
is the diffusion coefficient of the analyte, n is the number of
electrons involved in the redox reaction, v is the scan rate, and
C is the concentration of the analyte in solution. In particular,
[Fe(CN)g] 3 /[Fe(CN)g]™* couple exhibits one-electron trans-
fer (n =1). The diffusion coefficient D is 5.5-107% cm s72.

Considering the before mentioned expression, the sensitivity
per electrode area was computed in reference to the TUPAC
protocol [26] from the angular coefficient of the straight line
related to the calibration curve. This curve was obtained by
plotting the anodic peak currents per electrode area versus the
concentration of each compound in solution [4]. On the other
hand, the smallest detectable current signal was taken as the
mean square root deviation of the voltammogram line where
no electrochemical analyte activity was observed (Fig. 2(b)).
The detection limit (LOD) was computed as three times the
signal-to-noise ratio according to the expression 30i/S where
oi is the smallest detectable current signal related to the mea-
surements performed for different target concentrations [27].

In reference to K4Fe(CN)g voltammograms, ratios between
the electroactive and real area and sensitivities were evaluated.
The first parameter was obtained from the slope of anodic
peak (/p4) versus the square root of the scan rate (y/v) from
25 mV/s to 200 mV/s based on the expression 2 [25]. The
analyte concentration was 25 mM for VP and 2.5 mM for RO
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Fig. 2. Voltammogram registered with 25 mM K4Fe(CN)g solution at a scan
rate of 100 mV/s. No significant analyte oxidation occurs between 72 and
80 mV. (a) Pink line shows the anodic baseline current obtained from a linear
fit in this potential window. (b) Linear fit of the data points in the potential
range 72-80 mV shows a nearly perfect linear dependence (R% =0.99).

Fig. 3. Procedure used for the contact angle measurements.
MWCNTSs. The sensitivity was computed with K4Fe(CN)g
concentrations in the range 2.5-15 mM at a scan rate of
100 mV/s. The potential was cycled between —0.3 V and
+0.7 V for RO MWCNTs, and from —0.2 V to +0.6 V for
VP nanotubes.

Voltammograms were also recorded in solutions with dif-
ferent concentrations of H>,O; that was selected for the impor-
tance of this compound in biosensing applications [28]. A
potential of +650 mV causes the oxidation of HyO», according
to the reaction

2H, 07 — 2H0 + Oxt + de™. (3)
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(b)

Fig. 4. (a) FE-SEM images of RO MWCNTs. (b) OTT MWCNTs. (c) VP
MWCNTs.

Using hydrogen peroxide as target, concentrations were varied
from 0 to 30 mM at a scan rate of 100 mV/s to compute
sensitivity and detection limit with RO CNTs before and after
the treatment. The potential was cycled between —1 V and
+1 V.
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TABLE I
CONTACT ANGLE MEASUREMENTS

Contact angle

Randomly oriented MWCNTSs

Pristine 114° £ 2°
Acid treated 24° 4 9°
Vertically packed MWCNTSs
Pristine 109° + 2°
Acid treated 107° £ 4°
MWCNTs with tilted tips
Pristine 101° £ 7°
Acid treated 22° £ 2°
70
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Fig. 5. Cyclic voltammograms obtained using pristine VP MWCNTSs showing
the effect of the scan rate on the electrochemistry of K4Fe(CN)g (25 mM in
0.01 MPBS solutions, scan rates of 25, 50, 100, and 200 mV/s). The inset
shows the anodic peak currents as a function of the square root of the scan
rates.

The etoposide electrolysis was carried out using treated
OTT MWCNTs by varying the scan rate in the range
25-300 mV/s (analyte solution: 500 uM). To compute the
sensing parameters, etoposide concentration was varied from
200 M to 500 uM with steps of 100 M. In reference to [3]
the selected potential window was —0.8-0.2 V and the scan
rate was 50 mV/s.

The same methods used for K4Fe(CN)g to extract the
anodic peak currents and to compute sensitivity and LOD
were applied also for the study of the two probes selected
for biosensing purposes.

D. FE-SEM and Contact Angle

A SUPRA 40 (ZEISS) was used to acquire FE-SEM images.
Nominal resolution is 1.5 nm at 10 kV. Contact angles were
measured by using PBS drops (20 ul) cast onto the surface of
MWCNT-based electrodes before and after the treatment. The
images were acquired with a digital camera. For each sample,
the average of five measurements was taken from five different
images (Fig. 3).

