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A B S T R A C T

In the present study, the preparation and electrochemical application of perfectly ordered arrays of glassy car-
bon nanoelectrodes (GC-NEAs) is presented. After careful morphological characterization, we examined the
voltammetric behaviour on GC-NEAs of some redox mediators commonly used in enzymatic electrochemical
biosensors. GC-NEAs were fabricated by using nanoimprint lithography to generate ordered arrays of nano-
holes, with average radius of 145 nm, onto a polycarbonate thin film deposited on a glassy carbon plate.
The redox mediators examined were (ferrocenylmethyl)trimethylammonium (FA+) as typical redox mediator
for oxidase enzymes and Azure A and B as examples of mediators used for reductase enzymes. The voltammet-
ric signals recorded indicate that the here prepared GC-NEAs operate under total overlap diffusion conditions,
with an accessible potential window significantly wider than the one typical of arrays of gold nanoelectrodes.
Interestingly, the electrochemical behaviour of the GC-NEAs perfectly fits with what expected on the basis of
the geometrical features of the array demonstrating the role of these parameters in ruling the contribution of
capacitive and faradic currents of the array which reflect in improved detection capabilities.
1. Introduction

Chemical and biochemical recognition systems are nowadays
widely applied for analytical purposes, exploiting molecular recogni-
tion events to generate electrochemical signals [1–3]. Many electro-
chemical biosensors employ redox enzymes as recognition element
for detecting the enzyme substrate as analyte or using enzymes as
labels in affinity biosensors. In order to facilitate electron transfer
between enzyme and the electrode surface as well as to amplify
voltammetric signals by suitable electrocatalytic cycles, redox media-
tors are typically used [1,2]. Thanks to enhanced max fluxes, lowering
of double layer charging currents and possibility of extreme miniatur-
ization, the use of nanoelectrodes has been successfully extended to
the biosensors field, showing in many cases the possibility to achieve
improved bioanalytical performances [4–9].

However, the use of individual nanoelectrodes suffers for the extre-
mely small current recorded, so that sophisticated electronic amplifica-
tion of signals and accurate shielding from external electric fields is
required. This limit can be overcome by using arrays of nanoelec-
trodes. Random distributed arrays, also named nanoelectrode ensem-
bles (NEEs), were originally prepared by electroless [4,9–12] or
electrochemical deposition of gold or other metals [13–16]. Notwith-
standing the biocompability and chemical inertness of gold as elec-
trode material, the use of nanogold suffers from some limits related
to the relatively narrow potential window accessible which, on the
cathodic side is limited by facilitated hydrogen evolution and, on the
anodic side, by facilitated gold oxides formation [4,17]. For the case
of NEEs, the spatial distribution of the nanoelectrodes is random
arranged, consequently the diffusion regime is not always fully con-
trollable, possibly changing from total overlap to pure radial or to
mixed [4,18–20] by changing the scan rate or the viscosity of the
matrix in the electrochemical cell [21,22]. These limits prompted to
the development of ordered nanoelectrode arrays (NEAs). NEAs have
been prepared by top-down lithographic methods such as ion beam
lithography [23], electron beam lithography (EBL) [24–26] and scan-
ning probe lithography [27]. Among these nanofabrication techniques,
electron beam lithography (EBL) showed to be suitable to produce
ordered nanostructures with sub-50 nm spatial resolution and well-
defined topographical features [26]. NEAs were initially prepared
using gold substrates but later, to widen the accessible potential win-
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dow and to improve chemical robustness, boron doped diamond
(BDD) was used [28]. Unfortunately, the EBL process used to fabricate
these arrays is expensive and time consuming, therefore unsuitable for
large-scale production of electrochemical sensors. This limit can be
overcome by using nanoimprinting lithography (NIL) [24,29,30],
which relies on direct mechanical deformation of a suitable polymeric
material allowing to achieve resolutions in the nanometer range [30].
In the NIL process, a specific nanostructured mold is used to indent the
same nanostructures in a thin thermoplastic film deposited on a sub-
strate while the latter is in a melt state, i.e., during a thermomechan-
ical cycle. This method can be used to generate arrays of nanoholes
which can act as slightly recessed nanoelectrodes [31], as schematized
in Supplementary Material, Scheme S1. Polycarbonate was used by
Tormen and co-workers as the polymeric layer on which the nanoholes
were imprinted on BDD substrates. The obtained arrays combined the
improved electroanalytical properties of BDD nanoelectrodes [32,33]
with the possibility to use the polycarbonate layer between the nano-
electrodes as anchoring substrate for the immobilization of biomacro-
molecules [6–8,34,35]. Considering the high cost and complex
preparation of BDD substrates as well as the possible local variation
at the nanoscale of the properties of this material because of its
nanocrystalline structure [36,37], a valid and less expensive alterna-
tive is offered by glassy carbon (GC). GC is widely used as electrode
material thanks to its high chemical and mechanical stability, negligi-
ble porosity, excellent conductivity and, more importantly, wide acces-
sible potential window [38,39]. This notwithstanding, the use of
carbon materials (even different from GC) for the preparation of
ordered arrays of nanosized electrodes is quite limited [40–44]. In par-
ticular, Lentz et al. [45] described the template preparation of glassy
carbon nanowires. It was demonstrated that it is the overall delocal-
ized charge carrier density which determines the conductivity of the
system, this parameter depending strongly on the morphology and
thermal treatment of the nanowires which exhibited not ideal electron
conduction properties at the nanoscale.

