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a b s t r a c t

We report on a bimetallic, bifunctional electrode where a platinum (Pt) surface was patterned with
nanostructured gold (Au) fingers with different film thicknesses, which was functionalized with glucose
oxidase (GOx) to yield a highly sensitive glucose biosensor. This was achieved by using selective ad-
sorption of a self-assembled monolayer (SAM) onto Au fingers, which allowed GOx immobilization only
onto the Au-SAM surface. This modified electrode was termed bifunctional because it allowed to si-
multaneously immobilize the biomolecule (GOx) on gold to catalyze glucose, and detect hydrogen per-
oxide on Pt sites. Optimized electrocatalytic activity was reached for the architecture Pt/Au-SAM/GOx
with 50 nm thickness of Au, where synergy between Pt and Au allowed for detection of hydrogen per-
oxide (H2O2) at a low applied potential (0 V vs. Ag/AgCl). Detection was performed for H2O2 in the range
between 4.7 and 102.7 nmol L–1, with detection limit of 3.4�10�9 mol L�1 (3.4 nmol L�1) and an
apparent Michaelis-Menten rate constant of 3.2�10�6 mol L�1, which is considerably smaller than si-
milar devices with monometallic electrodes. The methodology was validated by measuring glucose in
artificial saliva, including in the presence of interferents. The synergy between Pt and Au was confirmed
in electrochemical impedance spectroscopy measurements with an increased electron transfer, com-
pared to bare Pt and Au electrodes. The approach for fabricating the reproducible bimetallic Pt/Au
electrodes is entirely generic and may be explored for other types of biosensors and biodevices where
advantage can be taken of the combination of the two metals.

& 2016 Elsevier B.V. All rights reserved.
1. INTRODUCTION

One important goal in nanochemistry is to develop synthetic
pathways to tailor physicochemical properties of nanomaterials
(Yoo and Park, 2007), such as bimetallic nanostructures that may
possess enhanced catalytic(Carrette et al., 2000; Park et al., 2003),
electronic(Trindade et al., 2001), mechanical(Link et al., 1999),
optical(Freeman et al., 1996; Sanedrin et al., 2005) and magnetic
(Aliev et al., 1999; Cho et al., 2004) characteristics, in comparison
to their monometallic counterparts(Jia et al., 2015; Karthikeyan
and Murugavelu, 2012; Rashid et al., 2015; Wojtysiak et al., 2014).
Bimetallic nanostructures are promising as electrocatalysts,
dehydrogenation catalysts and selective oxidants(Jia et al., 2015),
in addition to serving as platforms for label-free biodevices
mail.com
(Yang et al., 2014; Yu et al., 2013). Gold (Au) and platinum (Pt) are
the most used in bimetallic structures for (bio)sensors(Pumera
et al., 2007; Wang, 2005) since gold is capable of forming a self-
assembled monolayer with an alkanethiol via the gold-sulfur bond
(Au-S) to create a biocompatible environment(Du et al., 2007;
Kang et al., 2007; Manso et al., 2008; Mott et al., 2007; Qian and
Yang, 2006; Wu et al., 2007), while platinum is suitable for elec-
trocatalysis of oxidation/reduction of H2O2(Evans et al., 2002;
Ferapontova et al., 2001; Hrapovic et al., 2004; Wu et al., 2006;
Yang et al., 2006). Nanostructured Pt/Au surfaces are expected to
yield electrochemical sensors that are highly selective, sensitive
and with fast response time. Indeed, top-down and bottom-up
strategies were used to obtain modified Pt/Au electrodes and de-
tect a nuclear matrix protein 22 (NMP22) with a limit of detection
of 3.33 pg/mL(Jia et al., 2015). Electrodeposited Au/Pt nano-
particles onto 3-aminopropyltriethoxy silane were exploited to
determine H2O2 produced by acetylcholinesterase/choline oxidase
(Upadhyay et al., 2009).
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The nanostructures in the examples above, however, are fab-
ricated with time-consuming, many-step procedures, besides
displaying low reproducibility and repeatability. Other require-
ments to fabricate suitable electrodes for detecting H2O2, which is
a target analyte since it is generated by reactions catalyzed by
oxidoreductase enzymes in the presence of oxygen(Kung et al.,
2014), include to lower the potential and avoid interference from
other electroactive species. For a high overpotential (�þ0.7 V vs.
Ag/AgCl) is needed to generate the oxidation current of H2O2 for
neat Pt, and interferents in human blood such as ascorbic acid and
uric acid are electroactive at this potential(Chen et al., 2012b; Kung
et al., 2014). Redox mediators have been used to solve these pro-
blems, thus yielding efficient electrochemical enzyme biosensors
(Ricci and Palleschi, 2005).

