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and Liang Dong*a

The paper reports on controlled formation of microscale wrinkles and ridges on the surface of

a bioelectrode via mechanical stretching to tune and optimize the electrochemical sensing

performances of graphene oxide (GO) based nitrate ion sensors. The bioelectrode consists of GO

nanosheets drop-coated on a gold (Au) layer with a pre-stretched elastomer substrate. Enzyme nitrate

reductase is used for covalent immobilization on the wrinkled-ridged GO surface. Upon relaxation from

the pre-stretch, wrinkles or ridges are formed in the GO layer. As the pre-stretch increases, the

sinusoidal wrinkles transform to localized ridges on the surface of bioelectrodes. Such morphological

transitions, realized by simple mechanical stretching and relaxing, allow optimizing of the

electrochemical current and sensing characteristics of the nitrate sensor. The sensing performances of

the bioelectrodes at different pre-stretches are investigated. In addition to an increased electroactive

surface area, the predominant localized ridges with small sinusoidal wrinkles formed on the GO surface

provide a favorable spatial feature, enabling efficient radial diffusion of nitrate ions from surrounding

analyte solutions onto the surface of the textured bioelectrode. At the pre-stretch of 8%, the nitrate

sensor using the wrinkled-ridged bioelectrode exhibits a considerably high sensitivity of 0.224 mA L

mol�1 cm�2 in response to nitrate ions, which is five times higher than that provided by the planar

counterpart. Also, the textured bioelectrode shows high selectivity even in the presence of other

inferring ions. The present nitrate sensor has potential applications in nitrate detection in sustainable

agriculture, environmental monitoring, food analysis, and pharmaceutical industries.
1. Introduction

High-sensitivity, high-selectivity monitoring of nitrate ions
(NO3

�) with inexpensive portable devices is highly appealing for
a vast variety of applications, including in sustainable agricul-
ture, environmental monitoring, food analysis, and pharma-
ceutical industries.1–4 Extensive use of nitrate fertilizers in
agriculture has negatively impacted ground water, soil, and
marine ecosystems. The presence of enriched nitrate ions in
food products also has a potential human health threat.
Common practice for nitrate detection includes using ion
exchange chromatography, spectrophotometry,5 colorimetric
sensors,6 ion-selective electrodes, and ion-sensitive eld effect
transistors. Due to its high signal-to-noise ratio and low limit-of-
detection, electrochemical means of nitrate detection has been
in high demand, which oen relies on using different sensitive
ineering, Iowa State University, Ames, IA,
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materials, such as methyl viologen/Naon,1 polypyrrole,2

hydrophilic poly(pyrrole-viologen),3 1-methyl-3-(pyrrol-1-yl-
methyl)pyridinium microporous membrane,4 CNT–poly-
pyrrole,7 polypyrrole,8 platinum–tin,9 and silver particle–poly-
methacrylic-acid.10 Despite these efforts, there is still much
room to improve sensitivity, operational stability, and/or anti-
fouling capability for nitrate sensors.1,2

Graphene and graphene oxide (GO) have shown great
potential in many research areas, including point-of-care diag-
nostics or therapeutics,11,12 microelectronics,13,14 optoelec-
tronics,15 sensors,16 and energy storage,17 due to various
attractive properties, such as large surface area, high mechan-
ical strength, high integer quantum Hall effect, and ballistic
conduction of charge carriers.18 By varying pore size, geometry,
surface area, and functional sites through structural and
morphological transformation of GO, it is possible to tune
electrical, chemical, and mechanical properties of GO to meet
the needs of specic applications.19–21 Single-layer GO nano-
sheets are known to contain several oxygen-containing groups
(e.g., epoxy and hydroxyl) at the basal plane, and carboxyls and
ring lactols groups at the edges of GO nanosheets.22,23 Since
these abundant binding sites can form strong covalent bonds
This journal is © The Royal Society of Chemistry 2016
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with proteins, enzymes, antibodies, and nucleotides via ami-
dation reaction,24 many chemical and biological sensors, such
as paracetamol sensors,25 rotavirus sensors,22 and tuberculosis
sensors,23 have been realized utilizing the interactive oxygen
framework in GO nanosheets. Also, GO nanosheets provide
large amounts of open graphitic edge planes with high surface
reactivity, thus offering a promising nanostructured material
for electrochemical biosensors.26,27 Recently, self-assembled
free-standing, graphene–Naon nanohybrids have been devel-
oped to form exible biosensors for organophosphate detec-
tion, which excel in high conductivity, electron transfer, and low
interfacial resistance.27 An amperometric nitrate sensor was
realized using a reduced GOmodied glassy carbon electrode.28
Fig. 1 Pictorial representation of the nitrate sensor using a GO–Au bioe
wrinkles and/or ridges. (b) Surface functionalization of enzyme molecule
sensor to different nitrate ion concentrations.