Therefore, for electrochemical sensing application other nanofabri-
cation strategies should be considered, suitable to preserve the excel-
lent electrochemical properties of bulk GC. On this research line, C.
Wang et al. [46], proposed the fabrication of arrays of GC nanoelec-
trodes with 20–120 nm radius by exploiting the self-assembly of
amphiphilic block copolymer onto a GC bulk substrate. Local dissolu-
tion of the most soluble component of the co-polymer generated nano-
holes which act as nanoelectrodes.

In the present research, we improved the nanofabrication of arrays
of GC nanoelectrodes by applying thermal nanoimprinting lithogra-
phy, which allows high production yield combined with high spatial
resolution in nanofabrication. By nanoimprinting arrays of nanoholes
in a thin layer of polycarbonate deposited in GC platelets, it was pos-
sible to prepare arrays of shallow recessed GC nanoelectrodes arranged
in ordered square lattice with a relatively small pitch/radius ratio,
around 5. With such a geometry, a large number of electrodes is con-
tained within a relatively small geometric area, so providing high Far-
adaic currents with small capacitive contribution and minimizing at
the same time, edge effects which depend on the percentage of nano-
electrodes at the periphery of the array. At the best of our knowledge,
this is the first report presenting the preparation and electroanalytical
use of perfectly ordered arrays of GC nanoelectrodes (GC-NEAs).

The electrochemical performances of the GC-NEAs were studied
using some redox mediators, commonly used in enzymatic electro-
chemical biosensors, testing ferrocenyl methyl trimethylammonium
(FA+) as example of mediator for oxidase enzymes [47,48] while
two phenothiazines, namely Azure A and B, were studied as examples
of redox mediators for reductase enzymes [17,48]. Since FA+ under-
goes fast electron transfer, providing highly reversible voltammetric
patterns characterized by known electrochemical parameters, its use
allowed us to perform the careful electrochemical characterization of
the GC-NEA, obtaining data which well matched the expectations
2

based on the geometrical features of the array. For phenothiazine
mediators, the goal was to evaluate possible advantages coming from
the use of GC-NEAs vs arrays of noble metal nanoelectrodes, thanks to
the wider potential window hopefully accessible with GC
nanoelectrodes.
2. Materials and methods

2.1. Chemicals and materials

Polycarbonate solution (4 % w/v) was obtained by dissolution of
solid polycarbonate Makrolon (Bayer Sheet Europe, Darmstadt, Ger-
many) in cyclopentanone. Glassy carbon platelets by Tokai Carbon,
Tokyo, Japan, thickness 3 mm, cut to approximately a size of
10 × 20 mm (width × length) were used as GC substrate for the
NEA fabrication.