In this study, we build upon previous knowledge on redox
mediators and electrochemical sensors with bimetallic nanos-
tructures to produce a glucose biosensor with immobilized glu-
cose oxidase (GOx), in which the main novelty lies in the fine
control of the Pt catalytic activity by patterning its surface with
interdigitated gold fingers. We show that synergy in biosensing is
achieved with a suitable architecture where GOx was immobilized
selectively on Au, and H2O2 was detected on the Pt surface.
2. EXPERIMENTAL PROCEDURES

2.1. Materials

All the reagents were of analytical grade and used without
further purification. Sulfuric acid of high purity (96%) was obtained
from Merck. Potassium chloride (KCl), glucose, N-(3-Dimethyla-
minopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-Hy-
droxysuccinimide (NHS) and 11-mercaptoundecanoic acid (MUA)
were purchased from Sigma-Aldrich. Anydrous potassium ferri-
cyanide and trihydrate potassium ferrocyanide were obtained
from J. T. Baker and Mallinckrodt. High-purity deionised water
(resistivity of 18.2 MΩcm) was obtained from a Milli-Q system
(Millipore). The experiments were performed at room tempera-
ture of approximately 25 °C. The enzyme glucose oxidase (GOx)
from Aspergillus niger (3.0 mg mL–1) was purchased from Sigma-
Aldrich. Phosphate buffer solution (PBS) at pH 7.0 was prepared
with Na2HPO4 and NaH2PO4 (Sigma-Aldrich). The initial amount of
GOx contained in the vessel was diluted with PBS, aliquoted into
Eppendorf

s

microtubes and frozen until use. The glucose solution
(1.0 mmol L–1) was prepared in 0.1 mol L–1 PBS solution and stored
at 0.1 mol L–1.

2.2. Characterization Techniques

The structure and morphology of the bimetallic Pt/Au nanos-
tructured surface was examined by scanning electron microscopy
coupled to an energy-dispersive X-ray spectroscopy (SEM-EDX)
operating at 20.0 kV, with images recorded with a LEO-440 mi-
croscope (Zeiss-Leica). The samples were fixed to solid supports
with a conducting double-faced carbon tape and coated with a
20 nm thick carbon layer. These surfaces were also analyzed with
atomic force microscopy (AFM) using a Nanosurf EasyScan 2 AFM
System (Nanosurf AG), where the topographic images were ob-
tained with the non-contact/tapping mode for a fixed area of
55 mm2, a long cantilever with a force constant of 48 N m�1 and
resonance frequency of 190 kHz (model Tap190Al-G).

Electrochemical measurements were performed using a model
PGSTAT 302 Autolab electrochemical system (Eco Chimie) and
controlled by GPES 4.9.7 software. All measurements were carried
out in a 25 mL thermostated glass cell at 25 °C, with a three-
electrode configuration: the bimetallic Pt/Au surface as the
working electrode (geometric area 0.283 cm2), a Ag/AgCl (3 mol L–
1 KCl) as a reference and a platinum foil (1.0 cm2) as an auxiliary
electrode. The solution within the cell was neither stirred nor
aerated during the measurements. Electrochemical impedance
spectroscopy (EIS) data were acquired with a PGSTAT 302 system,
controlled by FRA2 software, in the frequency range between
0.1 Hz and 100 kHz with amplitude of 10 mV and under open
circuit potential (OCP) conditions in 0.1 mol L–1 KCl solution con-
taining 5.0 mmol L–1 of K3[Fe(CN)6]/K4[Fe(CN)6](Wojtysiak et al.,
2014).