This journal is © The Royal Society of Chemistry 2016
Wrinkled electrophoretic deposited graphene lm has been
developed for electrochemical detection of explosive
compounds.29 In addition, vertical multilayer graphene nano-
sheets have demonstrated fast electron-transfer kinetics and
good electrocatalytic activity to monitor dopamine, ascorbic
acid, and uric acid.30

In recent years, surface wrinkling of a stiff thin lm supported
by a compliant thick substrate has received much attention.31,32

Under a critical strain, the surface of the lm loses the stability
and forms different wrinkle morphologies, such as sinusoidal,
herringbone, checkerboard, and hexagonal modes due to
different uniaxial to biaxial compression.33,34 Although conven-
tional photolithography and micromachining methods can
lectrode with a wrinkled and/or ridged surface. (a) Method of forming
s. (c) Sensing mechanism and typical electrochemical responses of the

RSC Adv., 2016, 6, 67184–67195 | 67185
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produce similar patterns, using the strain based method to
stimulate surface wrinkles is of low cost.31,32 Several applications
of wrinkling surfaces have been investigated, such as forming self-
assembly ordered microstructures, microuidic channels, cell
alignment, liquid crystal displays, and diffraction gratings.35–37

Here we report on tunable electrochemical bioelectrodes
with controlled formation of wrinkled and ridged in GO layer
for detecting nitrate ions with optimized sensing performances.
Different wrinkles and ridges at the microscale are formed on
the surface of GO by simply adjusting pre-stretch on an elas-
tomer substrate (polydimethylsiloxane or PDMS) prior to
sequential evaporation of a gold (Au) thin lm, drop coating of
single-layer GO nanosheets, and relaxation from the GO–Au–
PDMS composite (Fig. 1a). With increasing pre-stretch,
morphological transitions from sinusoidal wrinkles to local-
ized ridges occur at the surface of the composite. This allows
tuning surface texture of GO for enzyme immobilization to form
a tunable electrochemical bioelectrode. Compared to the planar
counterpart bioelectrode, the present GO-based bioelectrode
with wrinkles and ridges can provide not only a larger surface
area, but also a higher ion diffusivity due to radial diffusion. To
realize selective detection of nitrate ions, nitrate reductase (NiR)
enzyme is immobilized on the wrinkled GO surface via EDC–
NHS coupling chemistry (Fig. 1b). This recognition element is
conjugated with GO nanosheets and reacts with nitrate ions via
reduction of nitrate to nitrite, producing electrons through
catalytic conversion of the enzymatic reaction, resulting in an
increased electrochemical current (Fig. 1c). Our experiment
demonstrates that the controlled formation of wrinkles and
ridges on the surface of bioelectrode allows tuning the sensing
performances of GO-based nitrate sensors. The result also
shows that the predominant localized ridges with small sinu-
soidal wrinkles on the GO surface provide a favorable spatial
feature to facilitate radial diffusion of nitrate ions from
surrounding analyte solutions onto the surface of bioelectrode,
thereby enhancing sensitivity of the sensor.
2. Experimental section
2.1. Materials

The lyophilized powder of nitrate reductase (from Aspergillus
niger), potassium nitrate (KNO3), N-hydroxysuccinimide (NHS)
and N-ethyl-N0-(3-dimethylaminopropyl carbodiimide) (EDC)
were purchased from Sigma Aldrich, USA. Single layer GO
nanosheets (prepared by the modied Hummer's method;
diameter: 0.5–5 mm; thickness: 1–3 nm) were purchased from
ACS Material, USA. The elemental compositions in GO are 0%,
40.78%, and 51.26% for N (wt%), O (wt%) and C (wt%),
respectively, and the C/O atomic ratio is 1.67.
2.2. Formation of wrinkles and localized ridges on elastomer
substrate

Before applying pre-stretch, 1 mm thick PDMS substrates were
prepared by mixing PDMS oligomer and curing agent at the
weight ratio of 10 : 1, followed by degassing and curing at 90 �C
on a hotplate for 2 h. They were then unidirectionally stretched
67186 | RSC Adv., 2016, 6, 67184–67195
by applying different stain values (0%, 2.7%, 5.1%, and 8%) using
a homemade stretcher (Fig. S1, ESI†). Subsequently, a 5 nm thick
titanium (adhesive layer) and a 50 nm thick Au layer were
sequentially evaporated onto the pre-stretch PDMS substrate via
e-beam evaporation (Fig. 1a).38 Aer that, the surface of Au
substrates were treated by oxygen plasma. In this process, the
hydrophobic nature of the Au surface become hydrophilic. Also,
various residuals including organic impurities and weakly bound
organic contaminates were removed from the Au surface. A well-
dispersed colloidal solution of single-layer GO nanosheets (0.4
mg mL�1) was prepared in deionized (DI) water (Millipore water
purication system) via thorough sonication. 150 mL of this
solution was drop cast onto the treated Au surface and dried in
air at room temperature for 2 h. Upon relaxation from the pre-
stretched PDMS substrate, wrinkles and/or ridges appeared on
the surface of the composite. The footprint area of each electrode
was 7 mm � 7 mm.

