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Abstract

Nanostructured electrodes enable a new generation of electrochemical sensors by increasing their surface area that lead to
stronger signals generated by electrochemically-active molecules, such as diagnostic redox-active biomarkers. Yet, the
selectivity of these translational sensors is far from being sufficient for discriminating between individual molecules in
multicomponent samples, such as biofluids. Here, we propose an approach to improve the selectivity of nanostructured
electrodes using a simple modification with a functional bio-polymer. Specifically, we demonstrate the targeted modification
with a bio-polymer chitosan of carbon nanotubes organized in an array on a Au electrode. We describe the fabrication
process and we show the characterization of the structural morphology and the electrochemical activity of the fabricated
chitosan-modified carbon nanotube arrayed electrode. Electrochemical characterization yielded an increased effective surface
area for the optimized carbon nanotube arrayed electrode (0.46 + 0.03 cm?) that was similar to the area of the unmodified Au
electrode (0.48 + 0.02 cm?). Furthermore, despite decreased electrochemical current characteristics, we demonstrate the
feasibility to modify individual carbon nanotubes with chitosan. The modification of the carbon nanostructures with chitosan
will enable further functionalization with specific receptors, such as enzymes and antibodies that will provide the required

selectivity towards biomarkers in multicomponent biofluids. Copyright © 2017 VBRI Press.
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Introduction

Continuous monitoring of multiple diagnostic biological
and chemical markers in biofluids can provide important
and dynamic ‘biomolecular feedback’ about the
physiological conditions of patients, thus enabling early
disease detection and promoting personalized therapy
[1-3]. However, most continuous monitoring approaches
currently suffer from delayed responses and a long
duration between diagnostic tests, which limit the ability
of doctors and caregivers to rapidly adjust treatment or
medication dosage. Thus, a more efficient scheme
for such continuous monitoring requires the development
of low-cost analytical micro-devices (“portable
laboratories™), in which the sensor continuously measures
the in situ levels of unlabeled redox-active diagnostic
markers in the sample [4, 5]. Recent advancements
suggest that miniaturized, electrochemical sensors, which
generate a unique electronic signal according to the redox
potential of a molecule of interest, are well suited for this
analytical task [6-9]. However, when the concentration of
the diagnostic marker are low and several other redox-
active molecules in the sample generate overlapping
electrochemical signals, the electrochemical sensor must
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be able to detect the marker within the required diagnostic
levels [10, 11].

An effective approach to increase the electrochemical
signal generated by the redox-active marker entails the
modification of the electrode with semi-selective films
that can be designed to influence the redox reaction so as
to better control the electron transfer rates of a molecule
of interest at the expense of another molecule [12-15].
The works of Tiwari, Katz, Mandler, and others [6, 16-
29] (including our own [30-32]) have shown that, by
coating electrodes with films that can amplify the
electrochemical signal of a molecule of interest in the
presence of other molecules with overlapping signals,
such a semi-selective electrode can improve the
selectivity of a single sensor in multicomponent mixtures.
In one example from our previous work, we influenced
the physicochemical properties of the redox reaction at
the electrode by encapsulating carbon nanotubes (CNTS)
in the pH-responsive bio-polymer chitosan, and showed
that this modification decreased the standard redox
potential of a molecule of interest due to the
electrocatalytic nature of the CNTs [33]. However,
despite these advances, the selectivity of such sensors is
still far from being sufficient for discriminating between
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individual molecules in multicomponent biological
samples, because such samples often contain molecules
with overlapping electrochemical signals, i.e., molecules
whose electron-transfer rates during the redox reaction are
too close to be differentiated by the modified electrode.
Thus, to enable continuous monitoring of multiple
diagnostic biological and chemical markers in biofluids,
there is a critical need for novel approaches that can
physically separate multiple redox-active molecules in a
manner that will differentiate their electrochemical signals
in the presence of other molecules with overlapping
signals.

Biofabrication has been used to coat electrodes with
films that can be further modified to functionalize the
surface of the electrodes. The coating films usually
consist of materials that are based on “stimuli-responsive
polymers”, i.e., polymers that respond to various external
stimuli such as pH, temperature, and more [13, 34-39].
These stimuli-responsive polymers facilitate a simple
method for a high spatial resolution modification of
microelectrodes and for their integration in miniaturized
electrochemical sensors [40-43]. Specifically, the pH-
responsive and functional bio-polymer chitosan has
shown promising results for the thin film modification of
microelectrodes [13, 14, 44-45]. Yet, the integration of
chitosan as a functional biofabricated film for the
modification of nanostructured electrodes has not been
fully studied. To this end, the proposed study shows
the modification of CNT arrayed electrodes with chitosan
as a functional film for improved selectivity of
electrochemical sensors.