2.3. Pretreatment of the gold and platinum electrodes

The bare Au and Pt electrodes were submitted to a 2-step
pretreatment procedure(Coelho and Machado, 2014) adapted from
Tkac and Davis(Tkac and Davis, 2008): (i) the electrode was im-
mersed in a “piranha” solution (1:3 v/v H2O2: H2SO4) during 300 s
and then (ii) submitted to several cycles in a potential range be-
tween 0.0 and 1.7 V for Au and between �0.23 and 1.30 V for Pt
electrodes, in 0.5 mol L–1 H2SO4 solution(Coelho and Machado,
2014; Tkac and Davis, 2008).

2.4. Patterning Pt with nanostructured Au films

A 5 nm adhesive layer of chromium was deposited on glass
slides, followed by a 100 nm layer of platinum. The patterning of Pt
substrates with Au nanostructured films was performed with
photolithographic and lift-off processes. The first step consisted in
depositing a layer of positive photoresist AZ4210 on BK7 glass
slides coated with Pt (on top of the chromium adhesive layer)
using a spin coater with the rotation speed of 3000 rpm for 30 s,
followed by heat treatment at 90 °C for 300 s and exposed to an
interdigitated pattern with UV light for 40 s. Then, the substrate
was immersed in a developing solution (K400) for 15 s. The pat-
tern in the photoresist film was coated with an Au layer, whose
thickness could be 20, 50 and 100 nm. The excess photoresist and
Au were removed using the lift-off procedure which consists in
immersing the substrate in acetone, thus yielding an Au-patterned
Pt surface referred to here as Pt/Au bimetallic electrode. Fig. 1
(A) shows the experimental set-up.

2.5. Self-assembled monolayers (SAM) of the alkanethiol

A SAM of alkanethiol was obtained by immersing the Pt/Au
bimetallic electrode in an ethanol solution containing
5.0�10�3 mol L–1 of MUA for 20 h, following the procedures
established in ref.(Coelho and Machado, 2014). Then, the elec-
trode was washed with ethanol to remove unbound thiols, rinsed
with Milli-Q water and dried at room temperature. The Pt/Au
bimetallic electrodes coated with a MUA-SAM are referred to as
Pt/Au/SAM. The geometric area (0.283 cm2) of the Pt/Au/SAM
surface was defined using a galvanoplastic adhesive tape Type
470 (3 M) according to the methodology developed by Hideko’s
group(Cavalcanti et al., 2012; Uliana et al., 2011). The electrical
contact was made under platinum on the opposite side as shown
in Fig. 1 (B).

2.6. Electrochemical performance of the Pt/Au/SAM electrode

The bimetallic (Pt/Au) surface coated with a MUA-SAM was
submitted to 100 cyclic scans at 1.0 V s–1 in 0.5 mol L–1 H2SO4 so-
lution between �0.23 and X (where X ¼0.9, 1.0, 1.1 and 1.2) V.
This procedure was performed to remove the SAM from the Pt area
(i.e. with the SAM remaining only onto Au area). With SAM de-
posited only on Au, the biomolecules (glucose oxidase) will be
restricted to these regions, as indicated in Fig. 2. Consequently, no



Fig. 1. – (A) schematic diagram of the experimental set-up. (B) schematic representation of Pt/Au bimetallic electrodes with a defined geometric area.