2.3. Surface functionalization

To immobilize NiR enzyme on the surface of the GO modied
electrodes, EDC–NHS coupling chemistry was used. The
prepared electrodes were treated with EDC–NHS for 4 h to
activate functional groups (–COOH) on the GO nanosheets. In
EDC–NHS coupling chemistry, the EDC (0.2 M) works as
a coupling agent while NHS (0.05 M) works as an activator. This
chemical treatment allows for the binding of GO–Au–PDMS and
NiR (enzymes) via amidation reaction (forming covalent amide
bond; C–N) on GO surface. 20 mL volume of NiR solution (3.5 mg
mL�1) was spread on the GO surface. We conducted cyclic vol-
tammetry (CV) studies to optimize the amount of NiR enzymes
covalently immobilized on the fabricated electrodes. The
enzyme solution was varied from 5 to 25 mL for the immobili-
zation on the surface of electrode at the pre-stretch of 8.0%. The
maximum peak current was obtained at 20 mL volume of
enzyme solution aer which it became saturated. With the
wrinkles and ridges on the bioelectrode at the pre-stretch of
8.0%, the peak current increased with increasing volume of
enzyme molecules due perhaps to favorably oriented enzymes,
which may provide more enzyme active sites for catalytic
conversion with nitrate ions (Fig. S2, ESI†). The electrodes were
then stored for 12 h under 100% relative humidity condition at
4 �C, followed by washing with a phosphate buffered saline
(PBS) solution in order to remove any unbound enzymes
molecules on the surface. The amide (C–N) bond formation
between –COOH groups of GO–Au and –NH2 groups of NiR
enzyme may provide better immobilization compared to phys-
ical adsorption via electrostatic interaction (Fig. 1). The
prepared bioelectrodes were stored at 4 �C when not in use. For
the electrochemical studies, the bioelectrodes were immersed
in a PBS solution containing ferro/ferri cyanide as a mediator.
Fig. 1b and c show the immobilization of NiR enzyme with
wrinkled and ridged GO and detection principle of nitrate ions.

2.4. Instrumentation

The GO–Au–PDMS electrodes functionalized with enzyme were
conrmed by FTIR (Model IFS 66v/S; Bruker, USA). The surface
This journal is © The Royal Society of Chemistry 2016
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View Article Online
morphology was characterized by FE-SEM (Quanta-250; FEI,
Hillsboro, OR, USA) and AFM (Veeco, Nanoscope 3D, USA.
Raman microscope (Thermo Scientic, Waltham, MA, USA) was
used for Raman spectra acquisition with 532 nm excitation at 10
mW, 10� objective, and 50 mmslit. The CV was performed using
a potentiostat (Model: DY2100; Digi-Ivy, TX, USA). Homemade
Pt and Ag/AgCl electrodes were used for counter and reference
electrodes, respectively.
2.5. Modeling of surface morphology

To understand the evolution of the surface morphology, a series
of nite-element simulation was carried out with the commer-
cial soware SIMULIA Abaqus 6.12. A tri-layer lm–substrate
system was developed in the 2D rectangular domain. In the
numerical calculations, all lengths were normalized by the
thickness of the graphene lm h, and all stresses by the initial
shear modulus of the PDMS substrate, ms. The thickness of the
Au layer was taken to be 5h, while that of the PDMS substrate
was 400h. Symmetric boundary conditions were prescribed on
the le and right edges. The width of the entire domain
measures 3000h before deformation. Within the small strain of
interest, the graphene lm was considered to be linear elastic
with Young's modulus Eg ¼ 5 � 105ms and Poisson's ratio ng ¼
0.2. The PDMS substrate was modeled as an incompressible
neo-Hookean material. The Au layer was modeled as elastic-
Fig. 2 AFM images and surface profiles for the wrinkles-ridges formed o
the PDMS substrate: 2.7% (a–c), 5.1% (d–f), and 8.0% (g–i).

This journal is © The Royal Society of Chemistry 2016
perfectly-plastic, with Young's modulus EAu ¼ 3.9 � 104ms,
Poisson's ratio nAu ¼ 0.42, and yield strength SAu ¼ 400ms. When
a representative value of the PDMS modulus ms � 2 MPs was
taken, the corresponding material parameters, Eg � 1 GPa, EAu
� 78 GPa, and EAu � 800 MPa, are all within the range
commonly known for these materials. It should be noted that
the yield strength of Au lms are known to be higher than that
of the bulk.
3. Results and discussion
3.1. Formation and morphological studies of wrinkled-
ridged surfaces

Fig. 1 shows the fabrication process for the wrinkled and/or
ridged electrodes with the pre-stretch values of 0%, 2.7%,
5.1%, and 8%. To investigate surface proles of the electrodes
formed under the different pre-stretch conditions, we per-
formed atomic force microscopy (AFM) and eld emission
scanning electron microscopy (FESEM) studies. The sinusoidal
wave wrinkles were observed (Fig. 2a–c) at the low pre-stretch of
2.7% and their average amplitude (peak-to-peak) and wave-
length were found to be �40 nm and �2.5 mm, respectively. At
the higher pre-stretch of 5.1%, the sinusoidal wrinkles were
converted to localized ridges (Fig. 2d–f), with an increased
average amplitude and wavelength at �390 nm and �11 mm,
respectively. Further, with increasing pre-stretch to 8%
n the surfaces of GO–Au electrode by applying different pre-strains to

RSC Adv., 2016, 6, 67184–67195 | 67187
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Fig. 3 FESEM images for the wrinkles-ridges formed on the surface of GO–Au electrode by applying different pre-strains to the PDMS
substrates: 2.7% (a), 5.1% (b–c), and 8.0% (d–f). The inset of (c) shows the attachment and assembling of GO to the gold surface.

Fig. 4 Simulated results of the surface morphology in a bilayer film–
substrate system, in which the substrate was subject to tensile pre-
strain of (a) 2.7%, (b) 3.5%, (c) 5.1%, and (d) 8%, and then compressed
back. The plots shown are the equilibrium results after full relaxation.
The deformed shapes are shown to scale, while the contours show the
level of the maximum principal strain.
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View Article Online
(Fig. 2g–i), the amplitude of localized ridges increased to �700
nm, while their wavelength only slightly reduced. It should be
noted that at the high strains of 5.1% and 8%, many small
wrinkles also appeared, accompanying with increasing the
amplitude of localized ridges. These localized ridges with high
amplitude and small wrinkles increase the surface area and
roughness compared to the planar lm.