The phenothiazines Azure A and Azure B were purchased from
Sigma-Aldrich. Standard stock solutions of Azure A and Azure B
(2 mM) were prepared in phosphate buffer saline solution (PBS 1X:
1 × 10−2 M phosphate buffer, 1.37 × 10−1 M NaCl, 2.7 × 10−3 M
KCl, pH 7.4 @ 25 °C). Ferrocenylmethyl trimethylammonium hexaflu-
orophosphate (FA+PF6−) was prepared as follows: ferrocenylmethy-
lamine (Aldrich) was first reacted with methyl iodide to form the
quaternary ammonium iodide [49] to be later converted to FA+PF6−

by reaction with AgPF6. A 0.1 mM FA+ solution was prepared in PBS
1X. All other reagents were of analytical grade and solutions were pre-
pared using Milli_Q water.

2.2. Instrumentation and methods

Cyclic voltammetry (CV) measurements were performed at room
temperature with CH Instruments potentiostats (CH660B and
CH1222a), controlled via personal computer by CHI software. Mea-
surements were performed in a three-electrode cell, using the GC-
NEA as the working electrode, a Pt spiral counter electrode and an
aqueous Ag|AgCl|KCl (sat.) reference electrode to which all here
reported potential values are referred. The sample solution was purged
with purified nitrogen for 15 min and was held under a nitrogen atmo-
sphere during the measurements. Scanning Electron Microscopy (SEM)
measurements were done using a Sigma-VP FE-SEM (Zeiss) equipped
with a high-resolution in-lens Secondary Electrons (SE) detector and
an Everhart-Thornley SE detector.

2.3. Fabrication of nanoelectrodes arrays

GC-NEAs were kindly provided by ThunderNIL S.r.L., Basovizza,
Trieste (Italy). For the nanoimprint lithography process, a stamp was
used composed by an array of nanopillars obtained by replicating a
commercial silicon master consisting of a square array of nanoholes.
The polycarbonate film was patterned by indenting the pillars in the
PC, i.e., forcing the displacement of the polymer from the area of
the pillars on the stamp during the NIL thermomechanical cycle.
Details on the fabrication of the stamp are carefully described else-
where [31] and summarized in Scheme S1 in Supplementary Material.

Arrays of nanoelectrodes were fabricated by NIL, applying to GC
platelets the procedure described previously for BDD thin film elec-
trodes [31]. Briefly, a polycarbonate film was spin-coated at
2000 rpm on a thick layer of GC prepared by pyrolysis of a polymeric
photoresist. The polycarbonate film was annealed for 30 min at 180 ◦C
to remove residual solvent. The average film thickness of PC films pre-
pared from solutions at 4 % in cyclopentanone, measured by profilom-
etry, was 200 nm. To ensure the indentation of the nanoarray
structures, a pressure of 10 MPa was applied to the stack of stamp/
polycarbonate film/macroelectrode on a 25 × 25 mm2 for 10 min at
180 ◦C (release temperature of 80 ◦C). Eventual residuals of PC present
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in the holes were removed by treating the nanoarray with oxygen
plasma for 4 s using an ICP-RIE system applying 4 mTorr pressure,
200 W coil power and 10 W platen power. After this treatment the
thickness of the PC layer lowers to 180 nm and the final recess degree
(L) of the nanoelectrodes is: L = (recess length/nanoelectrode
radius) = 1.2.

Finally, in order to expose to the electrolyte solution a surface with
known geometric area, the plate with the GC-NEA was coated with
insulating tape apart a hole of 3 mm diameter, punched in the tape.
The macro-structure of the GC-NEA is shown in Scheme S2 in Supple-
mentary Materials.

3. Results and discussion

3.1. Morphological characterization of NEAs

The morphology and geometrical features of fabricated GC-NEAs
were carefully characterized by FE-SEM analysis. Data shown in
Fig. 1 were obtained at 10 kV collecting secondary electron with Ever-
hart-Thornley (A) and in-lens (B) detectors. Both images confirm the
preparation of perfectly ordered arrays of glassy carbon electrodes,
that are the black nanoholes imprinted onto the polycarbonate layer
in the SEM images. Analysis of the data indicate that the nanoelec-
trodes have a radius of 145 ± 5 nm (average ± standard deviation)
and are arranged in a square lattice with 770 nm pitch.