Fig. 2. – Schematic representation of Pt/Au bimetallic electrode coated with MUA-SAM on which GOx molecules are adsorbed. Also represented in the last cartoon (in
clockwise direction) is the biosensing mechanism with H2O2 being generated from the interaction between GOx and the glucose analyte.
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H2O2 will be formed from the enzymatic reaction in the areas with
Pt only. In fact, even if some GOx molecules are adsorbed on the
areas of bare Pt, they will be denatured and will not yield a H2O2
signal, which was confirmed in subsidiary experiments. In addi-
tional subsidiary control experiments, bare gold and platinum
electrodes (geometric area 0.032 cm2) were used.
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Glucose oxidase was immobilized using the covalent bond
method (Bankar et al., 2009; Cao et al., 2013b; Susanto et al., 2013)
with EDC/NHS. The Pt/Au-SAM-GOxselective desorption bifunctional
surface acquired a yellow color indicating that the amino groups
from GOx molecules were bonded to carboxyl groups of the SAM.
The biofilm remained stable on the device surface.

2.7. Analytical Procedure

The Pt/Au-SAM-GOxselective desorption bifunctional surface and
control experiments using i) bare Pt, Au and Pt/Au; ii) Pt-GOx, Au-
GOx and Pt/Au-GOx; iii) Pt/SAM-GOx, Au/SAM-GOx and Pt/Au/
SAM-GOx (without selective desorption) electrodes were eval-
uated to detect glucose by CV. Analytical curves were then con-
structed by adding small volumes of concentrated standard solu-
tions of glucose into the electrochemical cell containing 20 mL of
0.1 mol L�1 phosphate buffer solution (pH 7.0). The accuracy of the
proposed method was verified from repeatability studies inter-day
(n ¼5)) and intra-day (n ¼10).

Analyses of glucose in artificial saliva samples were carried out
using triplicate samples of a modified form of Fusayama’s artificial
saliva,(Bagda and Tuzen, 2015; Fusayama et al., 1963) consisting of
0.081 g of CaCl20 �2H2O, 0.078 g NaH2PO40 �2H2O, 0.043 g KCl,
0.04 g NaCl, 0.1 g urea, 1 mL of 0.05% of Na2S �9H2O in 100 mL of
distilled water. An aliquot of 5 μL of artificial saliva was added into
the voltammetric cell containing 20 mL of phosphate buffer, pH
7.0, and homogenized with a magnetic stirrer. The cyclic voltam-
mograms were recorded in the potential range from –0.2 to +0.6 V
with a scan rate of 50 mV s–1.
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Fig. 3. – (A) Cyclic voltammograms in 0.1 mol L–1 H2SO4 solution for three elec-
trodes: bare Pt (a), bare Au (b) and Au-patterned Pt electrode (Pt/Au) (c), where the
Au film was 50 nm thick. Scan rate 1000 mV s�1. (B) Complex plane impedance
spectra for bare Au (a), Pt (b) and Pt/Au (Au 50 nm thick) (c) electrodes. The
measurements were performed in 0.1 mol L�1 KCl solution containing 5.0�10–3

mol L–1 of the redox probe [Fe(CN)6]4–/3–. Inset: Equivalent circuit model used for
analyzing the data.
3. RESULTS AND DISCUSSION

3.1. Patterning Pt electrodes with nanostructured Au films

The deposition of Au patterns of three thicknesses on a Pt
electrode was successful, as indicated in the AFM images of Fig. S1.
The calculated values confirm that the average width and thick-
ness of the Au patterns were obtained according to the design,
with the three average thicknesses being close to the nominal
values. The SEM images in Fig. S2 in the Supporting Information
show that the Au films were almost defect-free.