The FESEM studies conrm that the wrinkles were formed at
the pre-stretch of 2.7% (Fig. 3a) and transformed to localized
ridges at 5.1% (Fig. 3b and c), and that with further enhancing
the pre-stretch to 8%, the localized ridges became clearer and
their amplitude became larger (Fig. 3d–f). The small wrinkles
observed by AFM imaging were not clearly seen in SEM imaging
due to their small amplitude (�40 nm). The inset of Fig. 3c gives
shows that the GO nanosheets were assembled on the oxygen
plasma treated Au surface. However, some GO nanosheets were
found to agglomerate, presumably due to p–p stacking among
the single layers.

3.2. Modeling of the morphological transition from wrinkles
to localized ridges

The process of wrinkle formation and the subsequent transition
to localized ridges can be understood through the following
model. In the model, the mode of deformation was assumed to
be plane-strain, and the substrate was subject to pre-stretch of
various strain levels (2.7%, 3.5%, 5.1%, and 8%). The entire
model was compressed horizontally to the point of zero
nominal strain in the substrate. Some representative results are
plotted in Fig. 4, in which the contour represents the maximum
principal strain, and the deformation is shown to scale. The
numerical results clearly demonstrate that the appearance of
sinusoidal wrinkles at the pre-strain of 2.7% and the transition
from sinusoidal wrinkles to localized ridges at the pre-strain of
�3.5%. In the cases of even larger pre-strains, more ridges
67188 | RSC Adv., 2016, 6, 67184–67195
appear but the characteristic size of each ridge remains almost
unchanged. The ridge pattern can be distinguished by the
relatively high magnitude and the wide at regions between
neighboring ridges. The ridge instability, as well as the wrinkle–
ridge transition, shares some similarity with the ridge patterns
observed in single-layer lm–substrate systems,33,39 but the
latter oen takes place at a much larger pre-strain. The detailed
morphology of the ridges also differs slightly from that observed
in single-layer lm–substrate systems:33 here, the aspect ratio of
each ridge is not as high, and the ridges oen come in pairs,
leaving a notch-like groove in between, similar to that observed
at a later stage of the period-doubling of wrinkles.40
This journal is © The Royal Society of Chemistry 2016
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The numerical model suggests that the formation of the
ridges at lower pre-stretches and the difference in morphologies
could be due to the plasticity of the Au layer. Before yielding, the
stiff Au layer acts as a part of the stiff lm and wrinkles together
with the GO lm. When stress exceeds certain level, the Au layer
yields. The post-yielding Au appears to bemuch soer and ows
under very small shear stresses. The GO lm driing over the
plastic ow of the Au layer can be shied laterally from the
substrate, as if it had delaminated locally.41 This would explain
the earlier emergence of the ridge formation. On the other
hand, different from a delaminated state, the GO is still con-
strained by the Au layer in the vertical direction. This constraint,
as well as the relatively low overall strain, explains the lower
aspect ratio compared to that formed in single-layer lm–

substrate systems under large strains.39

3.3. Raman and FTIR structural characterization

The Raman spectroscopic studies conrm the presence of GO
nanosheets on the wrinkled surface (Fig. 5a). In spectra, the Au
layer does not show any signicant Raman peaks. With the
incorporation of GO on the surface of Au layer, the peaks for
inherent disorder (D) and graphitic (G) bands of GO appear,
indicating that the GO nanosheets are well attached to the Au
surface. The D-band corresponds to the E2g phonon of sp2

atoms, while the G-band is known to be the breathing mode of
k-point phonon A1g symmetry. The peak position of the D-band
at 1351.1 cm�1 is caused by out-of-plane vibrations due to
presence of structural defects located at the edges of GO
nanosheets. The intense peak is due to the disruption of sp2

bonds of carbon as GO nanosheets have oxidative functional
groups, conrming that the GO was assembled on the Au
surface. For the samples with the pre-stretches of 2.7% and
5.1%, the peak intensities of the D-band and G-band increases,
compared to the planar sample. The value of ID/IG is a measure
of disorder degree and inversely proportional to the average size
of the sp2 clusters in GO sheets.42,43 The result shows that the ID/
IG ratios at the pre-stretches of 0%, 2.7%, 5.1% and 8.0% are
0.948, 0.930, 0.932, and 0.921, respectively, indicating that there
are insignicant changes in the ID/IG ratio with varying pre-
stretch at the GO–Au–PDMS substrate.
Fig. 5 (a) Raman studies for different wrinkled Au–PDMS substrates (pre-
studies for GO–Au–PDMS electrodes before and after enzyme immobil

This journal is © The Royal Society of Chemistry 2016
To conrm immobilization of NiR enzyme on the GO
surface, we utilized Fourier transform infrared spectroscopy
(FTIR) analyses (Fig. 5b). The various peaks in the spectra
indicate the presence of carboxylation of GO nanosheets. The
vibrational peaks at 3000–3700 cm�1 are attributed to C–OH,
–COOH and –H2O stretching bonds present in the wrinkled GO.
The peak at 1780 cm�1 is seen due to ketone (C]O) groups at
the wrinkled GO sheets. The peak at 1606 cm�1 arises due to in-
plane stretching (sp2-hybridized C]C) of carboxyl groups. The
absorption peaks at 1200–1400 cm�1 correspond to epoxy
groups (C–O–C).44 Aer the enzyme immobilization, the peak at
1600 cm�1 becomes broad and overlapped due to amide I of NiR
enzymemolecules. The intensity of peak at 1248 cm�1 increases
aer the enzyme immobilization due to amide II indicating NiR
enzyme functionalization on the wrinkled GO surface.