III. RESULTS AND DISCUSSION
A. CNTs Fabrication

Fig. 4 depicts the FE-SEM images obtained for RO MWC-
NTs, VP MWCNTs and OTT MWCNTs. RO MWCNTs
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Fig. 6. (a) Cyclic voltammograms obtained with pristine and acid treated
RO MWCNTs using 2.5 mM of K4Fe(CN)g at 25 mV/s and (b) 30 mM of
Hy0O7 at 100 mV/s.

(Fig. 4(a)) are not densely packed. Both the walls and the tips
of CNTs are activated with the acid treatment. OTT CNTs
expose the sidewalls to the acid solution too ((Fig. 4(b)).
Indeed, it is possible to note a low CNT density in the top
layer of the nanofabrication that contains oriented tips (tilt
angle with respect to the substrate ~30°). On the other hand,
only the edge ends are subjected to the treatment when the
“carpet” of VP MWCNTs are utilized (Fig. 4 (c)). FE-SEM
images, taken before and after acid activation, do not show
morphological changes (data not shown) demonstrating the
robustness of our chip fabrications.

B. Contact Angle Measurements

Pristine MWCNTs show a hydrophobic behavior which
is explained by the size and the intrinsic disorder of the
tubes [7]. To investigate the effect of treatment on the three
kinds of MWCNT-based electrodes, contact angles were mea-
sured. VP MWCNTSs maintain a characteristic hydrophobicity
(average contact angle: 107°), while RO tubes and OTT
CNTs become hydrophilic after the acid treatment (average
contact angle: 24° and 22°, respectively). These results show
that treated nanotubes with exposed walls are more suit-
able for biosensor applications. Contact angles are reported
in Table I.
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Fig. 7. (a) Calibration curves obtained using RO MWCNTSs in solutions

containing K4Fe(CN)g and (b) H,O; (scan rate: 100 mV/s).

C. Electrochemical  Characterization With  Potassium

Ferricyanide

The redox behavior of K4Fe(CN)g was investigated since
it is easy the extraction of the faradic currents from cyclic
voltammograms. Indeed, this redox compound provides highly
evident peak currents (see Fig. 5). It was done by using RO
and VP MWCNTs as working electrodes before and after the
treatment. For the four electrodes, CVs exhibit a pair of well-
shaped redox peaks (Fig. 5) that enlarge with higher scan
rate. The variation of the peak currents (example to see in
the inset of Fig. 5) increases linearly with the square root of
the scan rate. The peak separation is large (>150 mV) and
increases with the concentration of the analyte, indicating a
high uncompensated electrode resistance [29].

From Fig. 6(a) it is possible to note a higher and more
shaped peak after the acid treatment in case of RO nanotubes.
These findings are confirmed by the electroactive area val-
ues. Indeed, if pristine RO MWCNTSs show a ratio between
electroactive area and real area of 0.227 + 0.005, the value
related to the acid activated tubes is one order of magnitude
higher (1.16 & 0.02) due to the introduction of sidewall active
sites following the treatment. On the other hand, treatment
causes a smaller increase of the electroactive/real area ratio
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Fig. 8. (a) Cyclic voltammograms obtained using treated OTT MWCNTs
showing the electrochemistry of etoposide: first cycle at a scan rate of 50 mV/s
and 100 M of etoposide concentration, fifth cycle at different scan rates (25,
50, 100, 200, and 300 mV/s) and 500 uM of etoposide concentration. (b) Inset
shows the anodic peak currents as a function of the square root of the scan
rates.

of about 34% (from 0.334 £+ 0.007 to 0.506 + 0.010) at VP
MWCNTSs. In this case, the treatment does not act on CNT
sidewalls because of their low accessibility as confirmed by
the wettability results (Table I).