Fig. 3(A) shows cyclic voltammograms (CV) for the Pt/Au bi-
metallic electrode, compared to those obtained of bare Pt and Au
electrodes separately. The CV for Pt (a) features two redox pairs
between –230 and þ200 mV vs. Ag/AgCl, assigned to hydrogen
(Hads) adsorption and desorption processes on the Pt surface
(Angerstein-Kozlowska et al., 1973; Santos and Tremiliosi, 2001).
The anodic and cathodic peaks at 600–800 and 430 mV are due to
oxidation (formation) and reduction of Pt oxides, respectively
(Angerstein-Kozlowska et al., 1973; Santos and Tremiliosi, 2001).
The CV in (b) is typical of Au in 0.1 mol L�1 H2SO4 solution
(Angerstein-Kozlowska et al., 1986; Bruckenstein and Shay, 1985),
with anodic and cathodic peaks at þ1.15 V (Epa) and þ0.82 V (Epc),
assigned to oxidation and reduction of Au oxides(Angerstein-
Kozlowska et al.,1986; Bruckenstein and Shay, 1985), respectively.
For the Au-patterned Pt electrode (Pt/Au), curve (c) shows all the
peaks observed for neat Au or Pt, thus confirming the formation of
bimetallic nanostructures. The shift of 5 mV in the Hads peaks is
due to the increased Pt/Au film resistivity, which can be inferred
by the smaller slope in the beginning of the Pt/Au voltammogram
compared to that of pure Pt. It is worth mentioning that this in-
crease in resistivity is not related to the charge-transfer resistance
obtained in EIS. The peaks had reduced currents, since the pre-
sence of gold promotes a decrease in the Pt redox process. Note
also that if potentials above 1.30 V are applied the coatings could
be peeled off and the glass would be exposed (see Fig. S3 in the
Supplementary Material).

The importance of patterning Pt with Au films became ap-
parent in the increased electron transfer, compared to bare Pt and
Au electrodes, as inferred from EIS measurements. Fig. 3
(B) shows the impedance spectra as complex plane plots (Nyquist
diagrams) for the three types of electrode. The diagrams con-
sisting of semicircles and diffusion straight lines were analyzed
with a Randles modified equivalent circuit [Rs(CPE[RctZW])],
where Rs is the solution resistance, Rct is the charge transfer re-
sistance, ZW is the Warburg impedance and CPE is a constant
phase element. The apparent heterogeneous electron rate con-
stant was determined using kapp ¼ RT/F2RctCA, in which F is the
Faraday constant (96,485.34 C mol–1), C is the probe redox con-
centration in solution (5.0 mmol L–1), R is the gas constant
(8.3145 J K mol), T is the temperature (298 K), A is the geometric
area (0.283 cm2) and Rct is the charge-transfer resistance ob-
tained by fitting the data. kapp values calculated for bare Pt, bare
Au and Pt/Au are listed in Table S1. Rct is smaller for Pt/Au be-
cause of the synergy achieved in having Pt and Au sites for
electron transfer (Chen et al., 2015). The increase of 37% in kapp
for the Pt/Au electrode confirms the improvement in electron
transfer when compared to Pt and Au bare surfaces, and this has
important implications for the performance of electroanalytical
devices, in addition to the bifunctional properties of this
architecture.



Fig. 4. – (A) Cyclic voltammograms obtained in 0.1 mol L–1 KCl solution containing 5.0 mmol L–1 [Fe(CN)6]–4/3– at a scan rate 50 mV s–1. (B) Nyquist diagram for (a) Pt/Au, (Au
50 nm thick). (b) Pt/Au/SAM and (c) Pt/Au-SAM-GOxselective desorption, from impedance spectroscopy measurements.
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3.2. Exploiting Pt/Au bimetallic electrodes in glucose biosensors

In order to take advantage of the enhanced electron transfer
provided by the bimetallic nature of Pt/Au electrodes, we had to
adsorb glucose oxidase selectively only on the Au patterns. This
was performed by coating Pt/Au substrates with a self-assembled
monolayer (SAM), which was selectively desorbed from the Pt
surface via voltammetric cycling in a H2SO4 solution as described
in Section 2.6. Fig. S4 in the Supporting Information brings the CV
Fig. 5. – (A) – Slope of least-squares line (linear regression, b¼∑[(xi – x)(yi – ȳ)]/∑(xi - x
Au thickness of interdigitated fingers of the Pt/Au-SAM-GOxselective desorption bifunctional s
glucose detection on different surfaces (control experiments) for the concentration range
bifunctional surface for the concentration range between 0 and 139.4 nmol L–1. Cond
diagnosis. The coefficient of variation was of 1.7%.
plots demonstrating that the blocking SAM layer can be removed
from Pt, but not from Au surface, when cycling is performed up to
1.1 V vs. Ag/AgCl.