These data allowed us to calculate the fractional area, f, given as:

f ¼ Aact=Ageom ð1Þ
where Aact is the exposed GC surface of the nanoelectrodes and Ageom is
the overall geometric area composed by the GC nanoelectrodes and the
PC surrounding them. By simple geometrical considerations, the f value
calculated from the above FE-SEM data is f = 0.11. As detailed below,
the f value is important for evaluating the ratio between the capacitive
current (main component of the voltammetric noise) and the faradaic
current (useful analytical signal) to which the detection capabilities
of voltammetry are related [4,7,17].

3.2. Electrochemical characterization

3.2.1. Evaluation of the voltammetric behaviour of FA+ at the NEA
The Aact of the GC-NEAs can be measured experimentally by per-

forming cyclic voltammetry measurements (CV) in pure supporting
electrolyte alone (10 mM PBS 1X, pH 7.4). Under these conditions
the current recorded is the double layer capacitive current [4,50,51]
which depends on the scan rate and Aact according to equation:

Ic ¼ Cdl � Aact � v ð2Þ
where Ic is the capacitive current, Cdl is the double layer capacitance
and v is the scan rate.
Fig. 1. FE-SEM Images of the GC-NEA surface, magnification 20,000×, 10 kV, obt
detectors.
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By recording a series of blank voltammograms at different scan
rates, the Ic vs v plot provides a straight line whose slope is equal to
Cdl × Aact.

Fig. 2A shows the voltammograms recorded with the GC-NEA in
10 mM PBS 1X, pH 7.4, changing the scan rate from 0.005 to
0.100 V s−1. Fig. 2B presents the dependence of the capacitive current
(Ic) measured as the half-difference between the anodic and cathodic
current at + 0.45 V, as a function of the scan rate (v) [4,52,53].

In the literature, Cdl value for glassy carbon ranges approximately
between 35 and 55 μF cm−2 [54,55]. Assuming an average value of
45 μF cm−2, substitution into Eq. (2) allowed us to calculate an exper-
imental Aact value of 0.012 cm2.

In order to take the maximum advantage of the improved electro-
chemical performances of NEAs with respect to conventional elec-
trodes, the use of redox probes with very fast electron transfer
kinetics is recommended [4,56]. Note that FA+, as well as other ferro-
cenyl derivatives, are widely used as redox mediators for enzymatic
biosensors, in particular for shuttling electrons in sensors which
employ oxidase enzymes, such as glucose oxidase [8,51]. Fig. 3A
reports the peaks shaped cyclic voltammograms recorded with a GC-
NEA in a solution containing 100 µM FA+ in 10 mM PBS 1X, pH 7.4
at different scan rates. Relevant voltammetric parameters measured
from these CVs are listed in Table S1. The plot for the anodic and
cathodic peak currents (Ip) vs the square root of the scan rate (v1/2)
reported in Fig. 3B shows a linear trend, typical for an electrochemical
process controlled by semi-infinite linear diffusion.

All these evidences indicate that the GC-NEAs operate under total
overlap diffusion conditions [4,7], in agreement with the relatively
small pitch/radius ratio for the nanoelectrodes in the NEA used here.
Note that in total overlap regime the effect of the slight recession of the
nanoelectrods in the array does not influence the overall Faradaic cur-
rent recorded by the array [20,57]. The here observed electrochemical
oxidation of FA+ at the GC-NEA presents the feature typical for a one-
electron reversible (Nernstian) electrochemical process in which the
rate of reaction is ruled by the diffusion of the electroactive species
to the surface of the overall array.

It was demonstrated that at arrays of nanoelectrodes operating
under total overlap diffusion conditions, the peak current obeys the
Randles-Sevcik equation (Eq. (3)), adapted by taking in account the
geometric area of the NEA [4,17]:

Ip ¼ 2:69� 105n3=2AgeomD1=2C�v1=2 ð3Þ

where n is the number of transferred electron (n= 1 for FA+), C* is the
bulk concentration of the electroactive species (FA+) in moles/cm3, D
is the FA+ diffusion coefficient, that is 4 × 10−6 cm2 s−1 [4].