3.4. Electrochemistry

The CV studies of the fabricated electrodes were conducted in
phosphate buffered saline (PBS, 50 mM, pH 7.0, 0.9% NaCl) at
a potential range of �0.4 V to +0.6 V (Fig. 6). These electrodes
exhibited well-dened oxidation and reduction peaks in pres-
ence of redox mediator [Fe(CN)6]

3�/4�. The magnitude of
current peak for bare Au–PDMS electrode without pre-stretch
was found as 44 mA at an oxidation potential of 0.32 V. Aer
the incorporation of GO nanosheets onto the surface of Au
layer, themagnitude of current decreased to 24 mA (Fig. 6a). This
is due to oxygenated groups present at the GO surface which
obstructs the charge transfer from the redox reaction of
[Fe(CN)6]

3�/4� mediator probe. Interestingly, we obtained
higher electrochemical currents in the case of the wrinkled-
ridged GO electrodes (Fig. 6b) due to the enhancement of
electrochemical surface area for redox reaction to produce
sufficient amounts of electrons. Alternately, the transition of the
planar (0% pre-stretch) to wrinkled surface (2.7% pre-stretch)
may reduce the current conduction path from the bulk solu-
tion to the current collector, resulting in a higher current. With
increasing pre-stretch from 5.1% to 8.0%, the electrode
provides a less current, because more functional groups (–CHO,
–COOH, –OH, etc.) existed on the larger active surface area.
Upon the attachment of NiR enzyme molecules onto the
stretch: 0, 2.7%, 5.1%, and 8%) with andwithout GOnanosheets. (b) FTIR
ization.

RSC Adv., 2016, 6, 67184–67195 | 67189
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Fig. 6 (a) Overlays of CV for GO–Au–PDMS electrode without pre-stretch. (b) CV curves for wrinkled-ridged GO on Au–PDMS electrodes at
different pre-strains: 2.7%, 5.1%, and 8%. The CV studies have been conducted in PBS (50mM, pH 7.0, 0.9%NaCl) containing 5mMof [Fe(CN)6]

3�/

4� at a scan rate of 20 mV s�1. (c) Anodic and cathodic peak currents as a function of root mean square of scan rates for the NiR/GO–Au–PDMS
bioelectrodes at different pre-strains: 0, 2.7%, 5.1%, and 8%.
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wrinkled-ridged GO surfaces, the electrochemical current of
electrodes was reduced due to the insulating nature of enzyme,
conrming the immobilization NiR molecules on the wrinkled-
ridged GO surface (Fig. S2, ESI†).

Cyclic voltammograms for various NiR/GO–Au bioelectrodes
(at pre-stretch of 0%, 2.7%, 5.1%, and 8%) as a function of scan
rate (5–100mV s�1) are given in Fig. S3 (ESI†). Fig. S3† shows the
CV curves of bioelectrodes as a function of pre-stretch from 0%
to 8.0%. At the same scan rate of 20 mV s�1 for all the bio-
electrodes, the peak current was found to increase with
increasing pre-stretch and a maximum current was found at the
pre-stretch of 8.0% (Fig. S4, ESI†). This may perhaps be due to
favorable orientation of enzyme molecules at a higher pre-
stretch that may provide a microenvironment for the improve-
ment of heterogeneous electrons transfer through the wrinkled-
ridged GO–Au electrode. The anodic and cathodic peak currents
were found to be almost proportional and inversely propor-
tional with square root of scan rate, respectively, suggesting
a quasi-reversible redox process (Fig. 6c). However, the peak
potential shied towards higher and lower value for the anodic
and cathodic peak, respectively, indicating a surface controlled
process. The peak current enhancement with increasing scan
rate is an indicative of facile electron transfer of the redox
moieties deeply embedded into NiR enzyme molecules through
the GO nanosheets (Fig. S4†).

To investigate the kinetics of enzymatic activity, we evaluated
various electrochemical parameters of the fabricated
67190 | RSC Adv., 2016, 6, 67184–67195
bioelectrodes (Table 1). [Fe(CN)6]
3�/4� redox mediator has been

widely used for studying electrochemical parameters of nitrate
sensitive bioelectrodes.45 In this study, this mediator was
chosen to evaluate diffusion coefficient, heterogeneous electron
transfer rate constant, and sensitivity of the fabricated bio-
electrodes. The surface concentration and diffusion coefficient
of all the bioelectrodes for the [Fe(CN)6]

3�/4� were calculated
using eqn (1) and (2).