The result of this selective desorption of the SAM monolayer is
seen in the CV and impedance spectra of Fig. 4(A), where the data
are compared to the Pt/Au electrode fully coated with a SAM (Pt/
Au/SAM) and to that one containing SAM only on the Au patterns
(Pt/Au-SAM-GOxselective desorption). The anodic and cathodic peaks
at 0.303 and 0.152 V in Fig. 4(A) are assigned to electron transfer
)2) of the analytical curves obtained for glucose detection with (20, 50 and 100 nm)
urface. Conditions: 0.1 M phosphate buffer solution, pH 7.0. (B) Analytical curves for
between 0 and 70 nmol L–1. (C) Analytical curve for Pt/Au-SAM-GOxselective desorption

itions: 0.1 M phosphate buffer solution, pH 7.0. (D) – Residual plots in regression
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between the bimetallic surface and the [Fe(CN)6]4–/3– redox probe.
They are clearly defined for the bare Pt/Au, but vanish when
blocking takes place with the SAM (Pt/Au/SAM). Partial recovery of
the peaks is seen for the Pt/Au-SAM-GOxselective desorption electrode
owing to the exposed area of Pt surface after the selective deso-
rption of the SAM. As expected, the blocking and selective SAM
desorption affected the impedance spectra strongly, as indicated in
Fig. 4(B). The Nyquist diagrams were fitted with a modified Ran-
dles circuit, whose parameters are given in Table S2. It is worth
noting that the charge transfer resistance increased from 53 for Pt/
Au to 1,873 Ω with SAM deposition (Pt/Au/SAM), and then de-
creased to 606 Ω after the selective removal of the SAM from Pt
(Pt/Au-SAM-GOxselective desorption). Based on these results, we esti-
mate that 65% of the Pt/Au-SAM electrode area are uncoated, i.e. it
is a Pt surface. This area corresponds to the geometric area that
was not covered with gold electrodes, consistent with the values
inferred from the micrographs.

The electrodes with selective adsorption of SAM, namely Pt/Au-
SAM-GOxselective desorption bifunctional surface, were used for
covalent bonding of glucose oxidase to detect glucose, where the
enzyme was only bonded on the Au patterns coated with SAM.
Subsidiary experiments were made to determine that a thickness
of 50 nm for the Au patterning provided the best performance, in
which we calculated the slope of the least-squares line of the
analytical curves for glucose detection with interdigitated fingers
of the Pt/Au-SAM-GOxselective desorption bifunctional surface. Fig. 5A
shows that the slope (correlating with sensitivity) increased when
the Au thickness changed from 20 to 50 nm because of an in-
creased number of active sites with a larger amount of GOx ad-
sorbed. However, if the Au thickness was increased further to
100 nm, the even larger amount of immobilized GOx may restrain
peroxide diffusion to the Pt surface, thus decreasing the sensitivity.
We made a systematic, comparative analysis of cyclic voltammo-
grams in detecting glucose with bare surfaces (Pt, Au and Pt/Au),
coated with GOx (Pt/GOx, Au/GOx and Pt/Au/GOx) and SAM-GOx
(Au/SAM/GOx and Pt/SAM/GOx) and Pt/Au-SAM-GOxselective deso-

rption bifunctional surface. Representative cyclic voltammograms
are shown in Fig. S5 (in the Supporting Information), where it is
clear that the reduction current (0 V vs. Ag/AgCl) recorded with
the Pt/Au-SAM-GOxselective desorption bifunctional surface is the
highest (Fig. S5H). The mechanism of detection is described as
follows (Nakabayashi et al., 2006). First, glucose oxidase converts
glucose into gluconolactone, which spontaneously hydrolyzes to
gluconic acid, with H2O2 being also formed. The latter can be
monitored by the electrocatalytic oxidation, i.e �H2O2 - 2OH�

(Crespilho et al., 2006) and/or electrocatalytic reduction of the
oxygen reduction about 0.0 V vs. Ag/AgCl (Chen et al., 2012a; Kung
et al., 2014; Liu et al., 2010; Yang et al., 2011). Fig. 5B shows the
calibration plots for the bare and modified surfaces in the glucose
concentration range between 0 and 70�10�9 mol L�1. The Pt/Au-
SAM-GOxselective desorption bifunctional surface exhibited the most
sensitive response with the largest slope of 159 A mol�1 L, and
was the only surface with good linear relationship between peak
current and glucose concentration. The cathodic peak current (the
analytical signals were extracted from Fig. S6) increased almost
linearly with the glucose concentration between 0 and
139.4�10�9 mol L�1, as shown in Fig. 5C. Taking the linear part
between 4.7 and 102.7 nmol L–1, a calibration curve was re-
presented by I (mA)¼5.4 (mA)þ149.4 (mA nM–1) Cglucose (nmol L–1)
with a linear correlation (r) of 0.999. The residual plots in Fig. 5D
shows a satisfactory distribution of residuals except for y25 and
y26, which might be two outliers, thus demonstrating the cor-
rectness of the linear regression.

The selective desorption on the Pt/Au-SAM-GOxselective desorption

bifunctional surface facilitates electron transfer between peroxide
and the electrode surface, owing to synergy between Au and Pt
(Cesarino et al., 2015). The peak current is also higher for the Pt/
Au-SAM-GOxselective desorption bifunctional surface because it has a
platinum (SAM-free) surface and thus larger electroactive surface
area than all the other surfaces. The platinum-free area serves for
the transfer of electrons between the peroxide molecule and the
electrode surface, and appears to dominate the electrochemical
behavior of Pt/Au-SAM-GOxselective desorption bifunctional surface in
detecting glucose. This is consistent with the RCT value inferred
from EIS measurements, thus confirming that the formation of the
hybrid surface does not seem to induce extra structural disorder
and/or defects onto the surface.

The detection limit (LOD) was calculated according to the sta-
tistical method described by Miller (Miller, 1991; Vicentini et al.,
2016), defined as LOD ¼aþ3 Sy/x, where a is the intercept and Sy/x
is the standard deviation of y-residuals of least-squares line (linear
regression). The sensitivity was calculated from the slope of the
least-squares line (linear regression), b¼∑[(xi – x)(yi – ȳ)]/∑(xi -
x)2 (Raymundo-Pereira et al., 2016a; Raymundo-Pereira et al.,
2016c; Vicentini et al., 2016). The limit of detection (LOD) for
glucose was 3.4�10�9 mol L�1. The reproducibility and repeat-
ability of the Pt/Au-SAM-GOxselective desorption bifunctional surface
were tested using the CV technique. The measurements were
performed ten times in the presence of a redox probe with the
same surface and with ten different surfaces prepared at room
temperature under the same conditions. There was no significant
loss of electrocatalytic activity with relative standard deviations
(RSD) of 1.3% and 1.7%, respectively. Table S3 and S4 show that the
Pt/Au-SAM-GOxselective desorption bifunctional surface exhibits
higher performance than other sensors reported in the literature
(Zhang et al., 2010), (Luo et al., 2010), (Zheng et al., 2010), (Liu
et al., 2010), (Wang et al., 2011), (Crespilho et al., 2006), (Ngeontae
et al., 2009), (Du et al., 2007), (Wu et al., 2007), (Kang et al., 2007),
(Chen et al., 2012a) and (Cao et al., 2013a).