The geometric area of the GC-NEA, calculated from the slope of the
Ip vs v1/2 plot (see Fig. 3A and Fig. 3B, resulted equal to 7.0 × 10−2

cm2. The experimental fractional area calculated as the ratio between
ained collecting secondary electron with Everhart-Thornley (A) and in-lens (B)



Fig. 2. (A) Background cyclic voltammograms recorded in PBS 1X (10 mM, pH 7.4) at a GC-NEA at different scan rates, from the outer to the inner: 0.100 V s-1,
0.050 V s-1, 0.020 V s-1, 0.010 V s-1, 0.005 V s-1; (B) Linear correlation between capacitive currents and scan rate.

Fig. 3. (A) Voltammograms recorded at a solution of 100 µM FA+ in 10 mM PBS 1X, pH 7.4 at a GC-NEA at different scan rates; from the outer to the inner 0.200 V
s-1, 0.100 V s-1, 0.050 V s-1, 0.020 V s-1, 0.010 V s-1, 0.005 V s-1(B) Linear correlation between faradic peak currents and square root of scan rate.
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the experimentally determined values for the active and geometric
area, results:

f = Aact/Ageom = 0.012/0.070 = 0.17

Interestingly, this f value obtained from electrochemical data is in
satisfactory agreement with the f value evaluated by geometrical
calculations.

These results confirm: i) the reliability of the electrochemical char-
acterization of the GC-NEA; ii) the perfect control of features of the
GC-NEA fabricated by NIL; iii) the reversibility of the electrochemical
behaviour of the FA+ redox mediator on this kind of arrays.
3.2.2. Cathodic electrochemistry of NEA with phenothiazine redox
mediators

The fabricated GC-NEAs were tested cathodically using two elec-
tron-transfer mediators used for reductase enzymes, namely the two
phenothiazines Azure A and Azure B. The electrochemical behaviour
of these mediators is more complex and less “ideal” than the one of
FA+ for the following reasons [17]:

(i) the electrochemical reduction of the mediators occurs at nega-
tive potential values, so that it can overlap with the reduction
of the hydronium ion (H3O+), in particular on electrode mate-
rials with low hydrogen evolution overpotential, such as Au or
Pt;

(ii) Azure A and Azure B can adsorb on electrode surfaces;
(iii) the electrochemical reduction of these mediators is influenced

by the pH of the solution, according to Scheme 1:
4

Fig. 4A reports the cyclic voltammograms recorded at different
scan rates with the GC-NEA in PBS solution containing 75 μM Azure
B. The CV are characterized by a cathodic peak at approximately
−0.250 mV vs Ag/AgCl with associated anodic peak at −0.220 mV
vs Ag/AgCl; these and other CV parameters measured from these
voltammograms are listed in Table S2.

Interestingly, at a potential value as negative as −0.6 V vs Ag/
AgCl, no proton reduction occurs at the GC-NEA. Note that, in a similar
study performed previously using ensembles of gold nanoelectrodes
(NEEs) [17], in PBS, pH 7.4, the water proton reduction started to
occur already at −0.2 V vs Ag/AgCl.

As a consequence, the CV signal for Azure B recorded with the GC-
NEA is significantly better resolved from the background current than
the signals presented in the literature with Au-NEE (see ref. [17]), con-
firming the efficiency of the GC-NEA in eliminating the interference of
the hydrogen evolution reaction and the widening of the cathodic limit
of the accessible potential window.

Fig. 4B shows the log Ipc vs log v plot which results linear, with a
slope equal to 0.55. All these data agree with the occurrence of a
two-electron process controlled by semi-infinite planar diffusion, indi-
cating again the operativity of the total overlap diffusion control for
the reduction of Azure B at array of GC nanoelectrodes.