ip ¼ n2F 2nAG

4RT
(1)

ip ¼ (2.687 � 105)n3/2AD1/2n1/2G (2)

where R, T, n, F, n, A, D and G are the ideal gas constant, the
thermodynamic temperature, the number of electrons appear-
ing in half-reaction for the redox couple (n ¼ 1), the Faraday
constant, the scan rate, the area of the electrode, the diffusion
coefficient, and the surface concentration, respectively. The
slope of ip/n was obtained from the linear regression of the
anodic peak current versus the scan rate curves (Fig. S5, ESI†).
The diffusion coefficient of a redox species from bulk solution
to electrochemical electrode surface is oen signicantly
affected by the shape, size, and material of electrode.46–49 For
example, Sharma et al. reported the inuence of the shape of
gold nanostructures on the diffusion coefficient of a redox
species to electrode surface.49 Baur et al. also showed different
diffusion coefficients of redox couples due to changing the size
This journal is © The Royal Society of Chemistry 2016
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Table 1 Comparison of electrochemical parameters for the fabricated tunable NiR/GO–Au bioelectrodes

Pre-stretch
ratio

Peak current
(mA)

Diffusion coefficient
(cm2 s�1)

Potential difference
DEp (V)

Surface concentration
(mol cm�2)

Heterogeneous
electron transfer
rate k0 (cm s�1)

Electrochemical
surface area Ael
(cm2 � 10�5)

0% 21.8 1.2 � 10�8 0.56 1.5 � 10�13 0.116 0.15
2.7% 53.9 8.1 � 10�8 0.12 7.9 � 10�13 0.150 0.22
5.1% 76 1.5 � 10�7 0.44 9.1 � 10�13 0.200 0.24
8.0% 239.1 1.6 � 10�6 0.34 2.1 � 10�12 0.237 0.834
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of disk microelectrodes.50 In addition, the diffusion coefficients
of ferro/ferricyanide were found as 6.9� 10�15 cm2 s�1 and 2.26
� 10�10 cm2 s�1 using polyaniline–gold and poly(lactic-co-gly-
colic acid) encapsulated iron oxide nanoparticles based elec-
trodes, respectively.46,47 In our case, without any wrinkles or
ridges, the planar NiR/GO–Au bioelectrode shows a low diffu-
sion coefficient of 1.2 � 10�8 cm2 s�1 for [Fe(CN)6]

3�/4� species
from bulk solution to electrode surface. As the pre-stretch
increased to 8.0%, the wrinkled-ridged bioelectrode provided
more than two orders of magnitude higher diffusion coefficient
to 1.6 � 10�6 cm2 s�1 compared to the planar bioelectrode. The
higher diffusion coefficient at the pre-stretch of 8.0% may be
associated with higher amplitude of localized ridges and small
wrinkles of this bioelectrode, contributing to radial diffusion of
electrons. A maximum surface concentration of redox mediator
[Fe(CN)6]

3�/4� for the NiR/GO–Au bioelectrode was obtained at
the pre-stretch of 8.0% compared to those obtained under other
pre-stretching conditions (Table 1). Also, in comparison with
the chitosan–TiO2 (ref. 48) and Au nanostructured electrodes,49

the wrinkled-ridged NiR/GO–Au bioelectrodes show a higher
surface concentration.

The electrochemical surface area Ael of bioelectrode was
determined using eqn (3) described in literature49 and is given
below:

Ael ¼ S

ð2:99� 105Þn3=2D1=2G
(3)

where S is the slope obtained from the linear regression of ip
versus n1/2 as shown in Fig. 6c. Table 1 also shows the calculated
values of Ael for the NiR/GO–Au bioelectrodes at different pre-
stretch levels and are found to increase with increasing pre-
stretch. According to Laviron method, the heterogeneous elec-
tron transfer rate constant k0 and the charge-transfer coefficient
a of a surface-controlled redox reaction for the fabricated bio-
electrodes were calculated using eqn (4)51,52

log k0 ¼ a logð1� aÞ þ ð1� aÞlog aþ log

�
RT

nFn

�

� að1� aÞ nFDE

2:303 RT
(4)

The k0 values for the NiR/GO–Au electrodes with 2.7%, 5.1%
and 8% pre-stretch were found to be higher than that for the
planar bioelectrode (Table 1). The formation of wrinkles-ridges at
the high pre-stretch of 8.0% may presumably allow for favorable
orientation of enzyme molecules on its surface to enhance the
This journal is © The Royal Society of Chemistry 2016
electron transfer ability, thus increasing the value of k0. Also, the
k0 values for all the fabricated bioelectrodes are found to be
higher compared to that using aminated reduced GO.4
3.5. Detection of nitrate ions

We investigated the sensing performance of the fabricated NiR/
GO–Au bioelectrodes using CV for detection of nitrate ions
(Fig. 7). The nitrate ion concentration was varied from 0 to 1000
mM and the scan rate was xed at 20 mV s�1. Fig. 7a shows the
CV curves for the bioelectrodes with the pre-stretch of 2.7%. The
peak current increased with increasing nitrate concentration
(see the inset of Fig. 7a). Similarly, for the un-stretched (control)
and the other pre-stretched (5.1% and 8%) bioelectrodes, the
peak currents during the detection of nitrate ions increased
with increasing concentration of nitrate ions (Fig. 7b–d). In the
biochemical reaction (Fig. 1), the NiR enzyme molecules on the
sensor surface played an important role for generation of elec-
trons. The multiple active sites of the enzymemolecules directly
converted NO3