In this work, we biofabricated nanometers-scale thick
chitosan films on top of CNT grown microfabricated
electrodes. The CNTs were grown through a chemical
vapor deposition (CVD) process while the chitosan was
biofabricated using an electrodeposition process (Scheme
1a). The electrodeposition mechanisms is based on the
increased pH that deprotonates the dissolved chitosan
polymer, resulting in an electropolymerized chitosan film
on an individual CNT (Scheme 1b). We characterized the
morphology and the electrochemical activity of the CNT
arrayed electrodes with and without the chitosan
modification. We showed that the optimal growth of the
CNT vyielded effective surface area that was similar to a
bare Au electrode. The modification with the chitosan
enabled a functional surface, yet decreased the effective
surface area by a factor of 5. Here, we demonstrate the
feasibility to modify nanostructured electrodes with
chitosan that can provide further modifications with
functional molecules, such as enzyme or antibodies. That
functionalization will enable the required selectivity for
electrochemical sensing in multicomponent biofluids.

Experimental

Apparatus

Electrochemical studies were carried out using a 660D
Potentiostat (CH Instruments, Inc. USA). A three-
electrode system comprising of a microfabricated bare Au
electrode modified with a CNT array and chitosan film as
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a working electrode (methods for CNT growth and
chitosan electrodeposition are described in the sub-section
below). Ag/AgCI/3M KCI as a reference electrode and
Pt wire as a counter electrode obtained from CH
Instruments, Inc. (USA).
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Scheme 1. Chitosan bio-modification of a carbon nanotube (CNT)
arrayed electrode. (a) Fabrication steps of the chitosan-modified CNT
arrayed electrode. (b) Chitosan electrodeposition mechanisms of an
individual CNT.

Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich and
ultrapure water was used during all the electrochemical
characterization process. A 1% chitosan solution was
prepared from shrimp shells according to the previously
described procedure in [31]. A5 mM ferricyanide / 5 mM
ferrocyanide mixture was prepared with a 10 mM
phosphate buffer saline solution.

Microfabrication of the chitosan-modified carbon
nanotube arrayed electrode

An array of CNTs was grown on a 0.5 cm? Au/Si/SiO,
electrode that was microfabricated using a conventional
photolithography process. First step for the growth of the
CNT array on the Au electrode was the deposition of
AlL,O; thin layer by thermal atomic layer deposition
(ALD) process at 150°C, using TFS 500 reactor (BENEQ,
Finland). This layer acts as a CVD catalyst diffusion
barrier to prevent alloying with the Au during the pre-
growth ripening process. After ALD, a Ni catalyst layer
was deposited in an ATC 1800V sputtering system (AJA
International Inc.). With the CVD catalyst layer in place,
the samples were loaded into a low pressure chemical
vapor deposition (LPCVD) system (Atomate Corp.) for
the acetylene-based CNT growth process. Following the
CNT array growth, a 0.5% chitosan solution was mixed
with 2 wt % Pluronic F-127 (Sigma-Aldrich, USA) and
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was ultrasonicated with the electrodes for 10 minutes
following by an incubation period of 1 minute to improve
the access of the CNT array to the chitosan. A current
density of 6 A/m® was applied for 70 seconds to induce
hydrolysis conditions. Finally, the chitosan-modified
CNT arrayed electrode was incubated for 10 minutes in a
0.1 M phosphate buffer saline solution to remove excess
of chitosan.

Electron microscopy characterization procedure

Electrode surface morphology studies were carried out
using electron microscopy techniques. Scanning electron
microscopy (SEM) characterization was done using
SU-70  instrument  (Hitachi, = Germany).  High
resolution transmission electron microscopy (hr-TEM)
characterization was conducted using JEM-2100 LaB6
instrument (JEOL, USA).

Electrochemical characterization procedure

The ferrocyanide/ferricyanide testing solution was
incubated with the electrodes for 1 minute at open circuit
potential conditions. Cyclic voltammograms were
recorded between 0.46 V and -0.4 V vs Ag/AgCl for
increasing scan rates of 0.025, 0.05, 0.08, and 0.1 V/s.

() T ]

Fig. 1. Scanning electron micrographs of the different fabricated
electrodes. a) Au, b) Au/Al,O;, c) Au/AlLOs/Ni(4nm)/CNTs, d)
Au/AlLO/Ni(7nm)/CNTSs, and e) Au/Al,03/Ni(10nm)/CNTSs.

Results and discussion
Characterization of the carbon nanotubes growth

We optimized the thickness of the Ni catalyst film used
for the CNT growth. We sputtered Ni films at thickness
values of 4, 7, and 10 nm and characterized the resultant
grown CNT array. Fig. 1 shows scanning electron
micrographs of the electrodes at the different
microfabrication steps of the CNT growth. The obtained
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micrographs demonstrated the presence of a CNT array
without an apparent dependence on the thickness of the
Ni layer. We deposited a film of Al,O3; between the Au
and the Ni films to impede diffusion of Au atoms into the
Ni [46-48], a process that may damage the purity of the
film and its role as a catalyst for the CNT growth. Despite
the increased resistivity of the Al,O; diffusion barrier
layer [49, 50] that decreased the intensity of the
electrochemical currents, the conductivity of the CNT
arrayed electrode was recovered (the electrochemical
conductivity will be discussed in detail in the next
sections).