Fig. 5A reports the cyclic voltammograms recorded at 20 mV s−1

with the GC-NEA at increasing concentrations of Azure B, from 5 nM
to 42 µM. The current of the cathodic peak increases, in absolute value,
linearly with the Azure B concentration (Fig. 5B), with a sensitivity
(slope) of −0.027 μA μM−1. Note that the Azure B signal is distin-
guishable from the background current already at tens nM concentra-
tion values, indicating improved detection capabilities for the GC-
NEA.



Scheme 1. Electrochemical reduction of phenothiazine mediators where: R = H for Azure A; R = CH3 for Azure B [17].

Fig. 4. (A) Cyclic voltammograms recorded with GC-NEA in the presence of 75 μM Azure B in 10 mM PBS 1X, pH 7.4 at different scan rates from inner to outer
0.005, 0.010, 0.020, 0.050 V s-1. (B) Linear correlation between logarithm of the cathodic current and logarithm of the scan rate.

Fig. 5. (A) Cyclic voltammograms recorded at a GC-NEA in the presence of 0, 0.005, 0.01, 0.02, 0.05, 1.05, 2.05, 3.05, 5.05, 9.8, 14.5, 23.9, 33.1, 42.0 μM Azure
B; scan rate = 0.020 V s-1; supporting electrolyte: 10 mM PBS 1X, pH 7.4. (B) Dependence of the cathodic peak current on Azure B concentration (calibration plot).
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Fig. S1 in Supplementary Material reports the CV patterns recorded
with the GC-NEA at different scan rates in 75 μM Azure A solution at
pH 7.4. These voltammograms are substantially comparable with those
obtained for Azure B, even if the peak-to-peak separation is a bit lar-
ger, suggesting a slightly lower degree of electrochemical reversibility
for Azure A. Anyhow, the CVs obtained confirm the satisfactory beha-
viour of the GC-NEA in promoting the cathodic electrochemistry of
this class of redox mediators.
4. Conclusions

GC-NEAs prepared by nanoimprinting lithography present interest-
ing features, in particularly for their use as sensing platforms for enzy-
matic (as well as for other kind of) electrochemical biosensors. The
fabrication procedure provides indeed perfectly ordered arrays of nan-
odot electrodes with electrochemical behaviour which fits with their
geometrical features. The use of nanoimprint lithography allows the
quick preparation of NEAs containing a huge number of nanoelec-
trodes, thus making negligible the edge effects that, instead, play a rel-
evant role in controlling the electrochemical response for the case of
NEAs composed by very small numbers of nanoelectrodes [25,58].
The value of the fractional electrode area f for the here presented
GC-NEAs is in the 0.1 range, that means that the faradaic/capacitive
5

current ratio is improved at least one order of magnitude with respect
to a regular electrode with the same geometric area of the GC-NEA
[4,7]. Of course, by changing the geometry of array e.g. by increasing
the distance between the nanoelectrodes, it can be possible to prepare
arrays operating under pure radial control conditions. Such a change
of geometry could further improve the signal/noise ratio, but at the
expense of the possibility to prepare miniaturized arrays able to pro-
vide high (i.e. easily detectable) Faradaic currents even for small ana-
lyte concentrations (micromolar or lower). For the GC-NEAs here
studied, the Faradaic/capacitive current ratio is independent on the
Ageom value, so that, in principle, they can be easily miniaturized, down
to hundreds micrometre radius of the overall array, or even enlarged,
without any loss in analytical performances [47]. Interestingly for
electroanalytical applications, the use of GC as the electroactive mate-
rial for arrays of nanoelectrodes, allows the significant widening of the
accessible potential window, in particular in cathodic direction. Note
that an important feature supporting the usefulness of GC-NEA
towards the development of advanced integrated biosensors, is that
in NEA the biorecognition element can be easily immobilized on the
polycarbonate of the array, keeping the nanoelectrodes clean to best
perform the function of electrochemical transducers [6,31,34,35].

A final note concerns the fact that in enzymatic biosensors the
mediator is typically added in excess with respect to the enzyme [1],
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so that the capability of GC-NEAs to detect sub-micromolar concentra-
tions of mediator, in principle, should allow one to build electrochem-
ical biosensors which employ extremely small concentration of the
enzymatic component.
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