� to NO2
� via generation of electrons and the

generated electron transferred through the wrinkled GO to the
Au layer. More nitrate ions in the electrolyte solution created
more electrons and the resulting current was directly propor-
tional to the concentration of nitrate ions. Thus, other than
mediator electrons from redox reaction, the produced electrons
due to the enzymatic reaction were responsible for enhancing
electrocatalytic current on the sensor surface. The sensing
results (Fig. 7) demonstrate that as the pre-stretch level
increased, the bioelectrodes became more sensitive to changes
in surrounding nitrate ion concentration. Also, compared to the
un-stretched planar bioelectrode, the pre-stretched bio-
electrodes provide a wider concentration range of ion detection
(Fig. S6, ESI†). Table 2 summarizes the sensing performances of
all the fabricated bioelectrodes and their comparison with those
reported in literature. The comparison indicates that the wrin-
kled and wrinkled-ridged bioelectrodes offer higher sensitivities
compared to those using carbon nanotubes–polypyrrole nano-
composite,7 polypyrrole,8 platinum–tin,9 silver particle–poly-
methacrylic acid,10 and 1-methyl-3-(pyrrol-1-yl-methyl)
pyridinium4 for electrochemical nitrate detection.

Fig. 8a shows the schematic of the planar and wrinkled-
ridged GO with diffusion of generated electrons via redox
reaction. The planar bioelectrode (0% pre-stretch) is considered
with linear diffusion of ions from the bulk solution, providing
relatively low diffusivity and sensitivity in the response (Fig. 8b).
The wrinkled bioelectrode with the pre-stretch of 2.7% provided
RSC Adv., 2016, 6, 67184–67195 | 67191
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Fig. 7 CV overlays of the fabricated NiR/GO–Au bioelectrodes responding to different nitrate ion concentrations up to 1000 mM at 20 mV s�1.
The bioelectrodes were pre-stretched at 2.7% (a), 5.1% (b), and 8.0% (c). The control bioelectrode in (d) was un-stretched (0%). Insets show the
sensor calibration plots as a function of nitrate ion concentration. The error bars in each inset were obtained by taking the standard deviation of
three measurements at each concentration.

Table 2 Sensing performances for the fabricated tunable NiR/GO–Au bioelectrodes (area: 7 mm � 7 mm) and their comparison with other
electrochemical nitrate sensors reported in literature

Electrodes Methods
Test range
(mM)

Linear range
(mM)

Sensitivity
(mA L mol�1 cm�2)

Regression
coefficient (r2) Ref.

1-Methyl-3-(pyrrol-1-yl-
methyl)pyridinium

Amperometry 100 100 0.078 NA 4

CNT–polypyrrole Amperometry 440–1450 440–1450 0.0003 NA 7
Polypyrrole Potentiometry 50–5000 NA NA 0.992 8
Platinum–tin Linear sweep voltammetry 0–806 16–322 0.0064 0.998 9
Silver particle–polymethacrylic-
acid

Cyclic voltammetry 0–20 000 NA 0.130 NA 10

Methyl viologen/Naon Conductance 20–500 20–250 NA 0.997 53
GO–Au (0% pre-stretch) Cyclic voltammetry 1–1000 1–100 0.044 0.920 This work
GO–Au (2.7% pre-stretch) 1–1000 1–100 0.061 0.963

100–1000 0.0063 0.994
GO–Au (5.1% pre-stretch) 1–1000 1–200 0.126 0.970

200–1000 0.025 0.993
GO–Au (8.0% pre-stretch) 1–1000 1–100 0.224 0.982

100–600 0.118 0.983
600–1000 0.023 0.980
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an improved sensitivity due to higher diffusivity. This may be
a consequence of the wrinkle formation on the electrode surface
that leads to a larger electroactive surface area for loading more
67192 | RSC Adv., 2016, 6, 67184–67195
enzyme molecules to participate in catalytic reactions.54 These
wrinkles also act as microelectrodes to enhance mass transport
of ions to and from the electrode surface by providing spherical
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Pictorial representation for diffusion of ions occurring on the surface of NiR/GO–Au bioelectrodes. Insets show the AFM 3D profiles of
the surfaces. (b) Diffusion coefficient and surface concentration for NiR/GO–Au bioelectrodes as a function of pre-stretch value. (c) Sensitivity as
a function of pre-stretch level at lower (0–100 mM for both 2.7% and 8% pre-stretch, and 0–200 mM for 5.1% pre-stretch) and higher (100–1000
mM for 2.7% pre-stretch, 200–1000 mM for 5.1% pre-stretch, and 200–600 mM for 8% pre-stretch) concentrations of nitrate ions (also, refer to
Table 2 for the lower and higher concentration ranges of nitrate ions). The error bars in (b) and (c) were obtained by taking the standard deviation
of three measurements at each pre-stretch.
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or radial diffusion from multiple directions in the surrounding
bulk solution. In fact, spherical or radial diffusion of a redox-
active species at microelectrode surface has been extensively
demonstrated to generate a concentration gradient between the
electrode surface and bulk solution.54–58