To further validate these data, the sensitivity and the
detection limit were computed. For pristine RO MWCNTs,
the sensitivity is one order of magnitude smaller than for
treated MWCNTs (29.0 &= 0.2 gA/(mM cm?) and 166.8
+ 0.9 uA/(mM cm?), respectively). Instead, for pristine
and treated VP MWCNTSs the sensitivity remains more or
less constant (133.0 = 0.7 ¢ A/(mM cmz) and 126.5 & 0.7
HLA/(mM cmz), respectively). Note that, after the treatment,
the sensitivity of RO tubes becomes twice than that obtained
with VP nanotubes. The detection limit does not improve with
treated VP CNT-based electrode (14.5 £ 0.1 uM for pristine
and 31.8 &+ 0.2 uM for treated MWCNTSs). Conversely, for RO
MWCNTs it goes from 188.3 + 1.3 uM to 26.4 £ 0.1 M.

D. Detection of Hydrogen Peroxide

Hydrogen peroxide is also utilized as analyte because it is
a product of reactions catalyzed by many enzymes, such as
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oxidases and peroxidases [28]. For the best results obtained
in terms of wettability and sensing parameters towards the
K4Fe(CN)g detection, RO MWCNTs were utilized to evaluate
the electrochemistry of this compound of medical interest. The
peaks are well-shaped after acid treatment (see Fig. 6(b)) also
using HyO» in solution. The sensitivity goes from 28.8 =+
0.1 zA/(mM cm?) to 59.2 + 0.4 uA/(mM cm?) after the
treatment. The detection limit varies slightly by using acid
treatment passing from from 62.1 + 0.4 uM to 57.8 £ 0.4 uM.

The different results obtained with the two probes are
due to the specific electrochemical sensitivity of K4Fe(CN)g
and H,O; to various surface electrode states (Fig. 7) [12].
Nonetheless, in both cases the acid activation causes an
increase of the sensitivity with RO MWCNTs.

E. Etoposide Electrochemistry

The redox mechanism of the etoposide, a drug for the
breast cancer treatment, was investigated as further application
of biodetection. Treated OTT MWCNTs, showing the lowest
average contact angle, were used as working electrode. Fig. 8
shows the etoposide common voltammogram with five char-
acteristic peaks [3]. After the first cycle, only peaks /77 and
111’ appear in the voltammogram. Fig. 8 shows the fifth cycle
of multiple CV registered at different scan rates. Note that
the peak-to-peak separation is large (>150 mV) and expands
gradually with the increase of the scan rate. The sensitivity,
computed considering the anodic peak 111’ at the fifth cycle of
multiple CVs, is 1.76 & 0.03 xA/(mM cm?) and the detection
limit is 3.7 £ 0.1 uM.

IV. CONCLUSION

The goal of this paper is the evaluation of MWCNTs
growth onto silicon wafers to characterize the treatment and
orientation that can optimize the electrochemical biodetection.
To this end, potassium ferricyanide, hydrogen peroxide and
etoposide were used as target redox compounds. The first
molecule was selected for its well-known electrochemical
response particularly for carbon material; the latter molecules
were chosen for their significant importance in biomedical
applications.

The large change in wettability for RO MWCNTSs and OTT
nanotubes supports the assumption that acid treatment causes a
predominant change on CNT sidewalls [16]. Using potassium
ferricyanide, the sensitivity and the electroactive area of treated
RO MWCNTs become higher than those obtained with VP
MWCNTs before and after the acid activation. In addition,
the detection limit is lower with treated RO CNTs. Therefore,
the treatment improves the sensing parameters only in case of
RO CNTs making this nanostructure more suitable for sensing
purposes than VP CNTs. In particular, this nanofabrication
shows a more or less unchanged electrochemical response in
accordance with the contact angle data.

Considering the results related with contact angle mea-
surements and potassium ferricyanide electrochemistry, we
can argue that the CNTs with exposed sidewalls fit
more properly for biosensing. Accordingly, the hydrogen
peroxide and etoposide detection was performed using
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CNT-based systems with sidewalls activated by acid solution.
Interestingly, electrochemical responses at the electrode sur-
face depend on the type of target. The introduction of wall
electroactive groups influences more nanotube-K4Fe(CN)g
interaction rather than the interaction between MWCNTs and
H,0,. Moreover, also the detection of hydrogen peroxide
is better with treated RO MWCNTSs than with pristine RO
nanotubes. Finally, OTT MWCNTs have been demonstrated
to be good nanostructured electrodes to investigate the direct
redox reactions and the detection of the etoposide.

This work demonstrates the possibility to use MWCNTSs
with exposed sidewalls as nanostructures for biosensing. An
acid treatment enlarges their wettability and their capability to
detect electrochemical biocompounds.
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