Another figure of merit to assess biosensing performance
(Raymundo-Pereira et al., 2016b) is the rate of enzyme-substrate
intermediate dissociation without conversion of the substrate into
the product with the apparent Michaelis–Menten kinetic constant
(KM

app)(Johnson and Goody, 2011; Vicentini et al., 2013).
The probability of product formation per binding is inversely
proportional to KM

app, which may be obtained by linear regression
using the Lineweaver–Burk equation (Kamin and Wilson, 1980;
Lineweaver and Burk 1934; Shu and Wilson 1976): Iss–1¼ Imax

–1þ
KM

app Imax
–1 [glucose] –1, where Iss is the steady-state current

measured for the enzymatic product and Imax is the maximum
current under conditions of substrate (glucose) saturation.
Since KM

app was determined under steady-state conditions when
[S]⪢KM, then the equation v0¼ Vmax [S]/KMþ[S] reduces to v0E
Vmax. The equation of the Lineweaver–Burk plots for the Pt/Au-
SAM-GOxselective desorption bifunctional surface was Iss

–1¼
3.7�105þ1.6 Cglucose

–1 (correlation coefficient of 0.997). KM
app

was obtained by multiplying the slope (1/Iss vs 1/[glucose]) by Imax.
Imax and KM

app in this study were 2.1�10–6 A and 3.2�10–6 mol L–1,
respectively.

3.3. Real Sample Analysis and Interference of Coexisting Substances

Artificial saliva samples were used to validate the proposed
Pt/Au-SAM-GOxselective desorption bifunctional surface for glucose
detection. Since artificial saliva samples dissolved in PBS solution
did not present electroanalytical signals, glucose was spiked to the
solution and a recovery of 95–105% of the added analyte was ob-
tained. Potential interfering compounds in saliva, such as ascorbic
acid, uric acid and dopamine, were also investigated with a fixed
glucose concentration of 1.4�10–7 mol L–1. Fig. S7 shows vol-
tammograms for glucose and including interferents: 1.4, 2.8,
4.2�10�6 mol L–1 of ascorbic acid; 5.5, 1.1, 1.7�10�6 mol L–1 of



Fig. 6. – Effect of biomarkers ascorbic acid, uric acid and dopamine on the vol-
tammetric responses for 1.4�10�7 mol L�1 glucose in artificial saliva samples with
the Pt/Au-SAM-GOxselective desorption bifunctional surface. Conditions: 0.1 M phos-
phate buffer solution, pH 7.0. The coefficient of variation was 1.7%.
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uric acid and 0.5, 1.0, 1.6�10�6 mol L–1 of dopamine. No additional
analytical signals were observed for these interfering compounds
within the ranges studied, which suggest the specificity of our
system for glucose detection. Indeed, Fig. 6 shows the relative
percentages in change in current for glucose detection in artificial
saliva samples, where the values are essentially the same for
glucose and interferent-containing glucose solutions. Interference
was estimated as 0.5, 0.8 and 1.7; 2.3, 3.4 and 3.3; 0.8,�0.15 and
�0.29% for ascorbic acid, uric acid and dopamine, respectively.
This indicates that there are no co-adsorption processes on the
Pt/Au-SAM-GOxselective desorption bifunctional surface.
4. CONCLUSIONS

The methods chosen to pattern the Pt surface with inter-
digitated Au fingers were proven suitable, as indicated by SEM
and AFM images where both film thickness and distance between
fingers could be controlled. Using a selective adsorption of
SAMs on the Au fingers, we produced a biosensor with GOx im-
mobilized only on Au, whose final architecture is Pt/Au-SAM-
GOxselective desorption bifunctional surface. This modified electrode
was termed bifunctional because it allowed to simultaneously
immobilize the biomolecule (GOx) on gold to catalyze glucose, and
detect hydrogen peroxide on Pt sites. Synergy was achieved with
the bimetallic surface, which was manifested in an apparent
Michaelis-Menten rate constant of 3.2�10–6 mol L–1, considerably
lower than commonly reported in the literature. The high catalytic
activity of the Pt/Au-SAM-GOxselective desorption bifunctional surface
led to a detection limit in the nanomolar range for glucose, and
could also be used to determine glucose in artificial saliva samples.
Significantly, the procedures adopted for producing the bimetallic,
bifunctional surfaces are entirely generic and may be exploited in
other bioelectronic devices.
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