Alternately, the edge planes of wrinkled GO may provide
higher charge transfer kinetics compared to other nanostructured
materials4,59 resulting in higher sensitivity. At the pre-stretch of
5.1%, the transition from sinusoidal wrinkles to localized ridges
inuenced the electrochemical performance of the sensor
(Fig. 8a). Both ion diffusivity and surface concentration increased
(Fig. 8b) presumably due to the appearance of larger amplitude of
the ridges that further enhances the electroactive surface area. In
addition, the small wrinkles partially contributes to accepting
more electrons generated from the electrochemical reaction via
radial diffusion, resulting in an improved sensitivity. At the pre-
stretch of 8%, the amplitude of localized ridges increased, thus
further increasing electro-active surface area (Fig. 8a). Thus, the
morphological change on the surface of the bioelectrodes with
8% pre-stretch led to higher diffusion and surface concentration
towards a higher sensitivity (Fig. 8c).
This journal is © The Royal Society of Chemistry 2016
In the control studies, GO nanosheets were assembled on the
planar Au–PDMS surface. A lower sensitivity (0.044 mA L mol�1

cm�2) was found for the control sensor compared to the other
sensors with the pre-stretch substrate (Fig. 7d). The current
response of the control sensor was almost saturated aer 100
mM concentration of nitrate ions. The current versus concen-
tration plots of all the fabricated biosensors are shown in Fig. S6
(ESI†). These results show that the formation of wrinkles and
ridges on the sensor surface (at 8% pre-stretch) could not only
improve sensitivity, but also provide a higher detection range up
to 800 mM of nitrate concentration. In comparison, a Naon-
coated glassy carbon electrode and a thin anion-permselective
coating of 1-methyl-3-(pyrrol-1-yl-methyl)pyridinium across the
surface of a microporous support membrane were reported to
detect up to 140 mM and 100 mM of nitrate ions, respectively.4

While a bienzyme functionalized polypyrrole lm was able to
detect nitrate ions in a range of 100–5000 mM,2 its sensitivity was
relatively low.

The effect of potential interfering ions for all the fabricated
bioelectrodes was investigated. As it is almost impossible to test
the sensors with all possible interfering ions, only a few sample
ions were tested to demonstrate selectivity of the bioelectrodes,
RSC Adv., 2016, 6, 67184–67195 | 67193
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Fig. 9 (a) Current responses of the nitrate sensitive bioelectrodes (at pre-stretch values of 0%, 2.7%, 5.1%, and 8.0%) to some sample interfering
ions. The ion concentration of Cl�, K+, HCO3

�, and SO4
2� were 450 mM, 200 mM, 100 mM, and 50 mM, respectively. These interfering ions were

mixed with 100 mM nitrate ions. (b) Current response for stability test of NiR/GO–Au–PDMS bioelectrode (pre-stretch: 8.0%) as a function of
number of times in presence of 50 mM nitrate concentration. Inset shows corresponding CV curves at scan rate of 10 mV s�1.
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including SO4
2�, K+, Cl�, and HCO3

�. We utilized 100 mM
concentration of nitrate ions mixed with one of the interfering
ions for selectivity measurements. The CV measurements
(Fig. S7, ESI†) were conducted at the scan rate of 20 mV s�1. The
current responses of the bioelectrodes are shown in Fig. 9a. All
the bioelectrodes show good selectivity in presence of these
interfering ions as evident by their low relative standard devi-
ation (RSD) of the current. This is because the enzyme (NiR)
molecules covalently attached on the surface of GO do not allow
reducing oxo-compounds, such as sulfate, nitrite, and chlorate.

To test reproducibility of the proposed bioelectrode, we
fabricated six identical NiR/GO–Au bioelectrodes, all with 8.0%
pre-stretch. The resulting wrinkled-ridged bioelectrodes were
tested by adding 50 mL amount of nitrate ions (100 mM) using
the CV technique at 10 mV s�1. The low RSD of peak current at
the level of �4.5% indicates that the bioelectrodes had good
reproducibility. Furthermore, the stability for the bioelectrode
(8.0% pre-stretch) was investigated using CV studies for
repeated measurements. Fig. 9b shows the CV curves of 18
times repeated measurements where the inset gives the corre-
sponding peak currents obtained as a function of repeated
times. The response of this wrinkled-ridged bioelectrode was
found to 94.2% within 15 repeated CV measurements aer
which it was reduced to 91.7% from the initial signal. The RSD
value for the 18 repeated CV measurements was �2.79%.
4. Conclusions

In conclusion, we demonstrated the controlled formation of
microscale wrinkles and localized ridges on the surface of GO–
Au–PDMS composite to tune and optimize the sensing perfor-
mance of the electrochemical nitrate sensors. Nitrate reductase
was exploited for covalent immobilization on the GO surface. By
simply varying pre-stretch values of the elastomer, the shape
and size of wrinkles and localized ridges were tuned, thus
changing the electrochemical current and sensing characteris-
tics of the bioelectrode. With increasing pre-stretch of the
67194 | RSC Adv., 2016, 6, 67184–67195
elastomer, the sinusoidal wrinkles were transformed to local-
ized ridges aer complete relaxation. Due to an increase in
electroactive surface area with radial diffusion, the wrinkled-
ridged NiR/GO–Au bioelectrode exhibited an improved diffu-
sivity of electrons generated from catalytic reaction, a higher
electron transfer rate, and a higher surface concentration, thus
resulting in a higher sensitivity of 0.224 mA mM�1 cm�2,
approximately ve times higher than that of the planar coun-
terpart bioelectrode. The present sensor also demonstrated
excellent selectivity in presence of some sample ions such as
SO4

2�, K+, Cl�, and HCO3
�. Further work includes integrating

the developed wrinkled bioelectrodes into microuidic chan-
nels to form microuidic nitrate sensors. In addition, it is
worthwhile to study using other redox mediators such as
ruthenium hexamine and ferrocene derivatives to improve
performance of the sensors in the future.
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