Morphological study of the chitosan-modified carbon
nanotube arrayed electrode

We characterized the structural morphology of the
chitosan-modified CNT arrayed electrode using SEM and
TEM. Figs. 2(a, ¢) and 2(b, d) show scanning electron
micrographs of the CNT arrayed electrodes with and
without the chitosan modification, respectively. While the
CNT array alone was mostly adsorbed to the surface of
the electrode, modification with chitosan maintained the
three-dimensional structure of the array, which may be
attributed to the chitosan film decreasing the adhesion
forces between the Au electrode and the CNT. Figs. 2e
and 2f show transmitting electron micrographs of the
CNT arrayed electrodes with and without the chitosan
modification, respectively. These micrographs revealed
the diameter of the CNT (28.75 nm and 30.96 nm)
that was bigger following the chitosan modification
(56.80 nm).

Fig. 2. Scanning and transmitting electron micrographs of either CNT
alone (a, ¢, e) or CNT modified with chitosan (b, d, ).

Electrochemical characterization of the chitosan-
modified carbon nanotube arrayed electrode

We characterized the electrochemical activity of the
chitosan-modified CNT arrayed electrode by testing the
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redox reaction of the conventional redox couple
ferricyanide/ferrocyanide using the cyclic voltammetry
electrochemical technique. All the electrodes showed
reversible nernstian characteristics (Figs. 3a-e) and
responded to faster scan rates by increasing
electrochemical currents. The modified electrodes
demonstrated lower currents than the unmodified Au
electrode (Fig. 3f), which may be due to the increased
charge transfer resistance donated by the Al,Os diffusion
barrier layer. Despite the decreased current characteristics
of the modified electrodes, a 7 nm catalyst Ni layer
resulted in currents that are close to the currents generated
by the unmodified Au electrode, as opposed to the
electrodes fabricated using 4 and 10 nm catalyst Ni layer

(Fig. 3f).
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Fig. 3. Cyclic voltammograms at different scan rates of the
different fabricated electrodes. a) Au, b) Au/Al,O3/Ni(4nm)/CNTs,
c)  AU/ALO#Ni(7nm)/CNTs, and d) Au/Al,03/Ni(10nm)/CNTs.
e) Comparison between the cyclic voltammograms recorded at 0.1 V/s
scan rate with the different electrodes. f) Anodic current peak
dependence on the scan rate of the cyclic voltammetry technique for the
different electrodes.

The effective surface area (Ag) can be calculated
from the cyclic voltammograms using the Randles-Sevcik
equation [51]:

3

1/2
3/2 1/2 1/2
ﬁ) n / AeffD / Cv /

i = 0.4463(

where, iy is the peak current in Ampere, F is the Faraday’s
constant, R is the gas constant, T is the temperature in
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Kelvin, n is the number of electrons transferred in the
redox event (1 for ferricyanide/ferrocyanide redox
reaction), A is the electrode effective area in cm? D is
the diffusion coefficient in cm?s (7.38-10° cm/s® for
ferricyanide [52]), and v is the scan rate in V/s. Table 1
shows the calculated Ag; for the different electrodes.
Calculated A¢ values for electrodes fabricated using a
7 nm catalyst Ni layer resulted in bigger area
(0.46 + 0.03 cm?) than using 4 nm (0.19 + 0.03 cm?) and
10 nm (0.18 + 0.03 cm?) catalyst Ni layers. Furthermore,
A of a 7 nm Ni layer was similar to those obtained with
the unmodified Au electrode (0.48 + 0.02 cm?),
demonstrating the recovery of the electrochemical activity
of the modified electrode, which was aligned with our
observation of the higher current characteristics (Fig. 3).
Further modification with chitosan yielded a 5-times
smaller A¢ than CNT array electrode without chitosan
(0.09 + 0.01 cm?). The decreased A« may be due to the
partially passivation of the electrode with the isolating
chitosan while electrochemical activity is still present due
to the porous structure of the chitosan [53].

Table 1. Comparison between the effective surface area (Aer) calculated
for different fabricated electrodes.

Electrode type Acit (cm°)

Au 0.48 £ 0.02

AU/ALOY/Ni(4nm)/CNTS 0.19 +0.03
AU/ALOY/Ni(7nm)/CNTs 0.46 +0.03
AU/ALOY/Ni(10nm)/CNTSs 0.18+0.03
AU/ALOy/NI/CNTs/Chitosan ~ 0.09 + 0.01

Conclusion

We presented a new method to functionalize
nanostructured electrodes for the improved performance
of electrochemical sensors. The approach is based on the
electrodeposition of the functional bio-polymer chitosan
to coat the CNT arrayed electrode. We demonstrated the
targeted chitosan modification of individual CNTSs in the
array and the decreased electrochemical current due to the
isolating chitosan.

The improved electrochemical activity of
nanostructured microelectrodes is crucial for the reliable
performance of miniaturized sensors due to their
advantage of having a bigger surface area per volume
properties. Further functionalization of the chitosan-
modified nanostructures with specific receptors, such as
enzymes and antibodies, will enable the required
selectivity towards chemical and biological markers in
multicomponent biofluids.
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